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Nowadays, we are living in a world that is benefiting from biodiversity, although
environmental change is dramatic and biodiversity has been influenced by climate changes
and human activities. As is known, biodiversity, as an important pillar of ecosystem
balance, is playing a crucial role in human well-being [1]. In particular, it is too difficult to
use plant diversity to evaluate the related indirect value, except the direct value of food,
clothing, and shelter. Also, our life is closely bound up with various plants from their
functions and primary productivity. Hence, plant diversity is important for the ecosystem
service to human beings, playing a significant role in sustaining the equilibrium of global
biosphere. However, biodiversity loss has continued to impact people throughout human
history, and a sixth mass extinction in Earth’s history is coming [2,3].

It is worth noting that plants, as one of the most important globally distributed
types of biodiversity, occupy a major proportion of land on our planet. This means
that evolutionary and ecological mechanisms are incredibly successful during evolu-
tionary processes, and such mechanisms really determine the plant diversity. In recent
decades, there have been increasing numbers of studies on ecological and evolutionary
mechanisms for plant diversity, like mushrooms after rain, and scientists from different
fields have tried to explore the relationship of plant diversity between ecological and
evolutionary approaches. Here, we aim to understand how plant diversity has been
enhanced by the establishment of ecological and evolutionary approaches, which had,
has, and will continue to have a far-reaching effect on many fields of the basic and
applied research within natural science.

In such a context, the Special Issue “Ecology, Evolution and Diversity of Plants” has been
launched to explore plant diversity from ecological and evolutionary viewpoints. Thus,
the published articles have focused on broad key topics in plant diversity, from species
to populations and vegetation; as well as from past to current taxa [4,5]. Also, different
types of reviews, research articles, and commentaries have been collected to explore the
ecology, evolution, and biodiversity conservation of plants [4–6]. Therefore, this Special
Issue has published more than 30 articles to understand plant diversity from many angles
using ecological and evolutionary approaches.

Plant diversity is primarily recognized using the species, and species delimitation and
taxonomic revision are fundamental issues [7]. In the renowned book, The Origin of Species
by Charles Darwin, published in 1859 [8], the concept of species was proposed and the
related approaches to recognize species, i.e., the relationships of species or systematics,
were advanced with an unique illustration in such a famous book. As is known, such
a simple illustration is also called the Tree of Life (TOL). Accordingly, phylogeny has
been become a discipline and even a powerful tool in recognizing plant diversity, which is
constantly popular, and many analyses and references have been put forward [9]. Therefore,
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the topic of phylogeny in plant diversity in relation to species, taxonomy, and geographic
distribution, from tropical to subtropical temperatures, as well as alpine plants, has boomed
in recent years [10–15]. The ensuing rapid development of phylogeny is accompanied by
the development of sequencing technology, transformed from DNA spacers to genomes in
recent years.

Here, we considered plant diversity from an ecological point of view on the basis
of the ecological processes of past, current, and future. In particular, climate change and
human activity were included. In such a context, the concept that habitat suitability has
been altered by climate change at the regional scale or global scale, which is causing lo-
cal extinctions of biodiversity, seems possible [1]. Thus, the notion of whether adaptive
genetic variation can keep pace with future climate change is a very critical factor in de-
veloping conservation management strategies when the genetic vulnerability of species
is assessed [16]. And now, climate change and human activity have been considered to
be major drivers of biodiversity loss and species range shifts [17]. However, the response
of mountain plant communities has not kept up with climate warmings, especially in
the background of global change [18]. Thus, the warming climate may benefit tropical
plants, but will be significantly disadvantageous to the alpine plants, and so mountaintops
were proposed as climate refugia in tropical rainforests for cold-adapted plants because
the warming climate has triggered alpine plants to climb higher altitudes [19]. Different
taxa will respond individually to environmental changes, so the identification of refugia
from spatial dimensions is important, due to the large number of taxa that are identified
in a similar manner, and these factors will be affected by various environmental parame-
ters [20]. Thus, the firm historical insights will provide a better understanding of future
climate refugia based on robust predictions [19], especially taxa from regions with dense
populations [15]. Notably, the modification of precipitation should also be considered as
determinants of plant diversity under the background of climate change. For example,
enhanced precipitation has influenced the evolution of subtropical evergreen broad-leaved
forests since the early Miocene in East China [21].

At present, the Earth is entering a new geological era, the Anthropocene. Biodiversity
will face an unprecedented challenge when the Anthropocene comes, although biodiversity
brings essential benefits of nature to human beings and enhances the value of eco-service
to human beings [17]. In recent decades, the conservation of plant diversity is an urgent
issue, and the related studies of ecological and conservation have developed significantly,
due to the large-scale use of DNA spacers, EST-SSR, single-nucleotide polymorphisms
(SNPs), and even whole genomes, in order to illuminate the conservation implications
of different taxa (especially rare and endangered taxa) from their natural habitats and to
evaluate the conservation managements of anthropogenic disturbances [22–24]. Regardless
of the different approaches, i.e., genetics or genomic analyses, even the Data Portal (e.g., the
Paris polyphylla Data Portal, PPDP, which integrates related functional genomics analyses,
molecular data resources, and morphological identification points [25]), have provided
useful information, both genetic and genomic, for the further molecular breeding and
improvement of resources in economic plants.

Although we are living under the conditions of global change, the warming climate
and regional poverty are still urgent issues, so the topic of economic forests has boomed
in recent decades [26]. It seems that booming afforestation can bring benefits to eliminate
poverty from economic growth, and is the most effective strategy for mitigating climate
change [26,27]. However, afforestation is causing the disappearance of species, but this fact
tends to be ignored [27]. Thus, it can be argued that economic values to eliminate regional
poverty using economic forests and photosynthetic carbon captured by the afforestation
for climate change are blinding the shifts of biodiversity patterns, which even change the
distribution pattern of biodiversity, such as the latitudinal diversity gradient [27,28].

Generally, ecology and evolution have played, are playing, and will continue to
play significant roles in shaping plant diversity. However, specific studies on ecology or
evolution suggest that plant diversity has two separate parts, and some research topics
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are not linked to each other. Actually, everything is connected in the natural world. Thus,
studies on plant diversity will be facilitated by the flourishing development of ecology and
evolution disciplines, just as plant diversity has boomed on a global scale throughout the
endless history of the Earth.
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Biodiversity hotspots are key regions for understanding the evolutionary history of
biodiversity as well as the processes initiating and maintaining it [1,2]. As a biodiversity
hotspot, southwestern China is known worldwide for its modern taxonomic richness with
numerous endemic and relic plants [3–5]. However, it is still unclear how this high regional
plant diversity evolved, largely due to a lack of well-dated fossil evidence. Southwestern
China is rich in Cenozoic sedimentary basins, preserving numerous fossil floras [6], and
recent paleobotanical progress on these floras sheds new light on this topic.

One of the most important questions on the evolution of plant diversification concerns
when modern plant diversity first appeared and, specifically, the pinpointing of the earliest
occurrence of a flora that is floristically comparable to present vegetation in the same region.
Until recently, it was thought that many taxa in southwestern China originated during
the Miocene, evidenced by molecular analyses using fossil records for calibration [7].
Previously, most fossil floras in southwestern China were dated using stratigraphic or
floristic comparison [8], which were limited by their low resolution and reasoning circularity.
Recently, radiometric dating of volcanic ash materials from the plant-fossil-bearing deposits
have substantially revised the ages of some important Cenozoic plant fossil-bearing basins
in southwestern China, e.g., Jianchuan Basin [9], Lühe Basin [10], Mangkang Basin [11], and
Wenshan Basin [12]. The Lühe flora from central Yunnan Province is dominated by Fagaceae
and Betulaceae, and has long been considered to be late Miocene in age. However, recent U-
Pb and 40Ar/39Ar radiometric dating of tuff layers in the fossil-bearing outcrops indicates
an age of ~32 Ma for the flora [10]. Even though some taxa in this flora, such as Sequoia
and Metasequoia, have disappeared from southwestern China, most taxa still survive there,
e.g., Betula, Cryptomeria, Dipteronia, Fraxinus, Quercus, and Tsuga [10,13,14]. Besides, the
Kajun flora in Mangkang Basin, eastern Xizang and Wenshan flora in southeastern Yunnan
also show high floristic similarity to modern vegetation in southwestern China [11,12]. The
ages of both these floras were previously thought to be late Miocene [8,15], but radiometric
dating has now confirmed these two floras to be 34.6–33.4 Ma and 33 Ma, respectively [11,12].
It seems that regional tectonics near the end of the Eocene created many of the fossil-bearing
basins in southwestern China.

The floras mentioned above are floristically different from older floras in southwestern
China. For example, the middle Eocene (~47 Ma by U-Pb dating) Jianglang flora in
the central Qinghai-Tibetan Plateau bears around 70 morphotypes and some important
components in modern vegetation of southwestern China, such as Fagaceae and Betulaceae,
are absent from the current collection of more than 2000 fossil specimens. Several extinct
taxa, such as Cedrelospermum, Lagokarpos, and Limnobiophyllum, occurred in the flora [16].
The middle Eocene Relu flora in western Sichuan Province is characterized by Comptonia,
Hemiptelea, Myrtaceae, and Palibinia [17], which are quite different from those in the modern

Diversity 2022, 14, 434. https://doi.org/10.3390/d14060434 https://www.mdpi.com/journal/diversity
5



Diversity 2022, 14, 434

regional flora. Therefore, the modernization of plant diversity in southwestern China
should have been taking place in the late Eocene to early Oligocene.

Both climate and topography may be major factors stimulating the modernization of
the flora. Current evidence suggests that there was a prolonged regional dry climate during
the early and middle Eocene, and the transition from an arid to a humid climate occurred
before the Eocene–Oligocene transition (between 45 and 42 Ma), associated with the rise of
eastern Tibet to near present elevations and the reorganization of the monsoon system [18].
Currently, the prevailing monsoon climate of southwestern China is characterized by wet
summers and dry winters [19], but the humid climate during the late Eocene did not
necessarily represent the establishment of modern monsoonal climate. Modelling [20]
and leaf-form analysis [11,16] suggest wet winters and dry summers in some parts of the
region during the Eocene, and we know that winters and early springs have become drier
since the Miocene, with inevitable impacts on plant diversity. Some genera such as Cedrus,
Metasequoia, and Sequoia cannot survive under the modern monsoonal climate due to the
poor drought resistance of young shoots [21–23], whereas many other genera, e.g., Betula,
Elaeagnus, Quercus, Rosa, and Ulmus have thrived and diversified since then. Diversification
within the region is complex and linked to interplay between orography and climate [24].

The topography is another important factor in shaping the modernization of plant
diversity. The landscape of southwestern China was mainly established before the Neogene.
Phytopaleoaltimetric reconstruction of the Mangkang basin suggests an uplift of ~900 m
during the latest Eocene (~34.6 Ma) to the earliest Oligocene (~33.4 Ma) when it achieved its
present elevation of 3900 m [10]. Another work in Gongjue Basin with carbonate clumped
isotope thermometry suggested an even earlier elevational change from 700 m in the early
Eocene to 3800 m in the middle Eocene [18]. All these rises were closely associated with
the clockwise rotation and extrusion of Indochina in southeastern Qinghai-Tibetan Plateau
initiated as early as the late Paleogene [25].

Generally, both tectonism and the development/fluctuations in monsoonal climate
have played important roles in shaping modern plant diversity in southwestern China, but
much is still unclear about how the modernization of plant diversity in southwestern China
took place, as well as its underlying driving mechanisms. In the future, paleobotanical
studies in Paleogene sediments within a high resolution absolute chronostratigraphic
framework are needed to establish the sequence and spatial patterns of floristic change.
By combining paleoclimate signals derived from fossil evidence, computed tomography
(CT) analysis of undisturbed sedimentary core samples, and geochemical analyses and
modelling, as well as past landscape reconstructions, the evolutionary history of modern
plant diversity can be better understood in this globally important biodiversity center and
provide critical processes for bringing together fossil and molecular phylogenetic data.
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Abstract: Phylogenetics has become a powerful tool in many areas of biology. Land plants are the
most important primary producers of terrestrial ecosystems and have colonized various habitats
on Earth. In the past two decades, tremendous progress has been made in our understanding of
phylogenetic relationships at all taxonomic levels across all land plant groups by employing DNA
sequence data. Here, we review the progress made in large-scale phylogenetic reconstructions of land
plants and assess the current situation of phylogenetic studies of land plants. We then emphasize
directions for future study. At present, the phylogenetic framework of land plants at the order and
familial levels has been well built. Problematic deep-level relationships within land plants have
also been well resolved by phylogenomic analyses. We pointed out five major aspects of molecular
phylogenetics of land plants, which are nowadays being studied and will continue to be goals moving
forward. These five aspects include: (1) constructing the genus- and species-level phylogenies for
land plant groups, (2) updating the classification systems by combining morphological and molecular
data, (3) integrating fossil taxa into phylogenies derived from living taxa, (4) resolving deep-level
and/or rapidly divergent phylogenetic relationships using phylogenomic data, and (5) building big
trees using the supermatrix method. We hope that this review paper will promote the development
of plant molecular phylogenetics and other related areas.

Keywords: land plants; molecular systematics; phylogenomics; phylogeny; morphology; tree of life

1. Introduction

In his famous book, The Origin of Species, Charles Darwin [1] put forward the concept
of the Tree of Life (TOL), which is a metaphor for presenting relationships of organisms in
space and time. All organisms on Earth originated from a common ancestor and each can
be found in the TOL. As a large lineage of TOL, land plants (embryophytes) are the most
important primary producers of terrestrial ecosystems. Living land plants are an important
source of aliments, timbers, fibers, pharmaceuticals, and other vital resources for human
survival and health, and fossilized land plants become one of the sources of fossil fuels,
particularly coal, with driving global economy [2]. By an array of innovations, including
embryos, sperms, and eggs protected in multicellular structures, alternating generations
of diploid sporophytes, and haploid gametophytes, land plants have become the most
diverse group of green plants, have dominated modern terrestrial environments, and are
the foundation of the vast majority of terrestrial ecosystems [3].

The rise of land plants is one of the major events in the history of life, which irreversibly
changed the environments on Earth, including altering atmospheric composition by en-
hancing photosynthesis and influencing carbon fixation and carbon storage, and affecting
evolutionary trajectories of other organisms by promoting the formation of soil and soil
microbiota and the establishment of new food chains and new habitats [4,5]. The origin and
evolution of land plants is a central theme in evolutionary biology and ecology [3,6]. In the
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past two decades, tremendous progress has been made in reconstruction of land plant TOL
by employing molecular data [4,7–9]. The order- and family-level phylogenetic framework
of land plants has been well built [10–12]. In particular, problematic deep-level relationships
within land plants have been largely resolved by phylogenomic analyses [4,8,9].

Here, we review the progress made in large-scale phylogenetic reconstructions of land
plants and assess the current situation of phylogenetic studies of land plants. We then point
out five major aspects of molecular phylogenetics of land plants, which are nowadays being
studied and will continue to be goals moving forward. We hope that this review paper will
promote the development of plant molecular phylogenetics and other related areas.

2. Large-Scale Phylogenetic Framework of Land Plants

With recent developments in extracting DNA, sequencing, methods of analytical tech-
nologies, and computing power, tremendous progress has been made in our understanding
of phylogenetic relationships at all taxonomic levels across all land plant groups by em-
ploying DNA sequence data. At present, the large-scale phylogenetic framework of land
plants has been established and the most likely sister group of land plants has also been
identified. Land plants comprise five major clades: bryophytes, lycophytes, monilophytes,
gymnosperms, and angiosperms (Figure 1).

Land 2022, 11, 1612 19 of 19 
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Figure 1. Summary of phylogenetic relationships among major clades of land plants. (a) Chara braunii;
(b) Spirogyra communis; (c) Sphagnum palustre; (d) Goniophlebium chinense; (e) Cycas revoluta; (f) Larix
kaempferi; (g) Nymphaea gigantea; (h) Oryza sativa; (i) Oyama sieboldii; (j) Ranunculus sieboldii.
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2.1. Sister Group of Land Plants

Land plants originated from streptophyte algae in fresh water [13], but which green
algal lineage gave rise to land plants has been a long-standing dispute. Phylogenetic studies
indicate that streptophyte algae is a paraphyletic group, referred to as charophytes [14],
and contains six major clades: Chlorokybophyceae, Mesostigmatophyceae, Klebsormidio-
phyceae, Charophyceae, Coleochaetophyceae, and Zygnematophyceae (Figure 1). Many
clades of streptophytes were once suggested as sisters to land plants, such as Charo-
phyceae [14], Zygnematophyceae [15–17], Coleochaetophyceae [18], and the clade con-
sisting of Zygnematophyceae and Coleochaetophyceae [16,19]. Recently, phylogenomic
analyses strongly support Zygnematophyceae as sister to land plants [7,8].

2.2. Bryophytes

The simplest morphological structures among land plants, bryophytes have still
evolved a range of characters to adapt terrestrial habitats, such as stomata, cuticle, water-
conducting cells, and embryos [20–23]. Due to a lack of seeds and a vascular system, life
cycles of bryophytes are highly dependent on water [24]. Moreover, the haploid game-
tophyte phase of bryophytes is dominant in life history, which is distinguished from the
remaining land plants. Bryophytes consist of three major monophyletic groups: hornworts,
liverworts, and mosses. The relationships among these three groups and the relationships
between bryophytes and vascular plants have been energetically debated, and various
hypotheses have been proposed. Based on the distribution of three group II introns in the
mitochondrial genes nad1 and cox2, Qiu et al. [25] suggested bryophytes were paraphyletic,
i.e., liverworts were sister to all other land plants and hornworts were sister to vascu-
lar plants, in agreement with the results of the multi-locus phylogenetic analyses [26,27].
Mitochondrial phylogenomic analyses by mitigating the effects of saturation, composi-
tional heterogeneity, and codon-usage bias also supported these relationships [28], whereas
plastid phylogenomic analyses by accounting for composition biases among synonymous
substitutions supported bryophytes to be monophyletic [29]. Maximum likelihood analysis
based on concatenated alignments of first and second codon positions for 674 nuclear genes
also suggested bryophytes as a paraphyletic group, but hornworts were identified as the
earliest-diverging lineages within land plants and liverworts and mosses formed a clade,
sister to vascular plants, whereas the coalescent-based analysis based on 424 gene trees
estimated from first and second codon position strongly recognized bryophytes mono-
phyletic [3]. Recently, nuclear genomic phylogenetic analyses further supported bryophytes
consist of a monophyletic group and hornworts are sister to liverworts and mosses [4,30,31].
These analyses highlight the negative effects of substitutional saturation and synonymous
substitutions on phylogenetic references based on nuclear genomic data.

2.3. Pteridophytes

Pteridophytes consist of lycophytes and monilophytes (ferns). Traditionally, pterido-
phytes were considered to be monophyletic due to lycophytes and monilophytes having a
similar life cycle. Phylogenetic analyses based on the 18S rDNA sequences first found that
lycophytes were the earliest-diverging lineage within vascular plants and monilophytes
were the sister of seed plants [32]. Subsequent multi-locus and phylogenomic analyses
consistently supported these hypotheses [3,8,33,34].

2.4. Gymnosperms

Gymnosperms and angiosperms are collectively referred to as seed plants because
their reproductive organ is seeds, instead of spores. The monophyly of gymnosperms has
been unambiguously authenticated by molecular sequence data from nuclear and plastid
genomes [35,36]. Gymnosperms consist of four groups: cycads, conifers, Ginkgo, and Gne-
tales. A phylotranscriptomic analysis with a sampling of all 13 families of gymnosperms
and main lineages of angiosperms indicates that cycads plus Ginkgo as sister to the re-
maining gymnosperms and Gnetales is embedded within conifers, sister to Pinaceae [9].
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Nuclear genomic data also support cycads plus Ginkgo as sister to the remaining gym-
nosperms [37,38]. Convergent molecular evolution or homoplasy is partially responsible
for the phylogenetic conflicts in seed plants [9,38].

2.5. Angiosperms

As a plant group that is the most closely related to human production and life, an-
giosperms have spectacular morphological and species diversity, and play an irreplaceable
role in global terrestrial ecosystems. Angiosperms are characterized by flowers, ovules
covered by carpels, double fertilization, nutritious triploid endosperm, and vessel elements.
Monophyly of angiosperms is supported by various phylogenetic analyses. Amborellales,
Nymphaeales, and Austrobaileyales are successive sisters to all other angiosperms, referred
to as the ANA grade [39–43]. Mesangiospermae is a monophyletic group and comprises
five major lineages: monocots, magnoliids, Chloranthales, Ceratophyllales, and eudicots.
The relationships among these five lineages have long been an open question because they
diverged rapidly within a 3-million-year time window [44]. One Thousand Plant Transcrip-
tomes support monocots as sister to the remaining mesangiosperms [8], and eudicots plus
Ceratophyllales is sister to magnoliids plus Chloranthales (Figure 1), in agreement with
the results of the nuclear genomic data [45,46]. Guo et al. [46] further found that ancient
hybridization may account for the incongruent phylogenetic placements of Chloranthales +
magnoliids relative to monocots and eudicots in nuclear and chloroplast trees.

3. The Potential Research Focuses on Reconstructing the TOL of Land Plants in the
Long Period Future

In 1993, the article entitled “Phylogenetics of seed plants: An analysis of nucleotide sequences
from the plastid gene rbcL” is a landmark work in plant molecular systematics [47]. Since then,
various molecular data have been widely used to reconstruct the phylogenetic relationships
of land plant groups. Development of plant molecular phylogenetics is very rapid, with
a process using single locus, multi-locus, to genomic data. It is safe to say that due to the
emergence of molecular phylogenetics, the achievements of plant phylogenetics made in
the past twenty years have far exceeded the sum of the previous two hundred years. So,
Soltis et al. [48] allege that the current period is a “golden era” in plant phylogenetics, as
well as organismal phylogenetics in general. Molecular systematics is not only a subdisci-
pline, but has also become a powerful tool in many areas of biology, such as physiology,
ecology, biogeography, paleobiology, genomics, and developmental genetics. Here, we
summarized five important aspects of molecular phylogenetics of land plants, which are
nowadays being studied and will continue to be goals moving forward.

3.1. Reconstructing Genus- and Species-Level Phylogenies for Land Plant Groups

With the establishment of the large-scale phylogenetic framework of angiosperms, a
DNA phylogeny-based angiosperm classification system at the order and familial levels
was proposed by the Angiosperm Phylogeny Group (APG) in 1998 and has been updated
three times [11,49–51]. Other land plants, such as gymnosperms [12], ferns [52], and
mosses [53] also have a relatively robust phylogenetic framework. The establishment of the
order and familial framework is only the first step in reconstruction the land plant TOL
of land plants. Altogether, 500,000 species of green plants occur on Earth, and only less
than 30% of the species have reported molecular sequences so far [54,55]. In particular,
taxon sampling of large-scale phylogenetic studies is sparse. For example, large-scale
phylogenetic analyses in angiosperms or eudicots only included one to three species
for each family; thus, the circumscriptions of many families cannot be resolved due to
the relatively limited taxon sampling. Recently, some heterogeneous families have re-
delimited and several new families have been established, such as Arthropteridaceae
(ferns) [56], Pteridryaceae (ferns) [57], Borthwickiaceae (angiosperms) [58], and Wightiaceae
(angiosperms) [59]. To clarify familial circumscription, a relatively dense taxon sampling at
the generic level, especially the inclusion of segregate genera, is necessary.
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For delimiting a generic circumscription, species-level taxon sampling is essential.
Many traditionally recognized genera have been re-delimited by employing molecular data.
For example, Ranunculaceae, a basal eudicot family, contains approximately 60 genera of
which 23 were re-delimited or adjusted [60]. Kadereit et al. [61] evaluated the monophyly
of all genera of vascular plants in Germany, and identified that c. 140 genera are not
monophyletic among the 840 genera examined, and the monophyly of c. 20 genera is
ambiguous. We conducted a statistical survey of new genera of extant land plants published
from 2015 to 2021 on the ISI Web of Science (www.webofscience.com/wos/alldb/basic-
search, accessed on 12 June 2022) and International Plant Name Index (IPNI, www.ipni.
org/, accessed on 10 June 2022) and found that more than 70 genera were described each
year since 2015, most of which belongs into angiosperms, with the largest proportion of
eudicots (Figure 2). At present, genus- and species-level phylogenetic studies of land plants
are reported in almost every issue of molecular systematic journals, such as Molecular
Phylogenetics and Evolution, Taxon, and Systematic Botany. Comprehensive understanding of
genus- and species-level relationships across land plants is still a great challenge, especially
for large and widespread genera. Phylogenetic research at the generic and species level
will be the focus of reconstructing the land plant TOL for a long time in the future.
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3.2. Updating the Classification Systems by Combining Morphological and Molecular Data

The APG system has been widely accepted, but it was established based only on
molecular data. The orders and families in the APG system were circumscribed using
only "monophyly" as criterion. From a morphological viewpoint, some of the currently
recognized orders and families in the APG system are highly heterogeneous, such as
Malpighiales, Cucurbitales, and Resedaceae [62]. How to determine morphological synapo-
morphies of those orders is a large challenge. Moreover, a key to distinguish the orders and
families of angiosperms is lacking [62]. These prevent the wide implications of the APG
system. In particular, the phylogenetic relationships and taxonomic status of many East
Asian taxa, including Acanthochlamydaceae, Aceraceae, Bretschneideraceae, Cornaceae
sensu lato, Hippocastanaceae, Illiciaceae, Leeaceae, Rhoipteleaceae, and Tetracentraceae,
need to re-evaluated by integrating morphological and molecular data [62].

Systematics and evolutionary biology have developed for more than one century
and have accumulated a wealth of morphological characters through gross morphology,
anatomy, embryology, palynology, cytology, and ontogeny. Combining molecular and
morphological data can greatly increase the ability to retrospect phylogenetic relationships
of organisms and the process of evolution [63,64]. Yet, compared to molecular data, mor-
phological data has been greatly ignored in reconstructing the TOL. At present, more than
95% of systematics articles use only DNA sequence data [65]. Bayesian inference, which can
analyze morphological data or combined morphological and molecular data, has greatly
improved the application of morphological characters [66,67]. By combing morphological
and molecular data, we can determine the diagnostic characters for each lineage in the
phylogenetic framework and thereby put forward a natural and reasonable classification
system [68,69].

3.3. Integrating Fossil Taxa into Phylogenies Derived from Living Taxa

A complete TOL includes not only living taxa but also extinct taxa. However, more
than 95% of current phylogenetic analyses include only extant taxa [65]. With current tech-
nology, it is almost impossible to obtain nucleotide sequences from extinct plant species.
Therefore, morphological characters have become the only option for phylogenetic analyses
of fossil plants. The widespread applications of scanning electron microscopy and syn-
chrotron radiation X-ray tomographic microscopy in fossil taxa have enabled paleobotanists
to obtain numerous accurate morphological data from fossils [70]. In contrast, these new
techniques are rarely used in studies of extant plant species.

The inclusion of fossil taxa not only affects or improves topology, it is also important
for a correct understanding of character evolution because fossils may have a combination
of characters unlike those of any extant taxon [71]. Another role of fossil data in combina-
tion with molecular phylogenetics is to serve as calibration points based on the assumed
position of fossil taxa in extant trees [72]. When multiple fossils from different periods
are assigned to the same clade, the oldest fossil is usually selected as the calibration point.
For a group with rich fossil records, the inclusion of fossil taxa can heavily influence its
biogeographic reconstruction, particularly when the fossil taxa are outside its modern
distribution [73]. If multiple fossils belong to a contemporaneous clade, directly placing
them in the phylogenetic trees will result in a zero-length branch. The recently developed
tip-dating (TD) Bayesian method can make use of all available fossil taxa as terminal tips
to generate a timetree containing extinct and extant groups and to overcome zero-length
branches to a certain extent [74]. However, this method has a wide application in zoological
research. Thus, it has broad prospects in plant biogeographic studies, including living and
extinct taxa.
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3.4. Resolve Deep-Level and/or Rapidly Divergent Phylogenetic Relationships using
Phylogenomic Data

When using a few DNA regions cannot resolve phylogenetic relationships well, more
loci need to be sampled. Currently, phylogenomic analyses have been widely used in
solving recalcitrant phylogenetic relationships, including relationships within rapidly ra-
diating taxa and positions of relict taxa. The application of next-generation sequencing
has greatly reduced the cost of sequencing. The plastid genomes in plants are usually a
single, non-recombining locus [75] and have been widely applied in plant phylogenetic
studies. Currently, most of plastid phylogenomic studies directly use protein-coding gene
sequences, which may mislead phylogenetic references. Goremykin et al. [76] found that
Amborellales and Nymphaeales formed a clade after removing “fast sites,” which is con-
tradicted with the prevalent view that only Amborella is the earliest-diverging lineage in
angiosperms. Nonetheless, Drew et al. [77] revealed the “noisy” data actually supports
Amborella as sister to all other angiosperms. To account for “noisy sites,” some new nu-
cleotide substitution models or analytic methods have also been proposed. For example,
Goremykin et al. [76] proposed the CAT + GTR + Γ + covext model that considered base
compositional heterogeneity. When using 82 plastid genes, Xi et al. [78] proposed pos-
teriori data partitioning based on the Bayesian mixture mode, which resolved well the
phylogenetic relationships in Malpighiales, the most recalcitrant clade in angiosperms.

Compared to plastid genome, biparental inheritance nuclear genome can not only
provide more characters but can also reveal reticular evolution processes, so it has greater
potential in phylogenetic studies and may be a key direction of plant phylogeny in the fu-
ture. Especially, the developments of the restriction-site associated DNA sequencing, target
enrichment, and genome skimming technique [79] have reduced sequencing costs and have
greatly promoted nuclear phylogenomic studies of land plants, as well as other organisms.
However, nuclear genomes have a more complicated evolutionary history, and may contain
more evolutionary “noise,” such as evolutionary saturation, base compositional hetero-
geneity, and synonymous codon bias. Incomplete lineage sorting is a common evolutionary
phenomenon, and it may cause wrong results based on concatenated alignments. Currently,
the coalescent-based method has been widely used in nuclear phylogenomic analyses,
alleviating the influence of incomplete lineage sorting to a certain extent.

3.5. Building “Big Trees” Using the Supermatrix Method

With unprecedented increase of molecular data available in public databases, such as
NCBI (www.ncbi.nlm.nih.gov/ accessed on 15 August 2022), TreeBASE (www.treebase.org/,
accessed on 15 August 2022), and Dryad (www.datadryad.org/, accessed on 15 August 2022),
massive amounts of molecular data have been generated and can be downloaded free,
which provide the possibility to construct mega-phylogenies. There are two methods
for constructing a mega-phylogeny: supertree and supermatrix. The supertree method
compiles source trees with partially overlapping taxa into a single comprehensive tree,
and the supermatrix method assembles numerous matrices with overlapping taxa into a
super matrix and then reconstructs a phylogenetic tree [80]. Since the supermatrix contains
genetic information of species, it has broader application for downstream analyses, such as
estimating divergence times, referring ancestral ranges, and calculating diversification rates.
The mega-phylogeny is widely used to explore the evolutionary dynamics of biodiversity
in which the inclusion of as many taxa as possible is more important than the improvement
of bootstrap values. Smith et al. [81] constructed a phylogeny of 5036 species of Caryophyl-
lales and found that a series of diversification rate shifts occurred more recently than
whole genome duplication events. Folk et al. [55] used rosids as a case to illustrate how to
construct a comprehensively sampled phylogeny at the species-level on a global-scale and
to discuss difficulties and opportunities of associated geographic and phenotypic resources.
There were also some studies using the supermatrix approach to construct the TOL and
then to explore its phylogenetic diversity, community structure, and biogeographic patterns.
Thornhill et al. [82] constructed a phylogeny for California flora and discussed relative phy-
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logenetic diversity, phylogenetic endemism, and neo- and paleo-endemism. Wu et al. [83]
reconstructed a phylogenetic tree for 157 species of Zygophyllaceae based on four DNA
markers using the supermatrix method and then integrated phylogenetic, molecular dating,
biogeographic, and diversification rate methods to investigate the diversity dynamics of
the family through time.

As phylogenetic trees become larger, more computer power is required, especially
for generating a “big” timetree. Graphics processing unit (GPU) multi-core resources
with computer clusters, cloud computing platforms, and parallel version upgrades of
analysis software have started to be adopted to improve computer speed. How to visualize
constructing a “big” tree is also an urgent problem [48]. In addition, providing an integrated,
open, and real-time renewable TOL of land plants for science and society will be a great
challenge in the future [84].
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Abstract: Yunnan has a complicated geological history, a particular geography, and a complex
topography, which have influenced the formation of various habitats of high biodiversity: 245 families;
2140 genera; 13,253 species and varieties of seed plants; more than 12 types of vegetation; and
167 plant formations, including tropical rain forests, tropical dry forests, subtropical evergreen broad-
leaved forest, cold temperate coniferous forests, and alpine bushes and meadows. An analysis of the
geographic elements to the current Yunnan flora shows that the tropical distribution contributed to
51% of all families and to 57.5% of all genera, of which the genera from the tropical Asian distribution
make up the highest proportion among all geographical elements. During the late evolution of
Yunnan, its flora was strongly affected by the tropical Asian flora. The complicated patterns and
diversity in Yunnan flora and vegetation have been shaped mainly by its particular geological
histories, which include the differential uplifts in topography, the clock-wise rotation of the Simao-
Lanping geoblock, and the extrusion of the Indochina geoblock by the Himalayan uplift. The flora
and vegetation of Yunnan were possibly derived from tropical-subtropical Tertiary flora before later
diverging. Northwestern Yunnan flora likely evolved due to rapid speciation from families and
genera from cosmopolitan and northern temperate distributions during the uplift of the Himalayas
and climatic oscillations after the late Tertiary. Southern Yunnan flora likely evolved into tropical
Asian flora following the southeastward extrusion of the Indochina block, which brought along
tropical Asian elements. Central Yunnan flora inherited most of the elements of the Tertiary flora
from East Asia. The formation and strengthening of the southwest monsoon by the uplift of the
Himalayas was also a direct factor in the formation of the tropical rain forests found in southern
Yunnan. The flora from southern and southeastern Yunnan also diverged, with the former being more
closely related to Indo-Malaysian flora and the latter being more closely related to Eastern Asian
flora. This floristic divergence is well supported by the geological history of these regions: that is, the
tropical flora of southeastern Yunnan derived from the South China geoblock, whereas the flora of
southern and southwestern Yunnan mainly derived from the Shan-Thai geoblock.

Keywords: flora; vegetation; origin; evolution; Yunnan; SW China

1. Introduction

Yunnan is biogeographically located at the junction where tropical Asia, East Asia, and
the Himalayan subtropical-temperate zones meet (Figure 1). With a complex topography
consisting of deep valleys, plateaus, and mountains, the change in elevation is huge (from
the 76 m altitude at the southeastern-most boundary to the 6740 m altitude at Kavagbo Peak
of the Meili Mountains in the northwestern part), decreasing from north to south (Figure 2).
Geologically, it is a suture zone between Gondwana and Laurasia and its territory mainly
formed when the Himalayas rose during the Tertiary, parting from the ancient south China
geoblock. The Gondwana and Laurasia flora contributed to the evolution of the flora,
and the current flora shows a mixture of elements from tropical Southeast Asia, East Asia,
and the temperate Himalayas. Yunnan was also affected by the Himalayan uplift and the
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accompanying geological events and large river captures. Due to its exceptional geological,
geographical and topographical features, Yunnan has evolved to have high biodiversity.
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Figure 3. (A), Tropical rain forest in southern Yunnan; (B), understory of the tropical rain forest in
southern Yunnan; (C), tropical lower montane evergreen broad-leaved forest in southern Yunnan;
(D), understory of the tropical lower montane evergreen broad-leaved forest in southern Yunnan;
(E), tropical seasonal moist forest on limestone in southern Yunnan; (F), tropical deciduous forest in
southern Yunnan.

Yunnan takes up only 4.1% of the total land area of China but includes more than half
of the total plant species found and has various types of vegetation, from tropical to cold
temperate forests. Based on an analysis of herbarium specimens collected, 245 families,
2140 genera, and 13,253 species and varieties of seed plants were confirmed to be found
in Yunnan [1]. Additionally, from the data recorded from field surveys, the main types
of vegetation found in Asia are also found in Yunnan [2]. For example, forests similar
in floristic composition and physiognomy to the tropical rain forests of SE Asia were
found in southwestern, southern, and southeastern Yunnan [3–16]; tropical deciduous
forests and savanna-like vegetation found in hot dry valleys [17,18], and the subtropical
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evergreen broad-leaved forests of eastern Asia were found also in the central plateau of
Yunnan [19–21]; cold temperate coniferous forests dominated by spruce, fir, and larch trees
and temperate deciduous forests dominated by birch wood, maple, and poplar trees were
found in high northern mountains; and sclerophyllous evergreen broad-leaved forests
dominated by the Quercus species were commonly found in diverse habitats throughout
Yunnan, from hot, dry, and deep valleys to cold temperate mountains. The monograph
“Vegetation of Yunnan” by Wu recorded 12 main natural types of vegetation [22], which
includes all of the main types of vegetation found in China.
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Figure 4. (A), Semi-evergreen broad-leaved forest in central Yunnan; (B), mid-montane wet evergreen
broad-leaved forest in central Yunnan; (C), understory of the mid-montane wet evergreen broad-
leaved forest, showing abundant epiphytes; (D), sclerophyllous oak forest in northern Yunnan;
(E), temperate coniferous forest in central Yunnan; (F), temperate coniferous and evergreen broad-
leaved mixed forest in central Yunnan.
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Figure 5. (A), Temperate coniferous and deciduous broad-leaved mixed forest in northern Yunnan;
(B), cold temperate coniferous and sclerophyllous oak mixed forest in northern Yunnan; (C), cold
temperate coniferous forest in northern Yunnan; (D), understory of the cold temperate coniferous
forest in northern Yunnan; (E), alpine Rhododendron shrubs in northern Yunnan; (F), alpine meadows
in northern Yunnan.

Geological events that have occurred since the Tertiary period—such as the differential
uplift of Yunnan; the clock-wise rotation of the Simao-Lanping geoblock; the southeast-
ward extrusion of the Indochina geoblock caused by the collision of India with Asia;
and the strengthening of the southwestern Asian monsoon climate triggered by an up-
lift in the Himalayas as well as several large rivers that flow southward, which were
once tributaries to a single, southward flowing system (the paleo-Red River since at least
the late-Miocene period [23])—influenced the origin and evolution of Yunnan flora and
vegetation [1,9–11,17,24–29]. These geological events also deeply influenced the divergence
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of flora in Yunnan, such as the formation of some suggested biogeographical demarcation
lines [24,26,30–34].
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Figure 6. (A), Savanna-like vegetation in hot dry valleys in southeastern Yunnan; (B), savanna-
like shrubs in hot dry valleys in southeastern Yunnan; (C), succulent shrubs in hot dry valleys in
southeastern Yunnan; (D), savanna-like vegetation in hot dry valleys in northern Yunnan; (E), maquis-
like vegetation in warm dry valleys in northern Yunnan; (F), close up of the maquis-like vegetation in
warm dry valleys in northern Yunnan.

However, the origin and evolution of the flora and vegetation of Yunnan are still
somewhat unclear. Paleobotanical studies offer good clues about their origin and evolution.
The divergence of the evergreen broad-leaved forests of Yunnan was suggested to have
started in the late Miocene [35–37]. During the Miocene, the vegetation of southwestern
Yunnan was suggested to be tropical in nature, while that of eastern and northern Yunnan
were suggested to be subtropical [38]. The preliminary composition and distribution of
the present flora and vegetation of Yunnan formed during the Miocene [27,37]. Based on
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paleobotanical and molecular phylogeny studies of the Hengduan Mountains, psychro-
phytes grew during the early Oligocene [39]; some current genera and species, such as
Quercus, Alnus, Betula, Carpinus, Carya, Pterocaryae, etc., appeared in the Lühe basin of
central Yunnan in the early Oligocene [40]; and subtropical forests supposedly formed in
the central Qinghai-Tibetan Plateau 47 million years ago (Ma) [41]. Paleobotanical data can
serve as evidence of the origin and evolution of the flora and vegetation of Yunnan.

Most studies on the flora of Yunnan focus on local flora in nature reserves, while
research of the regional and provincial floras is rare: only found in the studies by Li, Li and
Walker, and Zhu [1,42,43] and in the monograph by Wu [44]. Although some studies on
the origin and evolution of Yunnan have been published [11,27,45,46], synthetic studies
combining its paleobotanical, geological, and climatic histories are still needed.

A descriptive work on the vegetation in Yunnan was first published by Wang [47].
Later, Wu published the monograph Vegetation of Yunnan [22], which laid the foundation
for studies of the vegetation in Yunnan. Zeng published a study on the natural forests of
Yunnan based on vegetation classification and distributions [48]. Zhu discussed the main
types of vegetation in Yunnan, and their origin and evolution [2]. However, more work on
the extremely diverse vegetation of Yunnan is further needed.

Combining community ecology and floristic plant geography to study types of vegeta-
tion could give a better overall understanding of vegetation: not only its ecological and
physiognomic features, but also its biogeographical sources. This article aims to review
and clarify the diversity, origin, and evolution of the flora and vegetation of Yunnan and to
provide information useful for biodiversity conservation.

2. Composition and Characteristics of the Flora and Vegetation of Yunnan
2.1. Floristic Composition and Geographical Elements

We identified 245 families, 2140 genera, and 13,253 species and varieties of seed plants
in Yunnan [1]. The species-rich families included Poaceae (874 species), Asteraceae (787), Or-
chidaceae (774), Fabaceae (637), Rosaceae (460), Lamiaceae (446), Rubiaceae (365), Ericaceae
(360), and more. The families with the highest species richness were cosmopolitan ones. Of
the geographical elements, the tropical distribution contributed to 52.7%, and the pantropic
distribution obtained the highest ratio, making up 34.4% of all families of flora in Yunnan,
such as Acanthaceae, Anacardiaceae, Annonaceae, Apocynaceae, Araceae, Arecaceae, and
Clusiaceae. The northern temperate distribution contributed to 12.5% of all families, such
as Adoxaceae, Betulaceae, Caprifoliaceae, Cornaceae, Fagaceae and Hamamelidaceae. The
flora of Yunnan included 12 families from the tropical Asian distribution, such as Cryptero-
niaceae, Iteaceae, Ixonanthaceae, Pentaphragmataceae, Pentaphylacaceae, Sabiaceae and
Sladeniaceae, and 8 families from the eastern Asian distribution, such as Cercidiphyllaceae,
Circaeasteraceae, Eupteleaceae and Stachyuraceae. The families from the tropical distribu-
tion were found mainly in southwestern to southeastern Yunnan and in hot dry valleys
of several large rivers and their tributaries, while those of a temperate distribution were
found mainly on the plateau, and in northwestern and northern Yunnan.

Floristic evolutionary history could be obtained from geographical elements at the
generic level in flora. Of the 2140 genera in Yunnan flora, the tropical distribution con-
tributed to 57.4%, of which those of the tropical Asian distribution made up the highest
ratio among all geographical elements, contributing 22.2% of all genera. The temperate
distribution contributed to 33%, of which the north temperate contributed 10.9%, followed
by the eastern Asian distribution, contributing 9.9% of all genera [1]. Tropical elements
contributed the most to the flora in Yunnan, showing its tropical affinity.

2.2. Vegetation Types and Distribution

From the monograph Vegetation of Yunnan [22], 12 vegetation types and 167 formations
were identified, including tropical rain forests, subtropical evergreen broad-leaved forests,
sclerophyllous oak forests, warm temperate deciduous forests, temperate coniferous and
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broad-leaved mixed forests, cold temperate coniferous forests, subalpine and alpine shrubs
and meadows, and savanna-like vegetation from hot dry valleys, etc. (see Figures 3–6).

Due to the particular landform and topography of Yunnan, the climate and natural
vegetation change dramatically at very short distances. Various types of vegetation dis-
play complicated distribution patterns, not only at the provincial but also at the regional
levels. Generally, tropical rain forests and tropical deciduous forests are distributed in
southwestern, southern, and southeastern Yunnan; subtropical evergreen broad-leaved
forests, coniferous and broad-leaved mixed forests, and warm temperate deciduous forests
are mainly distributed on the central plateau; and cold temperate coniferous forests are
distributed in northern Yunnan. Savanna-like vegetation can be found in the hot dry
valleys of several large rivers, and sclerophyllous and microphyllous shrubs and maquis-
like vegetation with a Mediterranean floristic affinity can be found in the warm dry val-
leys in northern Yunnan. Sclerophyllous oak forests dominated by Quercus franchetii
and Q. cocciferoides are found mainly in the hot dry valleys, while those dominated by
Q. guajavifolia and Q. semecarpifolia are found mainly in the central plateaus and in the high
mountains of northwestern Yunnan.

Some arguments have been made about vegetation zonation and vegetation region-
alization in Yunnan. Liu et al. argued that the vegetation distribution in Yunnan should
be regarded as a large vertical distribution based on altitude and that areas below 1500 m
in altitude should be considered tropical regions because the topography of Yunnan is
generally sloped to the south and most of the climate in Yunnan is affected by the Indian
Ocean [49]. Ren and Xiang also suggested that Yunnan is a big tropical mountain with
clearly vertical zonality [50]. We support these points of view on vegetation and flora in
Yunnan because tropical climates and tropical vegetation occur below 1300 m in altitude
in Yunnan regardless of the latitude [51]. However, the vegetation distribution in Yun-
nan can also be regarded based on latitude [52,53], as was accepted in the monograph
Vegetation of Yunnan [22].

2.3. Biogeographical Divergence of the Flora and Vegetation of Yunnan

On floristic regionalization, Wu and Wu raised the “Eastern Asiatic floristic region”
delineated by Takhtajan [54] to the kingdom level, “the Eastern Asiatic Kingdom”, and
further divided it into the Sino-Himalaya and Sino-Japanese Subkingdoms [55]. The
demarcation line between the Sino-Himalaya and Sino-Japanese Subkingdoms runs north–
southward in eastern Yunnan. This line was supposedly of significance in the divergence
of Yunnan flora.

Tanaka suggested a demarcation line between the citrus “Archicitrus” and “Metacitrus”
groups, which extends in the northwest–southeast direction from Yunnan, China, to north-
ern Vietnam [30]. This geographical line was given the name “Tanaka line of Citrus
distribution” or the “Tanaka line” [30]. Later, this line was suggested to be the rough
demarcation line between Sino-Himalaya and Sino-Japanese flora-based research on some
genera of the Sino-Himalaya and Sino-Japanese distributions [56]. Combined with some
orchid plants and their distributions, this line was renamed the “Tanaka–Kaiyong line” [57].
This line has been studied and discussed by many researchers [13,32,33,58–62]. However,
Pang et al. studied the phylogenetic tree of Citrus based on an AFLP marker analysis, which
did not support the “Tanaka line of Citrus distribution” [63]. We consider that the “Tanaka
line” has no practical significance for the floristic divergence in Yunnan [64].

We also found geographic differences in the plants between the southwest, south, and
southeast of Yunnan. Although dominated by tropical components and having the highest
proportion of tropical Asian components, the flora of southeastern Yunnan has subtropi-
cal, temperate families with relatively abundant species numbers, such as Magnoliaceae,
Theaceae, Cornaceae, Symplocaceae, Caprifoliaceae, and Aquifoliaceae. In particular, the
characteristic families of East Asia and the Himalayas, such as Diapensiaceae, Dipentodon-
taceae, Eupteleaceae, Grossulariaceae, and Torricelliaceae, are present in the tropical flora of
southeast Yunnan but absent in the flora of southern Yunnan [28]. Furthermore, 349 genera,
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including 57 genera of East Asian distribution, 53 genera of northern temperate distribution,
22 genera endemic to China, and 17 genera of East Asian–Northern American disjuncted
distribution, were found in southeast Yunnan but were absent in southern Yunnan. On the
other hand, 237 genera in southern Yunnan were not found in southeast Yunnan. Although
the southern and southeastern tropical regions of Yunnan have similar tropical monsoon
climates and tropical rain forest vegetation, the floristic difference between them implicates
that they possibly went through different evolutionary histories on their flora [24,34]. This
is supported by the geological histories of these regions. Southeastern Yunnan was mainly
derived from the South China geoblock, while southwestern and southern Yunnan were de-
rived from the Shan-Thai geoblock [65,66] (Figure 7). However, a clear floristic divergence
between the flora of southwestern Yunnan and southern Yunnan has not been found.

Based on physiognomic and floristic studies of the tropical and subtropical evergreen
forests in Yunnan, two conspicuous ecotones were also found: at the 800–1200 m altitude,
the tropical lowland seasonal rain forest changes to a tropical lower montane evergreen
forest; at the 1800–2100 (2200) m altitude, the tropical lower montane evergreen forest
changes to a subtropical (warm temperate) evergreen forest, almost completely replaced by
subtropical (warm temperate) Himalayan and Chinese endemic tree flora [67].
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3. Uplift in the Himalayan-Qinghai-Tibet Plateau and the Following Monsoon Climate
Formation Affected the Evolution of Vegetation and Flora in Yunnan

The Indian plate moved northward and collided with the Eurasian plate in the early
Cenozoic period (about 50 Ma (million years) ago), leading to the formation and uplift of
the Himalayas [68]. With the Himalayan uplift, the Indochina geological plate was extruded
toward Southeast Asia [69–73], ending in the late Miocene (10 Ma) [74]. Meanwhile, the
Simao-Lanping geoblock in Yunnan moved toward the southeast with the Indochina plate
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and underwent a clockwise rotation (about 30◦) [75,76] and moved southeast by about
800 km, and its co-instantaneous clockwise rotation continued into the Miocene [71,77]
(Figure 8). These geological events affected the origin and evolution of the flora and
vegetation of Yunnan [11,27]. The Indian plate collided with the Asian plate, pushing
away part of the Myanmar geological plate to the north by about 1000 km [78]. The
northern movement of western Yunnan also occurred correspondingly, leading to the
northwest–southeast inclined distribution pattern of tropical flora and tropical vegetation
in Yunnan [17,26,79].
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The uplift in the Himalayan-Tibetan Plateau affected the global climate and widespread
environmental changes since the late Cenozoic [80–82]. Due to the uplift of the Tibetan
Plateau, the southwest monsoon occurring in South Asia emerged, which plays a decisive
role in the development of tropical vegetation in India, mainland SE Asia and southwest
China [83]. The formation and evolution of vegetation in Yunnan, especially tropical rain
forests, are directly affected by the southwest monsoon, while the formation and evolution
of Yunnan flora are obviously affected by historical geological events.

Much debate surrounds the timing of the monsoon climate in Southeast and East Asia.
The mainstream view has been that, in the late Eocene, about 45–50 Ma ago, the Indian plate
and the Eurasian plate collided and became integrated; however, the Himalayan-Tibetan
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Plateau did not rise strongly but rather experienced a long process of uplift and deplanation
at low altitudes (1000–2000 m alt.). The Himalayas were not very high until the Quaternary
before 3.4 Ma or 2.5 Ma [81,84]. However, according to Su et al. and Liu et al., the Qinghai-
Tibet Plateau should have risen earlier based on paleobotanical research [85,86]. When the
Himalayas reached a considerable altitude (above 6000 m), the warm and humid air flow
in the south was blocked by the high mountains, causing an abundance of precipitation on
the southern slope, forming a warm and humid subtropical and tropical climate at lower
altitudes and playing a decisive role in the development of tropical vegetation in SE Asia
and southwest China [81,83]. Based on the simulation of late Oligocene paleogeographic
data, Li et al. believe that the uplift of the northern Qinghai-Tibet Plateau during the
Paleogene enhanced the East Asian monsoon climate system and drove the formation of
humid and semi-humid vegetation types dominated by the evergreen broad-leaved forests
in East Asia [87]. Undoubtedly, the formation of the Himalayas greatly influenced the
strength of the southwest monsoon [88].

The geological and climatic histories of a region directly affect the formation and
evolution of its flora and vegetation. The findings of paleobotanical research not only
provide a basis for exploring the period when the Himalayan uplift occurred and the
monsoon climate formed but also are a key factor in piecing together the evolutionary
history of regional flora and vegetation. Jacques et al. revealed that ancient vegetation in
central and south-central Yunnan during the Miocene were similar to the current subtropical
forests [35], but in southern Fujian in southeastern China, during the Miocene, a large
number of dipterocarp fossils were found [36,89], which show that the vegetation in
southern Fujian was similar to those of the tropical rain forests of Southeast Asia [90].
The paleobotanical information for southwest and southeast China during the Miocene
revealed different vegetation, meaning that southwestern and southeastern China should
have different geological, climatic, and vegetational histories.

Our studies on the flora and vegetation in Yunnan suggest that their formation and
evolution are closely related to the Himalayan uplift, the monsoon climate formation, and
the various accompanying geological events [11,24,25,27,37]. The clockwise rotation and
displacement of the Simao-Lanping geoblock to the southeast, and the extrusion of the
Indochina geological plate toward Southeast Asia are supposedly the main geological
events that directly affected the formation and evolution of flora in Yunnan, while the
formation and strengthening of the southwest monsoon is a direct factor in the evolution of
the evergreen broad-leaved forests and tropical rain forests found in Yunnan.

The modern rivers draining into the plateau at the border of SW China, i.e., the
Jinshajiang, Nujiang, and Lancanjiang (the upper reaches of the Mekong River), were once
tributaries into a single, southward flowing system—the paleo-Red River, which drained
into the South China Sea since at least the late Miocene [23]. A disruption of the paleo-
drainage was caused by river capture and reversal prior to or coeval with the initiation
of the Miocene uplift of the Himalayas [23]. River captures interrupted these large rivers,
which led to species isolation and differentiation, and further excited new taxa evolution in
these river drainage areas.

4. Origin and Evolution of Yunnan Biodiversity

Plant diversity is closely related to the evolution of flora and vegetation. Yunnan flora
and vegetation are considered to have evolved from the Tertiary tropical and subtropical
flora and vegetation. With the uplift in the Himalayas and the extrusion of the Indochina
geological plate into Southeast Asia, the cosmopolitan and northern temperate floristic
components quickly speciated and proliferated in the high mountains in the north, evolving
into the present-day temperate flora and vegetation, while in the southern lowland region,
the tropical Asian floristic elements influenced and evolved into the current tropical flora
and vegetation. However, the original ancient floristic components in the central region of
Yunnan remained and were inherited [11,27].
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Taking southern Yunnan as an example, tropical elements account for 78.3% of all
genera, among which the proportion of tropical Asian distributions is the highest, account-
ing for 30.19%, showing that the flora of southern Yunnan is now tropical Asian flora
in nature. Furthermore, regarding the floristic composition of the tropical rain forest in
southern Yunnan, 80% of families, 94% of genera, and more than 90% of species are from a
tropical distribution, of which about 38% of genera and 74% of species are from a tropical
Asian distribution [7]. The large proportion of tropical Asian genera and species in the
tropical rain forest in southern Yunnan, are supposedly closely related to the formation and
strengthening of the southwest monsoon, and the extrusion of the Indochina geological
plate into Southeast Asia. Obviously, the formation and strengthening of the southwest
monsoon have led to the emergence of the tropical wet climate locally in southern Yunnan,
which enabled tropical rain forests to emerge. According to paleobotanical data, from the
late Cretaceous to early Tertiary in southern Yunnan, the representative vegetation was
speculated to be dry subtropical or southern subtropical montane evergreen broad-leaved
forests [91]; from the Eocene to the Oligocene, the main vegetation may have still shared
characteristics from the previous period; from the Miocene to the Pliocene, the forest vege-
tation was speculated to mainly be an evergreen broad-leaved forest based on the southern
subtropical or subtropical features in southern Yunnan [92–95]; and the tropical flora and
rain forest in southern Yunnan likely evolved after the Pliocene [9,10].

Studies on the flora in northwestern Yunnan have revealed that the worldwide and
northern temperate families and genera had proliferated and experienced rapid speciation
during the Tertiary during the Himalayan uplift and under climate fluctuations, where they
evolved into the current temperate flora [11,25]. Paleobotany and paleovegetation studies
revealed that the accumulation of alpine plant diversity in Hengduan Mountain began
during the early Oligocene [39]. Therefore, the flora and vegetation in the northwestern
region of Yunnan may have begun in the early Oligocene.

Apart from the southern-most and the northern Yunnan, most of Yunnan, especially the
central part originally covered by evergreen broad-leaved forests on plateau, lower and up-
per montanes, which were further divided into three major vegetation sub-types—monsoon
evergreen broad-leaved forest on the lower montane in southern and southwestern Yunnan
(with a southern subtropical climate); the semi-wet evergreen broad-leaved forest mainly
on plateau (with a subtropical climate), both on limestone and acid soil habitats; and the
mid-montane wet evergreen broad-leaved forest on the upper montanes (with a subtropical
to temperate climate) [22]. At vegetation level, the three evergreen broad-leaved forest
types diverged considerably in species composition, physiognomy, and biogeography,
although they are commonly dominated by species of the families Fagaceae, Lauraceae,
and Theaceae. The monsoon evergreen broad-leaved forest is extremely rich in species and
is characterized by a tropical physiognomy. It is dominated by tropical Asian species, which
is similar to the tropical lower montane evergreen forest in Southeast Asia. The semi-wet
evergreen broad-leaved forest and the mid-montane wet evergreen broad-leaved forest
were characterized by a subtropical physiognomy and are dominated by Sino-Himalayan
and Chinese endemic species, which are unique in southwestern China [21]. All of the
three forest types commonly have species-rich families, which tend to have cosmopolitan
distributions, but the families with fewer species have other distribution types. At generic
and specific levels, the semi-wet evergreen broad-leaved forest and the mid-montane wet
evergreen broad-leaved forest showed similar biogeographical patterns in the proportions
of tropical (45% and 44%, respectively) and temperate (46% and 48%) elements, with
northern temperate distributions comprising the highest percentage (18% in the semi-wet
evergreen broad-leaved forest and 20% in the mid-montane wet evergreen broad-leaved
forest) of total genera, while in the monsoon evergreen broad-leaved forest in southern
Yunnan, tropical elements comprised 79% of the total genera, with elements of tropical
Asian distributions contributing the highest percentage (27%). The tropical species in the
monsoon evergreen broad-leaved forest make up 70.52% of its total species, of which the
tropical Asian distribution contribute 64.73% of the total species, while both of the semi-wet
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evergreen broad-leaved forest and mid-montane wet evergreen broad-leaved forest have
the majority of temperate distribution species, 72.88% on limestone and 78.67% on non-
limestone habitats in the former, and 80.27% in the latter. Of their temperate distribution
species, both of them have the Chinese endemic and Chinese-Himalayan species contribut-
ing to the majority (Zhu, 2021). The three vegetation subtypes of evergreen broad-leaved
forest in Yunnan are commonly dominated by species of the families Fagaceae, Lauraceae,
and Theaceae, which reveals their common early origin. Later their divergence took place,
with events in the geological history of Yunnan caused by the uplift of the Himalayas.

Comparing the flora of northern, central, and southern Yunnan, they commonly
include families of a tropical distribution, which make up the highest ratio, but in the
genera and species, northern Yunnan is distinct from southern Yunnan [11]. This revealed
that the Yunnan flora is identical to the tropical families that dominated before the uplift of
the Himalayas. A floristic divergence took place with the uplift of Himalayas and with the
formation of the monsoon climate. The northern region evolved into temperate flora and
vegetation dominated by worldwide and northern temperate families and genera, while the
southern region evolved with the extrusion of the geological plate to Southeast Asia, with
tropical Asian element infiltration causing the evolution into tropical Asian flora [11,25].
East Asia is a relatively stable region in geological history, where the continuous evolution
of flora and vegetation has occurred. Therefore, the flora and vegetation of central Yunnan
are mainly from the East Asian flora and vegetation.

Deciduous forests with the same ecological physiognomy and structure as the ones
in the Indo-Myanmar region appeared disjointedly in parts of the deep valleys of the
Yuanjiang, Nujiang, Jinsha, and Lancang rivers and in some of the open valley basins most
strongly affected by the monsoon. Regarding geographical elements, deciduous forests
consist of 80% of the genera and 70% of the species that belong to tropical components,
showing that they are tropical forests by nature. They are believed to have extensive
associations with the tropical deciduous forests in the Indo-Myanmar region and occurred
in a much larger area during some period during or before the Pliocene to Pleistocene,
when a drier climate appeared in most parts of Yunnan. These forests have survived as
refuges in hot dry valleys and basins possibly since the Pleistocene [18]. The higher rainfall
in Yunnan during the later Pleistocene and early Holocene [96] likely explains their survival
in these hot dry rain-shadow valleys. The tropical deciduous forest shrank to isolated dry
habitats and valleys with expansion of evergreen broad-leaved forests with the increasing
rainfall during the later Pleistocene.

Savanna-like vegetation is also commonly found in deep, hot and dry valleys within
several large rivers strongly affected by the monsoon and by the foehn effect in Yunnan.
Its flora is dominated by tropical families and genera and is fundamentally tropical in
nature. An endemic genus Tsaiodendron (Euphorbiaceae), a newly published genus [97],
is found locally in the savanna-like vegetation in the hot dry valley of Yuanjiang, SE
Yunnan, and the compositae tree genus Nouelia, which is a mono-typical (N. insignis), is
endemic to the hot dry valley of Jinshajiang, Northern Yunnan, offering evidence that these
vegetations have existed in hot dry valleys for a long time. Some studies, such as those on
Musella lasiocarpa (Musaceae) [98] and Terminalia franchetii (Combretaceae) [99,100], showed
that their phylogenetic evolution could have been caused by the rapid uplift of Himalaya
and concomitant river captures.

The geological events that have occurred since the Cenozoic, especially the river
capture caused by the rise of the Himalayas and the climatic fluctuation, have influenced
the evolution and divergence of the flora of the savanna-like vegetation in Yunnan [17]. The
flora in hot dry valleys of the Yuanjiang, Nujiang, and Jinshajiang were compared. At the
family level, the flora from each were almost the same, with a similarity coefficient of more
than 87% (Similarity coefficient between A and B = the number of taxa shared by both A
and B divided by the lowest number of taxa of A or B, multiplied by 100%). At the generic
level, the highest similarity was between the Yuanjiang and Jinshajiang (73.84%), and all
have a similarity of more than 62%, showing that close floristic affinity remains. However,
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at the species level, the similarity coefficients were generally low, with the highest (53.76%)
being between the Yuanjiang and Jinshajiang and the lowest (35.03%) being between the
Yuanjiang and Nujiang. The flora of the hot dry valleys in Yunnan has diverged at the
specific level [17].

The current flora in Yunnan can be categorized into five historical phytogeographical
elements: East Asian subtropical floristic element (mainly in central Yunnan), Southeast
Asian tropical floristic element (mainly in the southwest, south and southeast of Yunnan),
the Himalayan floristic element (mainly in the northern region), the Mediterranean residual
flora (widespread in Yunnan), and the Gondwana flora (mainly in the dry hot river valleys).
Morley suggested that the Indian plate drifted to low latitudes in Asia during the Eocene,
bringing the floristic components of Gondwana to Southeast Asia, which successfully evolved
in Southeast Asia after 41 Ma [101]. Later, these Gondwana floristic elements also entered
the dry and hot river valley regions of Yunnan province [17]. In paleogeography, Yunnan
was located on the southeast edge of Eurasia. After the Indian plate and Asian plate collided,
the Neo-Tethys closed and the Himalayan Plateau was uplifted. The sclerophyllous and
microphyllous shrubs and maquis-like vegetation with Mediterranean floristic affinity in
warm dry valleys in northern Yunnan remained, and the wide-spread sclerophyllous oak
forests in Yunnan evolved from the Mediterranean-related flora [102,103].

In summary, the formation and evolution of plant diversity in Yunnan are closely re-
lated to the geological events and the formation and strengthening of the monsoon climate.

5. Conclusions

In the eyes of a biologist, the flora of Yunnan of SW China make up a mysterious
kingdom. Yunnan only takes up 4.1% of the total land area but includes more than half
of all plant species found in China and has various types of vegetation, including tropical
rainforests to cold temperate coniferous forests. The complex topography, landforms,
and huge difference in altitudes have created diverse habitats in Yunnan. In physical
geography and biogeography, Yunnan is a transitional region located in the tropical SE Asia
and subtropical-temperate East Asia and Himalaya. Located at the particular intersection
between SE Asia, East Asia, and Himalaya, the possibilities for its biota origins are plentiful,
because SE Asia, East Asia, and Himalaya offer it ample biodiversity sources. In geological
history, it has experienced geological events such as the extrusion of the Indochina geoblock,
the fracture and dislocation of fragments of smaller geoblocks, and large rivers’ captures
due to the uplift in the Himalayas. It also experienced the formation of a monsoon climate
due to the Himalayan uplift. These particular natural and historical conditions serve as the
basis for the evolution of such high biodiversity in Yunnan.

In this unique geographical area, these geological events, monsoon climate formation
and strengthening, and climate fluctuation evidently led to frequent species migration,
isolation, and divergence, and to quicker-than-usual speciation. Based on paleobotanical
studies, the majority of the vegetation and flora in Yunnan may have formed during
the period from the Oligocene to the Miocene. With a further uplift in the Himalayas,
a topographically differential uplift, the strengthening of monsoon climates, and climate
fluctuation after the Pliocene, the south–north vegetation and the flora differences increased,
and west–east biogeographical divergence became clear. Abundant biodiversity has arisen
and evolved accordingly in Yunnan.
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Abstract: The latitudinal diversity gradient (LDG) is one of the most extensive and important
biodiversity patterns on the Earth. Various studies have established that species diversity increases
with higher taxa numbers from the polar to the tropics. Studies of multicellular biotas have supported
the LDG patterns from land (e.g., plants, animals, forests, wetlands, grasslands, fungi, and so
forth) to oceans (e.g., marine organisms from freshwater invertebrates, continental shelve, open
ocean, even to the deep sea invertebrates). So far, there are several hypotheses proposed to explore
the diversity patterns and mechanisms of LDG, however, there has been no consensus on the
underlying causes of LDG over the past few decades. Thus, we reviewed the progress of LDG
studies in recent years. Although several explanations for the LDG have been proposed, these
hypotheses are only based on species richness, evolution and the ecosystems. In this review, we
summarize the effects of evolution and ecology on the LDG patterns to synthesize the formation
mechanisms of the general biodiversity distribution patterns. These intertwined factors from ecology
and evolution in the LDG are generally due to the wider distribution of tropical areas, which
hinders efforts to distinguish their relative contributions. However, the mechanisms of LDG always
engaged controversies, especially in such a context that the human activity and climate change
has affected the biodiversity. With the development of molecular biology, more genetic/genomic
data are available to facilitate the estimation of global biodiversity patterns with regard to climate,
latitude, and other factors. Given that human activity and climate change have inevitably impacted
on biodiversity loss, biodiversity conservation should focus on the change in LDG pattern. Using
large-scale genetic/genomic data to disentangle the diversity mechanisms and patterns of LDG, will
provide insights into biodiversity conservation and management measures. Future perspectives of
LDG with integrative genetic/genomic, species, evolution, and ecosystem diversity patterns, as well
as the mechanisms that apply to biodiversity conservation, are discussed. It is imperative to explore
integrated approaches for recognizing the causes of LDG in the context of rapid loss of diversity in a
changing world.

Keywords: latitudinal diversity gradient; species richness; biodiversity pattern; climate change;
conservation; diversification; speciation; extinction
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1. Introduction

In 1807, Alexander von Humboldt (1769–1859; Figure 1A) proposed the embryonic
framework of latitudinal diversity gradient (LDG) and wrote that “The nearer we approach
the tropics, the greater the increase in the variety of structure, grace of form, and mixture of
colors, as also in perpetual youth and vigor of organic life” [1,2] (Notes: von Humboldt
published the first edition of a series of essays that entitled ‘Ansichten der Natur’ in Berlin,
1807. The essays initiated while he was in South and Central America that was translated
variously as ‘Aspects of Nature’ or ‘Views of Nature’. One of the four essays was composed
the first edition, ‘Ideas for a physiognomy of plants’ that contains the following paragraph
was translated by Otté and Bohn in 1850). Subsequently, the LDG has been recognized
and studied by many biologists, ecologists, and geographers for over 200 years [3–12]. The
pattern of LDG is responsible for the broadest and most notable of biodiversity patterns
globally (Figure 1B). It has been well documented on the land, in the open ocean, and even
discernible in deep sea, which distribution patterns have been characterized for plants,
animals, fungi, and marine organisms [13,14]. However, distribution patterns of organisms
are not balanced around the globe so that many naturalists and scientists have tried to
understand the cause of LDG for centuries [15]. Notably, the LDG is mostly consistent,
regardless the geographic context, taxonomic affiliation, or time scale of the biota [16,17].
Previous studies have attested and cataloged many hypotheses to explain the underlying
mechanisms that increase species diversity and taxon numbers from high latitudes to the
tropics [18]. However, the mechanisms of LDG are not very clear, even with little consensus.
It is necessary to review the LDG in the context of a changing world wherein human activity
and climate warming are affecting the patterns of biodiversity in evolution and ecology.

1 

 

 

Figure 1. (A), Alexander von Humboldt (1769–1859) is widely regarded as the “father of phytog-
raphy”. He was the first to state observations about the LDG (photo reproduces from Biogeog-
raphy [19]); (B), diagram of the LDG, with count of species by latitude (diagram adapted from
Spatio-temporal climate change contributes to latitudinal diversity gradients [9]); (C), Eric Pianka
provided insights into the concept and major hypotheses for the LDG in 1966 (Photo courtesy of E.
Pianka on 23 February 2022 via Email; this photo has also been used in Am. Nat. 2017 [10]).

The investigation of the LDG has drawn on in ecological and evolutionary studies, i.e.,
some species survive whereas others die out in the process [15]. Almost six decades ago,
Eric Pianka (Figure 1C) proposed the first comprehensive review on LDG and the six major
hypotheses that compiled a wide range of ideas to explain and address possible causes
for patterns in diversity [6,10,15]. Subsequently, LDG explanations have been focused
on evolutionary mechanisms [5], such as differences in the time and area available for
diversification in tropical and temperate biomes, latitudinal differences in the rates of
diversification, speciation and/or extinction in combination with tropical energy, and niche
conservatism [10,15]. However, evolutionary biology and ecology must be combined to
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explain why larger numbers of taxa are distributed in certain areas of the planet [15]. There
is still no consensus on the drivers of LDG that elevate tropical diversity [20].

Alternative LDG hypotheses can be tested with the help of a rich body of biodiversity
database, including data concerning phylogeny and biogeography [21]. However, the
primary cause of LDG at a global scale is unexplained; and a new synthesis has emerged
to determine the geographic ranges of species and their concentration of species within
regions, based on evolutionary, biogeographical, and contemporary (i.e., climate and
environmental variables) factors [15]. Understanding the underlying mechanisms of LDG is
a major goal in conservation biology, biogeography, and ecology [22]. Multiple dimensions
of LDG have been described, from intraspecific genetic variation to species richness and
phylogenetic diversity, all of which are vital for assessing the underlying processes that
shape the distribution of life on Earth and for providing maximum support for global
biodiversity conservation [23]. Fascination with the pattern of higher biodiversity in tropical
regions has stimulated increasing interest in community ecology [17]. Similarly, the erosion
of biodiversity from the local/regional level to the global scale has catalyzed many studies
in conservation biology [24]. Thus, the study of the LDG provided a unique opportunity
to comprehensively understand latitude-associated patterns in ecology, biogeographical
origin, and maintenance of species diversity [25].

Given the potential value of biodiversity conservation efforts, it is critical to examine
the mechanisms that create the patterns in biodiversity that produce the LDG. In this
review, we aim to identify and discuss the hypotheses for LDG mechanisms, i.e., whether
the distribution patterns of different species are consistent with LDG, and explain the
factors that cause the number of species to change with latitude. We also discuss the effects
and formation of LDG in various periods during which species have been restricted to
different latitudes. Additionally, the role of LDG in evolution and ecology will be discussed
in relation to global warming and human activity that are affecting the biodiversity. Finally,
we concentrate on the relevance of the LDG to biodiversity conservation in the hope
that a deeper understanding and reasonable scientific approach (e.g., the big data of
genetic/genomic sources) to it can be obtained by studying the LDG.

2. Status of LDG from Previous Studies

Pianka’s comprehensive review on LDG aided the organization of the myriad hypothe-
ses regarding it in 1966 [6]. Since then, many major journals have published numerous
studies about the LDG, such as the flagship journals, Global Ecology and Biogeography, and
Journal of Biogeography, have been the main sources on LDG articles in the past few decades;
other mainstream journals including Ecography, Ecology, Ecological Letters, American Natu-
ralist, and Proceedings of the Royal Society B: Biological Sciences, have also published many
papers on LDG (Figure 2). In addition, the number of articles on LDG about land-based
flora/fauna, marine organisms, and micro-organisms has increased since 1995, although
the trend from 2019 and 2020 has slowed (Figure 3). Overall, the body of LDG-related
literatures has grown substantially in recent decades.

All taxa, regardless of the land or the ocean, are conformed to the association between
latitude gradients and taxonomic richness, e.g., terrestrial arthropods and terrestrial plants,
mangrove trees, birds, mollusks, mammals, corals, freshwater arthropods, marine protists,
marine arthropods, and reptiles. The existing distribution patterns of LDG of land-based
flora, fauna, micro-organisms, and marine organisms are useful benchmarks to explore the
distribution mechanisms so that they are stated briefly as follows.
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Figure 3. Search results using Web of Science (Data accessed on 22 February 2022) from 1966
to 2021, with the numbers of the published papers in each year; results include all documents
and trends obtained using the keywords, “latitudinal diversity gradient” and “Land-based flora”
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germ); “Marine organism” (including marine, ocean, or sea), respectively.
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2.1. Land-Based Flora

The LDG is most strongly visible in phytogeographical composition. A previous study
has observed a similar distribution pattern of all seed plants in China, considering all
geographical and climatic variables [26]. Huang et al. revealed that the endemic seed
plants show a clear distribution of LDG from north to south, indicating that large-scale
phytogeography of endemic flora that is strongly related to latitude, e.g., tropical genera
account for approximately 75% of flora species at the southernmost tip (i.e., Hainan),
which decreases to nearly 0 at latitude 45–50◦ N [25]. In Australia, the differences in
plant reproductive strategies between communities at high and low latitudes indicate the
importance of climate diversity patterns [27]. A global species density map for liverworts
showed a significant pattern of LDG in species richness [28]. And latitudinal gradients
of the richness of shrub and liana showed the same trends, i.e., the latitudes occupied
by shrubs ranged nearly from 18–50◦ N, a greater range than that occupied by shrubs
(18–45◦ N) and lianas (18–40◦ N) of latitude in species range size [29]. However, not all
plants conform to the obvious LDG, i.e., the latitudinal trend in species richness is weakly
negative in some liverworts and woody plants [22]. Notably, climate change is already
altering the biogeographical patterns of flora, and the substantially diminish the extent and
richness of Europe’s high-latitude mountain flora has demonstrated that climate change
is predicted to the lost at high latitudes [30]. Therefore, biogeographic histories of flora
affected their vulnerability to the climate change, especially the climate warming; and the
vulnerability of the endemic plants, implying high significance for conservation decisions
in the shifts of LDG.

2.2. Land-Based Fauna

The LDG pattern of animals is significant in a broad sweep of taxa, e.g., in the tropics,
the squamate lineages originating in situ reflect it, and the patterns are driven primarily by
the dispersal and diversification rates [14,31]. Ant species richness also peaks in the tropics,
which is consistent with that of many other taxa [32]. Extant birds are globally distributed,
although the ubiquity of birds and their penchant for dispersal, and avian diversity studies
have shown that both species numbers and the presence of higher taxonomic groups are
skewed towards the tropical environments [33]. Approximately 92% of all mammalian
diversity peaks in the tropical regions, with the exception of Lagomorpha, which shows
maximum diversity in the northern and temperate regions [34]. LDG patterns are strikingly
consistent with the diversification rates, wherein the peaks for species richness are always
associated with low extinction rates and/or high speciation rates [34].

2.3. Microorganisms

The pattern of diversity in microorganisms with a small body size, fast population
growth, high abundance, and high dispersal rates, which characteristics are contrary to
that of macroorganisms. However, microorganisms unexpectedly showed the LDG pattern
existed in bacteria as well as in marine protists (i.e., planktonic foraminifera) on a global
scale [16,35,36]. Similarly, the beta diversity and phylogenetic diversity of Streptomyces
strains showed an LDG pattern [37]. The LDG patterns were speculated to be involved
in the geographic distribution of the host organisms. Surprisingly, both host richness and
parasite abundance increased across 20◦ of latitude despite assumptions about diversity in
parasites suggesting that their parasites exhibited no pattern or reverse latitudinal gradients
to their hosts [38]. The reason for the reverse latitudinal gradients or lack of pattern in LDG
in microorganisms is that the greater areas of wetlands at higher latitudes provide many
habitats for larval amphibians to enhance host density, contributing positively to parasite
richness [39]. In different organism groups (e.g., meiofauna, zooplankton and unicellular
taxa), there is a significant difference in the LDG pattern between species richness and
latitude [35].
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2.4. Marine Organisms

The existence of LDG patterns in the sea is surprisingly controversial, especially
when land organisms show pervasive LDG with maximum species richness in the tropical
regions [40]. However, the LDG patterns for known marine organisms are well-studied
in many taxa. Although the extant data from the deep seas are insufficient to analyze the
LDG for sparsely distributed deep-sea organisms, some marine epifauna resident on the
surface of the substratum in the ocean show a typical LDG [40]. The diversity of nematodes
shows a positive LDG in the deep sea in the Atlantic, with a decline from 0◦ to 40◦ S [41].
The eastern Pacific bivalvia show a strong LDG within increasing numbers of species
from the tropics to the southern tropical boundary in the northern Hemisphere; species
numbers outside of the tropics show a stepwise decline toward the poles from 5◦ S to
8–9◦ N [40]. Interestingly, the fossil records of marine bivalves from the three successive
slices in the late Cenozoic showed that species with tropical origins tended to expand from
the tropics to higher latitudes [13]. These results support LDG in the marine shelf benthos,
which is congruent with the diversity trends of gastropods along both northeastern Pacific
shelves and the northwestern Atlantic [13,42]. For the coastal plants, e.g., mangrove, the
mixing-isolation-mixing cycles can potentially generate species at an exponential rate, thus
combining speciation and biodiversity in a unified framework by permitting intermittent
gene flow during speciation [43]. But, the LDG pattern is still unclear for this.

2.5. LDG and Biodiversity Conservation

Biodiversity enhances many natural resources that are essential for human well-being,
yet human activity has resulted in rapid biodiversity loss [44]. The sixth mass extinction in
Earth’s history has been driven by human activity [45,46] and global warming [44,47,48].
Accelerated biodiversity loss is a hallmark of the Anthropocene, in which large declines
in population size, habitat loss, fragmentation, biological invasions, pollution, and cli-
mate change have been widely observed requiring effective and efficient conservation
managements [45,48–51]. LDG, as a wide-scale diversity pattern on Earth, has inevitably
been affected by the changing environment. The spatial model indicates that forests and
jungles are exposed to anthropogenic threats (e.g., changes in fire regimes and deforesta-
tion) in Amazonia, Central America, the Eastern Arc Mountains, the Northern Andes, the
Brazilian Atlantic, southeastern Asia, and Sub-Saharan Africa [23,52]. The pattern of LDG
will inevitably be influenced in this dynamic environment; hence, the changing trends
of biodiversity loss to human activity and climate change in the Anthropocene require
more attention.

However, our understanding of the full impact of humanity on biodiversity, as well
as of the links between the processes occurring in natural ecosystems, is incomplete [51].
As an important indicator of biodiversity patterns, the LDG patterns will be affected by
climate warming and human activity over the global biodiversity framework. Over the
past few decades, scientific studies have played important roles in verifying and identifying
explicit goals for plant conservation, which are used in assessments of extinction risk, the
prediction of range changes under climate change, and adaptation measures [30,53–56].
Therefore, we suggest that the cohesive nature of species richness and ecosystem diversity,
particularly the trends of LDG in the changing world, will provide important insights into
prioritizing conservation efforts.

3. Formation Mechanisms of the LDG
3.1. LDG Hypotheses

For the formation mechanism of LDG, there are six main hypotheses in a comprehen-
sive review of LDG have been proposed previously, and these mainly focus on ecology and
evolution [6,10]. The hypotheses from 1966 to 2021 for the latitudinal diversity gradient
and the other sources are listed in Table 1. With the increase in the knowledge about LDG,
more hypotheses have been proposed, but the late-comers are mainly deduced from the
six hypotheses. In this review, we simply elaborate the relationships between the six main
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hypotheses and the others; and mainly focus on the widely embraced hypotheses. Thus, in
this review the six broadly accepted hypotheses are revisited.

Table 1. Hypotheses from 1966 to 2021 for the latitudinal diversity gradient, P1–P6 from Pianka
(1966), F1–F5 from Fine (2015), and O1–O7 from the other sources.

Hypothesis Primary Focus References

P1. The time theory Ecology and evolution [6]
P2. The theory of spatial heterogeneity Ecology [6]
P3. The competition hypothesis Ecology [6]
P4. The predation hypothesis Ecology [6]
P5. The theory of climatic stability Ecology and evolution [6]
P6. The productivity hypothesis Ecology [6]

F1. Time-integrated area, energy, and tropical niche
conservatism Evolution [15]

F2. Climate stability Evolution [15]
F3. Temperature and evolutionary speed Evolution [15]
F4. Biotic interactions and speciation rate Evolution [15]
F5. Biotic interactions and finer niches Ecology [15]

O1.The ecological regulation hypothesis Ecology [32]
O2.The “diversification rate hypothesis Evolution [57]
O3.The out of the tropics hypothesis Ecology and evolution [58]
O4.The out-of-the-extratropics hypothesis Ecology and evolution [59]
O5.The evolutionary time hypothesis Evolution [32]
O6.The time-for-speciation hypothesis Evolution [60]
O7. The tropical niche conservatism hypothesis Ecology [61]

As known, the other hypotheses originate from the six main hypotheses and make
differing predictions about the spatial distribution of organisms. For example, the out of
the tropics (OTT) hypothesis describes how the combination of evolutionary dynamics and
dispersal may have shaped the LDG of marine species [58]. Later, some groups may have
also been shaped by dispersal towards the tropics, as in the out of the extratropics (OET)
hypothesis [59]. Similarly, the evolutionary time hypothesis (ETH) suggests that tropical
areas have been occupied for longer than temperate region, and thus have had more time
to accumulate species [32]. Alternatively, under the diversification-rate hypothesis (DRH),
higher richness in some clades is explained by faster rates of net diversification, and high
species richness is associated with clades that have accumulated many species in a relatively
short period of time [57]. The ecological regulation hypothesis (ERH) posits that there
are equilibrated the ecological limits to species numbers, which vary systematically with
latitude, perhaps due to the direct influence of climate and/or available energy [32]. The
tropical conservatism hypothesis (TCH) suggests that the tropics have been occupied for
longer, dispersal out of the tropics is rare, and the greater past area of the tropics yielded
more present-day tropical clades [61]. From the above-mentioned examples of hypotheses,
each of them is related with one or two of the six main hypotheses. Thus, the review briefly
elaborates on the possible causes and/or hypothesis of LDG as follows.

The time hypothesis is perhaps the most widely accepted and the oldest of the six
hypotheses. It can be dated back to the time of Alfred Russel Wallace, who proposed that
evolutionary (speciation) and ecological (immigration) factors drove the increase in species
richness of communities over time [6]. In tropical regions where have been occupied for
longer periods, yielding more present-day tropical clades, and dispersal out of the tropics
is rare [62]. The evolutionary time hypothesis suggests that the tropics provide more time
for lineages to accumulate species [21]. This can be explained by geological events, i.e.,
the tropical regions remained relatively undisturbed, whereas the diversity in northern
latitudes was reduced due to multiple glaciations, which led to the formation of the current
LDG patterns [10].
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The environmental heterogeneity hypothesis suggests that habitat heterogeneity pro-
motes species richness [63], and the probability of species coexistence augments different
niches [64]. Heterogeneity is beneficial in case of adverse environmental conditions. For the
environmental heterogeneity, it has been shown that communities with increasing species
capability and speciation withstood isolation or adaptation to diverse environmental con-
ditions [65,66]. In addition, lower species ecological tolerance in the tropics may result in
denser speciation and spatial heterogeneity at lower latitudes [54].

The competition hypothesis was proposed based on natural selection in the temperate
zone, which was controlled by abiotic more than biotic factors with stronger biotic interac-
tions and increased speciation rates for positive feedback; niches are narrower, competition
is stronger, and co-evolutionary rates across the geographic mosaic have reduced the ex-
tinction rates [6,10,15]. Therefore, competition in the tropical regions is lower, as intense
predation in the tropical environments results in reduced populations.

As an alternative to the competition hypothesis, the predation hypothesis suggests
that competition in the tropics is lower due to higher predation in tropical environments,
which causes a reduction in population size [6,10]. From the polar to tropical regions,
more diversification was observed in the community composition and structure that are
the greater probability that a larger proportion of predators can be maintained. Predators
can then effectively control the number of prey and producer populations, such that
there are more predators, parasites, and prey in the tropics than in other regions [67].
In tropical forests, trees attract their consumers, so that the consumption of seeds and
seedlings by animals/herbivores reduces the number/survival rate of seeds/seedlings,
and consequently the density of the population. In this way, herbivores increase the space
available for the invasion of seeds and seedlings of other plant species, concomitantly
increasing the diversity of tree species in the tropical forests [68].

The climatic stability hypothesis predicts that the tropical regions have a higher species
richness, greater specialization, and narrower niches due to their stable climate [6,9,10]. The
stable climate in tropical regions increases species richness; for example, climate oscillations
have affected species diversity globally especially during the Late Quaternary period [69].
However, in the tropical regions with relatively stable climate trends that are likely to have
prevented large demographic fluctuations, thus promoting the maintenance of species
richness and intraspecific genetic diversity [69,70]. By contrast, rapid climate change in
temperate and cold and/or arid regions has led to more profound effects on precipitation
and temperature trends, which has directly or indirectly affected species demographics
over time [69,71–73]. LDG patterns of increasing latitudinal ranges in animal and plant
species richness from low to high are related to the tolerance to seasonal temperature
variability [11,74] and Ice Age temperature fluctuations [75].

The productivity hypothesis suggests that species richness increases because of the
greater productivity in tropical regions, allowing tighter species packing and narrower
niches with a greater overlap of niches [6,10]. Energy input may enhance mutation and
physiological rates, which then increase speciation by decreasing generation times [76];
thus population sizes should also correlate positively with productivity [77]. The net
primary productivity and constraint on species richness due to limited resources may lead
to geographical variation in species diversity [7,78]. Plant richness is primarily limited by
water availability and solar energy at the base of the global food web [77,78]. For example,
higher amounts of energy lead to faster evolutionary rates and more species richness in
flowering plants [54]. In turn, predator richness is limited by the secondary production
of herbivores in the food chain, whereas herbivore richness is limited by the net primary
production of plants [78]. A positive relationship between richness and productivity could
be responsible for the LDG pattern; however, the productivity hypothesis has not been
accepted as an important cause of the LDG [17].
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3.2. Climate Change, Temperature, and Precipitation

There is an equilibrium ecological limit to species numbers that varies systematically
with latitude in LDG patterns due to the direct influence of available energy and/or cli-
mate [79,80]. The LDG mechanisms are difficult to determine due to the strong correlations
between related ecological parameters, including climate, latitude, and temperature [37].
The species richness often varies with elevation and latitude or between geographic regions
and temperature, precipitation, or other factors [7]. That is, the effects of species distribution
on different species reflect different climatic tolerance among them. Thus, the explanations
of the climatic variability hypothesis for variation along the latitudinal gradient favor the
evolution of broader climatic tolerance of species at high latitudes [29,30].

During the geological ages, i.e., between the Tertiary and early Eocene period increased,
global atmospheric temperatures increased and taxa evolved in tropical regions (low
latitudes), and dispersed to higher latitudes, showing latitudinal patterns through tropical
areas to higher latitudes [26]. And the current day species richness is also affected by
climate oscillations on species demographic during the Late Quaternary [69,81]. Trends
have been observed in the changes in the relative frequencies of tropical and temperate
genera along the temperature, precipitation, and radiation gradients along the LDG [25].
For most plants, climate cooling (i.e., freezing tolerance) created an evolutionary barrier
or survival limit, which determined the distribution range of many flowering plant taxa.
For example, cold-intolerant plants of the boreotropical and evergreen flora were forced
southward by climate cooling in the northern hemisphere [82]. Thus, this evolutionary
process for cold adaptation is reasonable, and the tropical genera in flora descend along
latitudes from low to high [26]; even some genera colonized from warm to cold [83]. An
understanding of the environmental aspects that influence the traits underpinning adaptive
resilience to changing climates could help in assessing the vulnerability of populations to
climate change [84,85].

Intraspecific genetic diversity and high levels of species richness are also correlated
with the past inter-annual precipitation variability [23]. For example, frequent variations
in precipitation during the Late Quaternary and the resultant fluctuations are proposed
to have driven population isolation and adaptive divergence in suitable habitats at lower
latitudes [86,87]. Precipitation can be used to explain the patterns of selection of local and
regional variations in climate regimes [88].

Model selection and hierarchical partitioning of species richness in liverworts showed
that water-related variables are dominant [89]. For precipitation seasonality and availability,
the spatial precipitation heterogeneity in mosses is considered an important predictor of
species richness, but the temperature variables generally have higher explanatory power
than water variables in woody plants [22]. Also, hierarchical partitioning in the species
richness of liverworts and mosses indicated that the independent effects of temperature
variables are higher than those of water variables and that water variables have more
variation in these families than in woody plants [29]. This is consistent with the evolu-
tion of terrestrial plants, which involves their ability to adapt to water deficiencies [89].
Additionally, population persistence due to long-term climate stability results in a higher
accumulation of species richness in the tropics than at higher latitudes, and climate-driven
processes at lower latitudes always result in higher population divergence due to frequent
precipitation variability [23].

4. Evolutionary Responses for LDG

Generally, evolutionary responses are prerequisites for the long-term persistence of
biodiversity during ongoing and projected scenarios of the extreme climate events [85,90].
Many LDG results from ecological, historical geology, and demographic events that influ-
ence dispersal and diversification can be explained by the evolutionary responses based on
the historical contingency proposed [62,91]. Likewise, the diversification rate suggested
that extinction and/or speciation rates vary systematically with LDG [32]. Evolutionary
responses (i.e., speciation, extinction, diversification, and dispersal rates) are inevitable in
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LDG patterns. The evolutionary forces generated by LDG have been debated for many
years [5,62]. Here, related evolutionary responses are listed to address the LDG pattern.

4.1. Speciation Rate

The key to explaining LDG patterns is to understand the variation in speciation and
extinction rates with latitude; however, it is difficult to estimate the diversification rates
associated with specific geographic locations [34]. The speciation rates differ due to a range
of factors and in different geographic regions [7]. In tropical clades, speciation is relatively
high, and extinction appears to be very low, whereas in temperate lineages, speciation and
extinction are very high [31,92]; the speciation rate is always linked to the diversification
rate. For example, the relative stability in tropical climes led to older, slower-evolving but
still species-rich communities, and long-term cooling had a disproportionate effect on the
non-tropical diversification rates, leading to dynamic young communities outside of the
tropics [93]. Thus, nonequilibrium explanations for LDG have been proposed based on
different speciation rates in the tropics [35]. For example, in tropical regions where the
ambient conditions are warmer, environmental factors could increase the mutation rates
and lead to faster rates of evolution [8,94]. Thus, the speciation rate affects LDG patterns.

4.2. Extinction Rate

The extinction rates have led to geographic patterns of species richness; for example, a
geographic region with climatic stability may play a key role in extinction levels [7]. In addi-
tion, species with larger distributions are less prone to extinction, and regions experiencing
intense climatic fluctuations always experience increased extinction rates [70,95,96]. In the
phylogeny, the older crown groups from the phylogenetic tree always accumulate more
species as expected, whereas the stem groups have fewer species so that older temperate
taxa have an apparently attenuated extinction [31,92]. And in the tropics, the mammals,
e.g., amphibians, and squamates, also have lower extinction rates that contributed to more
net diversification than speciation [31,34,97]. The dependence of extinction and speciation
on diversity is a general process that regulates the shapes of taxonomic diversity curves [5].
Together, the association between a high species richness and low extinction rate suggested
that extinction may play a more important role in driving differences in net diversification
rates than speciation along latitudinal gradients [7].

4.3. Net Diversification Rate

The outcome of both speciation and extinction is the net diversification rate, which is
typically higher in tropical clades and represents the difference between speciation and ex-
tinction [31]. The rates of diversification are higher in tropical latitudes; a strong, consistent
role of net diversification in driving latitudinal species richness gradients has been pro-
posed [7,8,71]. Net diversification rates suggest that higher temperatures or energy fluxes
promote more rapid evolution; and a more equitable climate favors habitat specialization,
leading to the dispersal and gene flow reduced and/or more intense biological interactions
drive the adaptive changes [6,11,54,98]. Notably, the areas with high net diversification
rates are more likely to be evolutionary cradles [14]. In the tropics, the squamate lineages
suggested the greater species richness due to speciation, but the LDG appears to be driven
primarily by the diversification rates [31]. Nevertheless, there are exceptions; e.g., the
clades of passerines and swallowtails showed a significant latitudinal effect on the relative
diversification rates [99].

4.4. Dispersal Rate

Dispersal always promotes gene flow wherein the colonization of habitats among
isolated patches occurs. It has played a key role in species and population persistence in
fragmented systems under rapid climatic change [81]. Two main hypotheses on dispersal
dominance have been proposed. Firstly, the “out of the tropics” hypothesis suggests that
lineages originate and diversify in the tropics and disperse from the tropics to the temperate
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regions. Secondly, the “tropical niche conservatism” hypothesis suggests that the lineages
originate in the tropics and accumulate in tropical regions, because it is difficult to disperse
and adapt in temperate regions [13,34]. Most of the present-day diversity in marine bivalves
in extratropical regions is from taxa shared with the tropics, which has supported dispersal
and the persistence of an LDG [40,58]. The role of dispersal in generating diversity gradients
has been determined by studying the frequency of shifts from temperate to tropical biomes
and vice versa [9]. More lineages are dispersed from the tropical to temperate regions
than from the temperate to tropical regions, and the dominance of tropical to temperate
dispersal is statistically significant in all scenarios [9,12,13]. In tropical regions, the newly
evolved taxa might have extended northward into the temperate regions [100]. However,
the range of extension in warm regions was curbed by frost tolerance; rapid and large-scale
range contractions and expansions may have resulted in population extirpation and the
subsequent loss of species richness at these latitudes [80,81].

5. Future Perspectives

The most unique feature of the Earth is the existence of life, and the most extraordinary
feature of life is its diversity (i.e., genes, species, and ecosystem diversity), which provides
numerous essential services to a human-dominated society [48,49]. Considering that LDG
is the broadest and most notable biodiversity pattern [15], the conservation efforts should
be linked to the mechanisms of ecology and evolution from genetic/genomic diversity,
species diversity, and ecosystem diversity in the future projects.

In recent decades, the studies of LDG have evolved due to the promotion of studies
on land-based flora/fauna, microorganisms, and marine organisms (Figure 3). Using the
comprehensive review written by Pianka as a milestone [6,10], the myriad of hypotheses
for LDG has been organized into a manageable framework for future studies. Many studies
on LDG have developed scientific tools for the elucidation of diversity and the related
causes. However, most biodiversity patterns of LDG have mainly been explored based
on ecosystem and species numbers [10,15]. As known, species is the evolutionary unit,
and species diversity is the basic element for evolutionary change. Also, the ecosystem
diversity of specific areas preserves many species and the subsequent genetic diversity [48].
According to the Convention on Biological Diversity (CBD, www.cbd.int, accessed on
23 January 2022), genetic diversity is recognized as one of the three basic elements of
biodiversity and is the focus of many conservation genetics studies. Thus, we suggest that
LDG patterns are useful for investigating the ecological and evolutionary mechanisms
from genetic/genomic and phylogenetic diversity to facilitate the estimation of clade-
specific diversification rates in relation to latitude, climate, and other factors. Estimating
the contribution of these factors from ecology and evolution in promoting the LDG patterns
from phylogenetic and/or genetic/genomic data is challenging, but the availability of
big data is gradually reality. Also, it is worth noting that the development of Geographic
Information System (GIS) mapping and satellite imagery has provided unprecedented
resources to study LDG from the perspectives of global patterns of climate, productivity,
landform, and species richness [10]. In addition, LDG can be explored with technological
achievements from both paleo- and modern studies [18].

With the coming of new era of the Anthropocene, the biodiversity crisis is closely
connected to the human activity. Predicting the influence of human-induced climatic
change on a short and/or long-term organismal distribution is imperative in contemporary
biology [101]. Over the course of a century, humans have markedly altered the planet,
causing various effects, including an increase in ocean acidity to landscape fragmentation
and climate change [48]. The far-reaching influence of human activity has contributed
to a loss of biodiversity, changing land use, habitat loss, plant extinction, predatory fish,
defaunation, and a reduction in species abundance [48,102]. Therefore, investigations
of the LDG pattern must consider the knock-on effects on biodiverse communities from
the concomitant influence of human activity and climate change. According to the shifts
or trends of LDG patterns, some protected areas can be identified. Protected areas are
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safeguarded from human activity to a certain extent through conservation planning and
prioritization in a human-dominated and fast-changing world [48]. Now the solution of
human activity to biodiversity is easily found to these issues, i.e., the establishments of
related legislations and conservation areas to decrease the impacts from human activity.
However, little is known about the effects of climate change on biodiversity, and thus, sig-
nificant research on this aspect is crucial. Previous research on well-studied large organisms
showed that biodiversity may be more sensitive to climate, such that the impact of ongoing
Anthropocene climatic change may be much more serious than previously thought [58]. In
particular, wide-scale extinctions and population decline across taxonomic groups have
been caused by human activity over the past 500 years [103]. However, most studies on
LDG have mainly focused on ecological factors, i.e., species and ecosystems. Therefore, the
impact of human activity or imprint and climate change (e.g., the warming climate) on the
diversity of ecosystems along latitudinal gradient has been generally disregarded.

In addition, the explanations of LDG patterns and/or mechanisms from genetics and
genomics are rare. The reasonable utilization and benefit of sharing of genetic resources
have been inferred from the CBD to ensure the conservation of biodiversity [104]. Based
on whole genomes, a strategy for cataloging adaptive genetic diversity to climate change
across a range of ecologically important non-model species has improved population
datasets and provided a high-resolution record of variation in structural information
and genomes [88]. The models linking genomics with eco-evolution provide unique
opportunities for predicting and tracking vulnerability and adaptive responses to climate
change, which will benefit the biodiversity issues along the LDG distribution. Thus,
LDG taken from large-scale genetic/genomic data (e.g., the DNA data from NCBI) or the
genetic variation in specific taxa in wild populations with a vast distribution will reveal
the distribution patterns and mechanisms to assist the CBD in meeting targets to halt the
acceleration in biodiversity loss. In the face of environmental change, the ever-increasing
availability of ecological studies is going on, integrating the big data from evolution across
large-scale distributions and taxa, will provide important and novel opportunities to
enhance our understanding of the adaptive potential of LDG globally. Hence, ecologists,
evolutionists, and related scholars are called upon to rethink the LDG in view of the
available genetic resources in the changing world.

6. Conclusions

Half a century ago, the review from Pianka is believed to be a milestone in understand-
ing LDG patterns, which is and will be the manageable framework for future studies [6,10].
Subsequently, a time-integrated biogeographic analysis of geographical diversification
suggests that both time-integrated and stable climate areas will determine the baseline of
marine diversity and terrestrial patterns at the global scale. Patterns of the LDG mainly
focused on the ecology and evolution in tropics from the species richness to mechanism.
The tropics are geologically older, and have had more time for diversification, which is
consistent with the time hypothesis, in which biotic interactions likely augment coexistence
and diversification [15]. Thus, the related studies from tropical regions to warm and/or
cold regions are the key points we have to take into account, e.g., the different taxa and/or
communities along with latitudinal gradients. According to our own experience, Engel-
hardia is distributed from 10◦ S to 30◦ N on a latitudinal distribution in Southeast Asia,
where the plants are typical to unique substrates to disentangle the LDG from integrated
disciplines [100,105].

Here, this review presents a systematic overview of the broad and comprehensive
literatures on the state of LDG in a changing world where ecology and evolution have
been applied to its distribution patterns. In the future, we suggest that genetic/genomic-
based approaches on LDG should be integrated for the understanding of biodiversity
conservation. This facet is still underdeveloped, and the numbers of studies that elaborate
biodiversity patterns of LDG based on the genetic/genomic data are still scarce, espe-
cially regarding the relationship between the variations in genetic/genomic data and the
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pre-existing data from ecosystems and speciation (e.g., phylogeny and genetic diversity).
Moreover, the use of molecular studies (i.e., genetic/genomic diversity) is important to
highlight the potential for the establishment of theories on LDG that do not have sufficient
support from genetic/genomic implementation, because the dataset for a considerably
large-scale distribution is difficult to obtain, especially the vast regions across oceans.
However, genetic/genomic criteria of specific taxa with a vast distribution are useful and
possible in some plants with a large latitudinal distribution if the field works is comprehen-
sive. The large-scale taxa collection combined the big data DNA information, will enable
the CBD to ensure biodiversity conservation through the sharing and utilization of benefits
from genetic/genomic resources. Thus, exploring the LDG from large-scale DNA data to
disentangle the diversity mechanisms and patterns to inform biodiversity conservation and
management measures may be a valid approach. Comprehensive biodiversity patterns,
together with the determination of ecological and evolutionary mechanisms should there-
fore be used to understand the mechanisms and causes of LDG in a changing environment
where biodiversity is rapidly declining and disappearing.
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Abstract: Transcription factors SQUAMOSA Promoter-binding Protein-like (SPL) play a crucial role
in regulating plant response to stress, root development, and flower production. However, analysis
of SPL gene families in the three rubber-producing plants Taraxacum kok-saghyz, Hevea brasiliensis, and
Eucommia ulmoides, renowned for their natural rubber production, has not yet been conducted. In this
study, we utilized reference genomes to perform genome-wide analysis, and obtained new insights
on the evolution of SPL gene families in these three rubber-producing plants. Our results revealed
the following: (1) T. kok-saghyz, H. brasiliensis, and E. ulmoides harbored 25, 16, and 13 SPL genes,
respectively, containing conserved structural domains of SBP. (2) A phylogenetic analysis categorized
90 SPL proteins from 25 TkSPLs, 16 HbSPLs, 13 EuSPLs, 17 AtSPLs, and 19 OsSPLs into eight groups.
(3) Analysis of cis-acting elements demonstrated that the promoters of EuSPLs contained a significant
number of light response elements, hormone regulatory elements, and stress response elements.
(4) Transcriptome data analysis revealed that the EuSPL8 gene had strong expression in bark, as
well as TkSPL4 and TkSPL8 exhibit high expression levels specifically in roots and latex. This study
provides valuable insights into the biological functions of the SPL gene family in the three rubber
plants and might serve as a reference for identifying efficient genes.

Keywords: Taraxacum kok-saghyz; Hevea brasiliensis; Eucommia ulmoides; genome-wide; SPLs;
expression pattern

1. Introduction

Transcription factors (TFs), a crucial subclass of regulatory proteins that control gene
expression, are vital for plant growth and development because they bind to cis-acting
areas to either activate or inhibit the production of downstream genes. SQUAMOSA
Promoter-binding Protein-like (SPL) proteins are a family of plant-specific TFs with a highly
conserved DNA-binding SBP domain made up of two distinct zinc finger architectures, Zn-
1 (Cys3Hes or Cys4) and Zn-2 (Cys2HisCys) [1] Since the SBP genes AmSBP1 and AmSBP2
were discovered for the first time in Antirrhinum majus [2], the genome-wide analysis of
the SPL gene family has now been performed for numerous species, including 12 SPLs
in sweet cherry (Prunus avium L.) [3], 23 SPLs in quinoa (Chenopodium quinoa Willd.) [4],
and 18 SPLs in foxtail millet (Setaria italica) [5]. As more plant genomic resources become
available, more SPL genes will probably be found.

SPL transcription factors are crucial regulators of plant growth, development, and
stress response. The microRNA-targeted transcription factor SPL3, which initiates and
subsequently activates the transcription factors LEAFY, FRUITFULL, and APETALA1,
controls the time of flower development in Arabidopsis [6]. Early blooming in Arabidopsis was
reportedly stopped by AtSPL3 [7]. AtSPL8 appears to be implicated in gibberellin signaling,
according to an overexpression study [8]. SPL genes control the homeostasis of copper (Cu)
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and the response to Cu deficiency [9,10], and cadmium (Cd) tolerance [11,12]; they take part
in hormone signaling as well as reactions to a variety of biotic and abiotic stimuli, including
as heat, cold, salt, thirst, and injury [13–16]. AtSPL9 and AtSPL15 play complementary roles
in controlling plastochron length and shoot maturation [17,18], and AtSPL9-controlled cell
elongation and the transition from the vegetative phase through the BR (brassinosteroid)
signaling pathway [19]. SPL genes are essential for phase transitions in addition to the
roles they perform in the aforementioned processes [20,21], latitudinal root growth [22],
trichome development [23–25], embryogenesis [26], and seedling growth [27]. SPL genes
control rice grain shape, size, quality, and yield in addition to plant architecture [28–31].

Natural rubber, with distinct physical characteristics [32,33], is a valuable industrial
raw material used extensively in the transportation, medicinal, and defense sectors. Cur-
rently, the prevalent plants that produce rubber are Hevea brasiliensis, Taraxacum kok-saghyz,
and Eucommia ulmoides [33,34]. Several TFs participate in the control of the expression of the
genes involved in rubber biosynthesis in H. brasiliensis. As an example, the expression of
HbSRPP was decreased by the three genes HbWRKY14, HbWRKY1, and HbMADS4 [35,36].
HbFPS1 expression was increased by HblMYB19, HblMYB44, and HbWRKY27 [37,38].
HbRZFP1 decreased the expression of HRT2 [39]. HbMYC2b controls the expression of Hb-
SRPP [40]. While TkWRKY21 was up-regulated under heat stress, TkWRKY18, TkWRKY23,
and TkWRKY38 were all considerably up-regulated during cold stress [41]. The majority of
CBF genes in TKS seedlings that had undergone cold acclimation took longer to react to the
cold signal than those that had not [42]. Most of the EuWRKYs genes were highly expressed
in leaf buds and involved in leaf development [43]. The genes EuMADS39 and EuMADS65
were highly expressed in male individuals, whether in flower or leaf tissues [44]. These
findings demonstrated that TFs are essential for rubber biosynthesis.

However, the precise role of SPL genes in rubber biosynthesis remains incompletely
understood in these three rubber-producing plants. Despite that, it is believed that they may
regulate the expression of genes involved in either the mevalonate (MVA) pathway or the
methylerythritol phosphate (MEP) pathway, both of which contribute to the synthesis of the
isoprenoid precursor for rubber molecules. Therefore, we selected three significant natural
rubber producers, H. brasiliensis, T. kok-saghyz, and E. ulmoides. In this study, a thorough
analysis of the gene structure, conserved domain, chromosome location, cis-acting element,
and expression pattern of the SPL genes in three rubber-producing plants was conducted in
this study. Through analyzing the SPL gene family in these plants, our objective was to gain
potential insights into the involvement of SPL genes in the biosynthesis of natural rubber.

2. Materials and Methods
2.1. SPL Identification across the Genome and Phylogenetic Analysis

The genomic sequences of T. kok-saghyz, H. brasiliensis, and E. ulmoides were retrieved
from the NCBI and Genomic Warehouse databases (https://ngdc.cncb.ac.cn, accessed
on 23 April 2023). This study used the Phytozome (https://phytozome-next.jgi.doe.gov,
accessed on 23 April 2023) database to download the AtSPLs and OsSPLs protein sequences
that are used to retrieve the protein sequences of T. kok-saghyz, H. brasiliensis, and E. ulmoides.
The SBP domain sequences (ID: PF03110) from the Pfam database were used to scan the
three genome sequences of rubber-producing plants for putative SPL genes using HMMER
(http://hmmer.org, accessed on 23 April 2023). The local BLAST and hidden Markov
models were utilized for comparison in order to locate the SPL family members in all
three species, and the findings were combined. Delete domain-less or domain-incomplete
sequences manually to guarantee the accuracy of the results. The first transcript is chosen
as the typical sequence in situations when there are numerous transcripts of the same
gene. The protein domain was analyzed by NCBI Batch CD-search and plotted by Chiplot’s
website (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi and https://www.
chiplot.online/, accessed on 23 April 2023). Gene mapping was performed using TBtools
software (https://github.com/CJ-Chen/TBtools/releases, accessed on 23 April 2023).
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The amino acid sequences of T. kok-saghyz, H. brasiliensis, E. ulmoides, Oryza sativa
and Arabidopsis thaliana SPLs were compared in multiple sequences using ClustalW 2.0
software, while the phylogenetic tree was built using the neighbor-joining method with
MEGA 11.0 software, with the number of replications set at 1000 and all parameters left
at their default settings, and figures with confidence levels below 60 were selected to be
hidden in Figure 1 and, finally, touched up in the iTQL website (https://itol.embl.de,
accessed on 23 April 2023).

Figure 1. Phylogenetic tree includes 90 SPLs from 5 different plants. Using MEGA 11.0 and the
neighbor-joining (NJ) method, a phylogenetic tree based on the SBP domain was created. The
bootstrap value is represented by the number of branches.

2.2. Physicochemical Characterization and Structural Analysis of the Protein

The amino acid count, relative molecular weight, theoretical isoelectric point, and
instability index of TkSPLs, HbSPLs, and EuSPLs were examined using the ExPASy Prot
Param program (https://web.expasy.org/protparam/, accessed on 23 April 2023). By
comparing SPL gene sequences to the matching genomic DNA sequences, the exons, introns,
CDS, and UTRs of the genes were identified. WoLF PSORT (https://wolfpsort.hgc.jp,
accessed on 23 April 2023) is used to predict protein subcellular localization. Expasy and
TMHMM-2.0 were used to assess the hydrophobicity and transmembrane characteristics
of proteins (https://web.expasy.org/protscale/ and https://ser-vices.healthtech.dtu.dk/
Services/TMHMM-2.0/, accessed on 23 April 2023). The secondary and tertiary structures
of proteins can be predicted using the SOPMA and Phyre2 programs (https://npsa-prabi.
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ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html and http://www.sbg.bio.ic.ac.
uk/phyre2/html/page.cgi?id=index, accessed on 23 April 2023).

2.3. Analysis of Protein Domains and Conserved Motifs

Using ClustalW 2.0, the protein sequences of AtSPL, OsSPL, and the 54 SPL sequences
discovered in this investigation were aligned to identify the SBP domain [45]. TBtools was
used to examine the exon–intron structure [46], using the genome and cDNA sequences
of the SPL gene retrieved from the genomes of four rubber-producing plants. Three
rubber-producing plant gene family members were subjected to protein motif analysis
using the web program MEME (https://meme-suite.org/meme/tools/meme, accessed
on 25 April 2023) [47]. This analysis used up to 10 motlets and other default parameters.
Using GFF files of three rubber-producing plants and two model plants, as well as the
files of the previous construction of the evolutionary tree, the gene structure and motif
combination map were drawn on the TBtools software. The PlantCare website (http:
//bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on 25 April 2023) was
used to predict the cis-acting elements in the promoter region of the three rubber-producing
plant SPLs using the 2000 bp sequence upstream of the translation start codon (ATG), and
the TBtools software was then used for visual analysis.

2.4. Collinearity Analysis

The genome sequences of Oryza sativa and Arabidopsis thaliana were downloaded
from Phytozome (https://phytozome-next.jgi.doe.gov, accessed on 23 April 2023) to create
a chromosome location and collinearity plot in order to analyze the replication patterns
and evolutionary mechanisms of SPL genes.

2.5. Analysis of Expression Patterns across Several Developmental Stages and Tissue Types

The NCBI database was used to download the transcriptome information for various
tissues and time periods in E. ulmoides, the relative expression abundance of SPLs of the
three rubber-producing plants was expressed by FPKM value, the logarithm of the value
was statistically analyzed, and the TBtools software generated a heat map of gene expres-
sion, where the highest expression was denoted by a red box and the lowest expression by
a blue box.

3. Results
3.1. SPL Identification across the Genome and Phylogenetic Analysis

Local BLAST and the hidden Markov model were utilized for screening purposes,
resulting in the identification of 25 TkSPLs, 16 HbSPLs, and 13 EuSPLs (Table 1). The
Supplementary Materials provide information on the SBP domain and gene localization of
these three species following the identification and screening process (Figures S1 and S2).

To enhance our understanding of the evolutionary trajectory of the SPL gene across
various species, a phylogenetic analysis was conducted on a set of 90 SPL proteins, including
those from T. kok-saghyz (25), H. brasiliensis (16), E. ulmoides (13), Arabidopsis thaliana (17)
and Oryza sativa (19). The analysis categorized these proteins into eight distinct groups, as
shown in Figure 1.

The results showed that in the phylogenetic tree (I–VIII), 90 SPL genes were divided
into 8 subfamilies. Their agreement with the AtSPL and OsSPL protein classification groups
implies that SPL genes have been highly conserved throughout molecular evolution. SPL
genes of T. kok-saghyz and Arabidopsis thaliana are distributed in all eight subfamilies, while
SPL genes of E. ulmoides and H. brasiliensis are lacking in subfamily II and SPL genes of
Oryza sativa are lacking in subfamily VIII. Subfamily VII had the most individuals (17 SPLs)
out of the eight subfamilies, while subfamily II only had seven SPLs. The phylogenetic tree
also revealed that a number of SPL genes from the five species clustered together, with a
support rating of ≥70.
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3.2. Physicochemical Properties and Secondary and Three-Dimensional Structural Analysis

In the three rubber-producing plants, 54 SPL genes in all were found. The protein’s
amino acid composition ranged from 131 to 1065, its molecular weight from 15,166.23
to 117,893.71 kD, and its isoelectric point from 5.86 to 10.47 as a basic protein, and the
instability index ranged from 43.85 to 84.16. With only 131 amino acids, EuSPL13 was the
smallest of the 54 SPL proteins. HbSPL7, in contrast, had the most amino acids (1065),
making it the biggest.

The secondary structure analyses predicted that all SPLs of the three species comprised
alpha helices, extended strands, beta turns, and random coils (Table S1). The alpha helices
and the random coils were the main secondary structural elements of SPLs. It was projected
that TkSPL1 would localize to the plasma membrane in T. kok-saghyz, while TkSPL2 would
localize to the cytoplasm, TkSPL9 to the chlo, and TkSPL18 to the cytoplasm. EuSPL8
was predicted to localize to the peroxisome in E. ulmoides. The remaining 49 SPL genes,
excluding the aforementioned 5 SPL genes, are found in the nucleus. The Phyre2 sever
was used to model the three-dimensional structure of the 54SPLs (Figures S9–S11). The
results showed that the SPLs were mainly composed of alpha helices and random coils, and
the structure ratios were consistent with the predicted secondary structures. The tertiary
structures of all three rubber-producing plant SPLs proteins were very similar, and the
results are shown in the accompanying figure, with the largest proportion of irregular curls,
while the different protein spatial structures will determine the differences in function. In
addition, 54 SPL proteins were predicted for hydrophilicity and transmembrane conditions
(Figures S3–S8).

3.3. Analysis of Protein Domains and Conserved Motifs

Exon–intron distribution and conserved motifs were studied in order to further evalu-
ate the structural characteristics of the five species (Figure 2). We selected SPL genes from
two model plants (Arabidopsis thaliana and Oryza sativa) for comparison with SPL genes
from the three rubber-producing plants found in this study. A phylogenetic tree with ten
conserved motifs was built using sequence data from the 54 SPLs and the SPL genes from
the two additional plants using the NJ method; 10 conservative motifs were designated
Motif1–Motif10.

Motifs are shared by genes in the same subfamily, which causes them to group together
and generate an unequal distribution of the TkSPL, HbSPL, and EuSPL genes in the
evolutionary tree. The most varied motifs were found in subfamilies V and VII, while motifs
8 and 10 were frequently seen near the start and conclusion of the patterning, respectively.
Additionally, we discovered that in subfamilies I and II, motif 9 was consistently distributed
towards the start of the pattern, and pattern 7 was consistently distributed at the very end
of patterning.

The protein sequences of AtSPL, OsSPL, and the 54 SPL sequences found during this
work were aligned to determine the SBP domain; 14 conserved amino acids are found in
the basic region, which is made up of 70–80 amino acids. The Zn-fingers (Zn-1 and Zn-2)
are shown in green, while the bidirectional nuclear localization signal (NLS) structures are
highlighted in red (Figure 3).

To define the protein structure, the multiple sequence alignment of full-length proteins
was created using MEGA 11.0 software. The length of the conserved SPL domains has
been aligned many times. With roughly 74 amino acid residues, the SBP domains at the
SCR, RRR, and CQQC sequences were largely preserved. Both the nuclear localization
signal (NLS) and the Zn-1 and Zn-2 zinc finger configurations are retained in these SPL
domains. The amino acid distribution of the structural domains of the SPL genes of the
three rubber-producing plants was very similar to that of Arabidopsis and rice, with the
BASIC region consisting of 19 amino acids, 9 of which were highly conserved, and the HLH
region containing 5 highly conserved amino acids.
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Figure 2. Analyses of protein domains and conserved motifs. (A) Phylogenetic tree. (B) Conserved
motifs. (C) Gene structure.

3.4. Cis-Acting Elements and Collinearity Analysis

To investigate the gene functions and expression regulation patterns of EuSPLs, Plant
CARE online analysis software was used to search for cis-acting elements in the 2000 bp
sequences upstream of the start codon of 13 EuSPL proteins (Figure 4).
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‘*’ represents a residue that is fully preserved.

Upstream of the gene coding sequence, the promoter of the gene contains a large
number of cis-acting elements that can control how the gene expresses itself. The SPL
promoter contains not only basic cis-acting elements but also four types of elements:
(1) hormone regulatory elements, such as gibberellin response element ABRE, growth
element AuxRR-core, and salicylic acid response element CGTCA-motif; (2) light response
elements, such as G-Box, G-box, Box 4, GATA-motif, etc.; (3) stress response elements, like
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the MBS drought stress response elements and the low-temperature response elements; and
(4) physiological response elements, such as O2-site, CAT-box, etc. It is speculated that SPL
genes may perform crucial functions in stress response, growth, hormone regulation, and
photoperiodic regulation in E. ulmoides. The promoter region of EuSPLs contains 19 ABRE
elements and 26 ARE elements (Figure 4B), suggesting that EuSPLs may be involved in
ABA regulation and anaerobic regulation.
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To gain deeper insights into the evolutionary relationships, replication patterns, and
evolutionary processes of the SPL genes, we created a chromosome location and collinearity
plot for the 54 SPL genes (Figure 5).
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collinearity among H. brasiliensis, T. kok-saghyz, Oryza sativa and Arabidopsis thaliana.

The tandem relationship between two species, H. brasiliensis and T. kok-saghyz, was
confirmed and five and two pairs were found in their own genomes, respectively. The
number of homologous SPLs of AtSPLs and OsSPLs in HbSPLs was more than that in
TkSPLs. Between AtSPLs and HbSPLs, there were nine lines, but only five lines between
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AtSPLs and TkSPLs. Between OsSPLs and HbSPLs, there are five lines, yet just two lines
separate OsSPLs from TkSPLs. There were the most connections between T. kok-saghyz and
H. brasiliensis (15).

3.5. Analysis of Expression Patterns across Several Developmental Stages and Tissue Types

According to transcriptome data, the expression pattern of the EuSPLs gene was found
in order to examine the role of the SPL gene in various developmental stages and tissues of
E. ulmoides.

Based on transcriptome data, the expression patterns were analyzed in order to analyze
the roles of the EuSPLs and TkSPLs genes throughout various developmental phases and
rubber production, and the gene numbers shown in the figure are consistent with the gene
naming in the article (Figures 6 and 7). Low levels of expression of the majority of the
EuSPLs genes were observed, but two EuSPLs genes (EuSPL5 and EuSPL6) were expressed
in high abundance in all parts of E. ulmoides at all stages of development. Otherwise,
EuSPL3 and EuSPL7 were significantly expressed in fruit, EuSPL4 was highly expressed in
fruit and leaf, and EuSPL8 was highly expressed in bark.

Diversity 2023, 15, x FOR PEER REVIEW 12 of 17 
 

 

 

Figure 6. Patterns of gene expression for EuSPLs in various E. ulmoides tissue sections at various 

developmental stages. 

 

Figure 7. Patterns of gene expression for TkSPLs in various T. kok-saghyz tissue sections. TKX: vari-

eties with lower rubber yield; TKR: varieties with intermediate rubber yield; MR: main roots; LR: 

lateral roots; ML: mature leaf; LP: leaf petiole; LAT: latex. 

In T. kok-saghyz, several genes including TkSPL16, TkSPL2, TkSPL1, TkSPL13, and 

TkSPL23 show relatively high expression levels in multiple tissues. TkSPL4 and TkSPL8 

exhibit high expression levels specifically in main roots, lateral roots, and latex. TkSPL25 

demonstrates higher expression levels in mature leaves and leaf petioles. Furthermore, 

TkSPL12 shows higher expression levels in mature leaves and leaf petioles of TKR. 

4. Discussion 

This is the first account of a simultaneous investigation of three SPL gene families 

from rubber-producing plants at the genome-wide level. These findings advance our com-

prehension of the biological role of the SPL gene as well as the underlying molecular 

mechanisms. 

       

      

      

      

      

       

      

      

       

       

      

      

      

    

    

     

     

     

     

    

       

      

      

       

       

      

      

       

       

      

      

       

       

       

       

       

    

    

    

    

    

    

Figure 6. Patterns of gene expression for EuSPLs in various E. ulmoides tissue sections at various
developmental stages.
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Figure 7. Patterns of gene expression for TkSPLs in various T. kok-saghyz tissue sections. TKX:
varieties with lower rubber yield; TKR: varieties with intermediate rubber yield; MR: main roots; LR:
lateral roots; ML: mature leaf; LP: leaf petiole; LAT: latex.

In T. kok-saghyz, several genes including TkSPL16, TkSPL2, TkSPL1, TkSPL13, and
TkSPL23 show relatively high expression levels in multiple tissues. TkSPL4 and TkSPL8
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exhibit high expression levels specifically in main roots, lateral roots, and latex. TkSPL25
demonstrates higher expression levels in mature leaves and leaf petioles. Furthermore,
TkSPL12 shows higher expression levels in mature leaves and leaf petioles of TKR.

4. Discussion

This is the first account of a simultaneous investigation of three SPL gene families
from rubber-producing plants at the genome-wide level. These findings advance our
comprehension of the biological role of the SPL gene as well as the underlying molecular
mechanisms.

4.1. SPL Identification across the Genome and Phylogenetic Analysis

Plant-specific TFs called SPL proteins have a structural domain of the SBP that is
highly conserved [48,49], and it plays a critical role in stress response and plant growth and
development [7,50,51]. Natural rubber has important economic and strategic values, and
the in-depth study of rubber-producing plants is of great significance. The identification and
characterization of SPL genes in numerous plants, including Arabidopsis thaliana [49], Oryza
sativa [52], and Camellia sinensis [53], has been made possible by the quick advancement
of genome sequencing technologies. However, the association of the SPL gene family in
these three rubber-producing plants is not so clear that the related research is necessary
and urgent.

The number of SPL members is unaffected by the size of the genome [54]. In the
study, 54 SPL sequences, including 25 TkSPLs, 16 HbSPLs, and 13 EuSPLs were identi-
fied. The prediction of the physicochemical properties of SPLs showed that most of the
members were basic hydrophobic proteins. The majority of the SPL proteins from the three
rubber-producing plants are high in basic amino acids, which may be important in acidic
subcellular settings. By bioinformatic analysis of SPL genes from three rubber-producing
plants, we found that the number of SPL members in T. kok-saghyz was higher than that in
H. brasiliensis and E. ulmoides. However, the species T. kok-saghyz and E. ulmoides shared
greater similarities in terms of the number of exons, introns, and CDS as well as the number
of amino acids and molecular weight.

4.2. Analysis of Protein Domains and Conserved Motifs

The predicted motifs, conserved domains, and tertiary structures show that all mem-
bers have typical SBP domains and that the tertiary structures are similar. Eight groups
were formed from the evolutionary examination of three rubber-producing plants, and each
group had at least one gene from each of the other two plant species (Arabidopsis thaliana
and Oryza sativa). It suggests that the AtSPLs and OsSPLs shared a high homology of
similarity with the SPLs of three rubber-producing plants. In addition, the phylogenetic tree
revealed that several SPL genes from the five species clustered together tightly (bootstrap
support 70) (Figure 1). This suggests that SPL genes are functionally conserved across
multiple plant species and these proteins may be orthologous [49,55], and as a result, may
share similar biological roles. Sequence alignment showed that the 54 SPL genes of the
three rubber-producing plants had high similarity to the structural domains of Arabidopsis
and rice SPL proteins. According to Motif analysis, it was found that the Motif 1 motif
was found to be present in all SPL transcription factors, indicating that they all belong to
the SPL transcription factor family and are relatively conserved during gene evolution.
Analysis of cis-acting elements revealed that EuSPL contains a large number of response
elements related to hormone, light response, stress and physiology; therefore, SPL genes
may play important roles in growth and development, stress response, hormone regulation
and photoperiodic regulation in E. ulmoides.

4.3. Analysis of Responses and Expression Patterns

Plant growth and development depend heavily on hormonal cues and environmental
changes [56–58]. SPL genes may play a substantial role in the control of photoperiodic,
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hormone, growth, and responses to stress in three rubber-producing plants. The majority
of the members of this family respond to a range of hormones and stresses, which in
our study’s investigation of cis-acting regions upstream of the EuSPLs promoter revealed
(Figure 6) that PavSPLs may be regulated by light, stresses, and phytohormones. As with
studies in other species, there have been cases that have not yet been assembled at the
chromosomal level (Figure 5A) [59]. Previous studies have shown that transcriptional-level
analysis can identify genes involved in plant regulation [60]. Therefore, this study aims
to obtain key SPL genes involved in the growth regulation of rubber-producing plants
through transcriptome analysis. Based on transcriptome data, low levels of expression
of the majority of the EuSPLs genes were observed, but two EuSPLs genes (EuSPL5 and
EuSPL6) were expressed in high abundance in all parts of E. ulmoides at all stages of
development. Due to the latex production primarily occurring in the roots of T. kok-saghyz,
it is observed that TkSPL4 and TkSPL8 show higher expression levels in the main roots,
lateral roots, and latex. Therefore, it is speculated that these two genes, TkSPL4 and TkSPL8,
may have a strong correlation with the latex production process in T. kok-saghyz. To better
understand how these EuSPL and TkSPL genes regulate the response, the analyses and
research of other taxa will provide tests of our perspective that are essential to the molecular
mechanism of the related gene families in rubber-producing plants.

5. Conclusions

This work combines genome-wide data from three rubber-producing plants to conduct
a comprehensive bioinformatics investigation of the SPL transcription factor family. A
total of 54 SPL transcription factor family genes were identified and classified into eight
groups based on evolutionary tree analysis. The members of the SPL family exhibit the
typical SBP structural domains. Furthermore, a thorough analysis of the gene structure,
conserved domain, chromosome location, cis-acting element, and expression pattern of
the SPL genes in the three rubber-producing plants was conducted. Additionally, the
expression patterns of the EuSPLs gene family were analyzed, revealing that the EuSPL8
gene was highly expressed in bark, EuSPL3 and EuSPL7 were highly expressed in fruit,
and EuSPL4 was highly expressed in both fruit and leaf. This article focuses on the genome-
wide investigation of SPL gene families in rubber-producing plants. These findings will
facilitate a better understanding of the biological function and molecular mechanisms of
SPL genes in rubber-producing plants.
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Abstract: Many hemiparasites attach to a range of different host species, resulting in complex parasite–
host interactions. Comprehensive molecular phylogenies allow the investigation of evolutionary
relationships between these host plants. We surveyed the hosts of the laurel dodder (Cassytha filiformis,
Lauraceae) in China, representing 184 species from 146 genera, 67 families, and spanning flowering
plants, conifers, and ferns, using host phylogenetic relationships to investigate the susceptibility to
attack by this hemiparasitic plant among the vascular plants. The process of produced well-formed
haustoria by C. filiformis was also observed in detail for six different hosts. Our results show that
C. filiformis grows mainly on trees and shrubs from phylogenetically divergent members of the rosid
and asterid eudicot clades, often attacking multiple adjacent hosts simultaneously, and forming
extensive colonies. However, whether and to what extent transitions between C. filiformis and host
plants occur remain unclear. Physiological evidence for the complex parasite–host species interactions
need to be studied in the future.

Keywords: hemiparasite–host species; phylogenetic; Cassytha; Lauraceae; woody plants

1. Introduction

Parasitic plants are a diverse group of 292 genera: approximately 4750 species (1%
of all flowering plants) with parasitism evolving at least 12 times [1,2]. Parasitic plants
negatively influence host growth and development [3]. They have had increased attention
by researchers over the past three decades [1]. Parasitic plants can obtain water, mineral
nutrients, and carbon from other plants using the haustorium [1,4]. Parasitic plants can
either be photosynthetic hemiparasites or achlorophyllous holoparasites [5], but the ma-
jority are hemiparasites [2]. They occur in most major ecosystems across the world from
subpolar to tropical latitudes, as well as agricultural ecosystems [6].

Generalist hemiparasitic plants as a group are morphologically diverse with a broad
range of host interactions [2], often attacking multiple co-occurring plant species [7]. Para-
site performance can be influenced by host characteristics, including biomass [8], carbon
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content [9], resistance [10], genetic constitution [11], rate of growth [12], host condition [13],
secondary compounds [14], etc., complicating research into the evolution of host range [7].
Hemiparasite fitness has often been linked to host functional plant groups such as legumes,
grasses, or forbs [15], but is influenced by life history strategies and resource-linked at-
tributes [16]. However, some functional groups are monophyletic, while others have more
complex evolutionary relationships and hemiparasite performance may sometimes be
predicted better by host phylogenetic relationships [7]. Host identity may be an important
factor in determining the success of the parasitic species.

The literature on parasitic plant host biology covers a range of taxa, including the root
hemiparasites in Orobanchaceae [17] and Santalaceae [18], mistletoes of Loranthaceae [19]
and Viscaceae [20], and the stem holoparasite Cuscuta L. (dodder, Convolvulaceae) [21] and
hemiparasite Cassytha L. (laurel dodder, Lauraceae) [22]. Parasitic plants also interact with
other plants, influencing competition, community biodiversity, and nutrient cycling [23–25].
Although molecular phylogenetic methods have been used to address several long-standing
issues in parasitic plant taxonomy and evolutionary biology [1], few studies have examined
the evolutionary relationships of host species.

There is a long tradition of the human use of parasitic plants for medicinal and cultural
purposes worldwide [26]. Cassytha filiformis L. (laurel dodder) is a pantropical hemiparasite
which has also been used variously for medicine, cosmetics, cushion, and rope-making
in many regions [6,27], as well as being regarded as a serious weed in some tropical
regions [7,28]. The species has been reported as having a very wide, possibly indiscriminate
host range [28–30], although with some apparent host preferences [30,31]. Identifying its
host spectrum and phylogenetic relationships may help with the use of this parasite to
control invasive weeds by understanding their interactive biology, as has been suggested
for C. pubescens R.Br. in Australia [32–34]. Parasitic plants develop haustoria for absorbing
water and nutrients from the host plant, so understanding the seed germination to host
selection and haustorial attachment process is critical [35].

Cassytha is the only parasitic genus Lauraceae, but it is also morphologically similar
to Cuscuta L. (Convolvulaceae), with both being leafless, haustorial stem parasites [35].
Cassytha is hemiparasitic with white or light green flowers borne in spicate, capitate, or
racemose inflorescences and 1-seeded drupes included in a dilated, fleshy, free perianth
tube. In contrast, Cuscuta is holoparasitic, with white, orange, or purplish-red stems; white,
yellow, or pink flowers in globular inflorescences; and two–four seeded capsules [36].
Cassytha parasitizes a wide range of mainly woody plants, including plants of agricultural
and economic value, and although most species occur in Australia, C. filiformis occurs across
the tropics worldwide [22,28]. According to Nickrent (2002), C. filiformis is indiscriminate in
host choice, often attacking multiple co-occurring hosts simultaneously [29], and surveys
by Li et al. (1992) in Nanning, Tianlin, Yulin, and other places in Guangxi recorded 137 host
species from 113 genera and 58 families [37].

In China, C. filiformis causes serious damage to crop and forests in some regions, with
Huang et al. (1957) finding that the severe parasitism of oil tea by C. filiformis caused a
massive yield reduction in Shangsi and Luchuan, Guangxi, China [38]. Similarly, Zhang
(1988) found that heavy infestation of Pinus massoniana Lamb by C. filiformis led to acute
deciduous needle disease caused by Lophodermium pinastri Chev. in Fuzhou, Fujian [39].
These studies show the importance of investigating the host–parasite relationships of
C. filiformis and their effects, but to date no systematic and comprehensive studies have
been undertaken on host species occurring in China.

Accordingly, we here investigate and summarize the hosts of C. filiformis in China,
with a particular focus on its host phylogenetic relationships and host–parasite species
interactions. Our aim is to understand the evolutionary relationships of the diverse range
of host species in China and the potential growth responses of the hosts, specifically: (1) to
determine the host range and responses to attack for C. filiformis in China and analyze the
parasitic progress of C. filiformis; and (2) examine the evolutionary relationships among the
hosts of C. filiformis.
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2. Materials and Methods
2.1. Plant Materials

Collection sites in China were selected using data from the Chinese Virtual Herbarium
(CVH, https://www.cvh.ac.cn, accessed on 5 May 2019), Plant Photo Bank of China (PPBC,
http://ppbc.iplant.cn, accessed on 5 May 2019), and Global Biodiversity Information
Facility (GBIF, https://www.gbif.org, accessed on 6 May 2019). We conducted a series
of targeted field trips to the geographical range areas of particular interest in 2019–2021
(Figure S1). Efforts were made to ensure sampling from localities across most of the
known geographical ranges of the species (144 sample sites; for details see Table S1 and
Figure S1). Inflorescences and fruits of C. filiformis were gathered (with reproductive
characters collected where possible) from Guangzhou (Guangdong), Lingshui (Hainan),
and Xishuangbanna (Yunnan) (Figure 1), but the Guangzhou locality (Zhongkai University
of Agriculture and Engineering) was the only one with ripe fruit, despite repeated site
visits. Host plants were recorded for samples from six provinces: Fujian, Guangdong,
Guangxi, Hainan, Yunnan, and Zhejiang (Figure S1; Table S1), with hosts defined as
plants having direct haustorial connections to C. filiformis (Figure 2). Host identification
was performed by experts at PE (Herbarium, Institute of Botany, CAS), Bing Liu, XTBG
(Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences), Yunhong Tan
and CATAS (Chinese Academy of Tropical Agricultural Sciences), and Shengzhuo Huang,
using the reproductive or vegetative characters available on the vouchers. All vouchers
were stored at the Herbarium of Xishuangbanna Tropical Botanical Garden (HITBC). In
addition, we summarized the host plants of the published literature, together with data
from our surveys (40 specimens by the previous published literature, 104 specimens by our
surveys; details can be seen in Table S1). In total, the Chinese host range assessment was
based on 184 specimens of C. filiformis.
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Figure 1. Representative inflorescence and fruits of Cassytha filiformis. (a) Inflorescence collected in
Guangzhou (Guangdong, longitude: 113◦17′ E, latitude: 23◦0′ N, altitude: 10 m). (b) Inflorescence
collected in Xishuangbanna (Yunnan, longitude: 100◦45′ E, latitude: 22◦28′ N, altitude: 1129 m).
(c) Inflorescence and unripe fruits collected in Lingshui (Hainan, longitude: 109◦54′ E, latitude:
18◦34′ N, altitude: 76 m). (d) Ripe fruit collected in Guangzhou (Guangdong, longitude: 113◦17′ E,
latitude: 23◦0′ N, altitude: 10 m). Scale bars = 5 mm.
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the soils that collected in Guangzhou (Zhongkai University of Agriculture and Engineer-
ing, Guangdong, China) under controlled conditions in a PHCbi CO2 Incubator (PHC 
Holdings Corporation, Tokyo, Japan) with a 24–27 °C, 18 h light and 6 h dark cycle. Ger-
mination time was measured as the total number of days to seedling emergence after 
planting. Host seeds (Bidens pilosa L. (Asteraceae) herb; Chromolaena odorata (L.) R.M.King 
and H.Rob. (Asteraceae), herb; Cleome rutidosperma DC. (Cleomaceae), herb; Dimocarpus 
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collected in Lingshui, Hainan (longitude: 109◦55′ E, latitude: 18◦33′ N, altitude: 42 m). (b) Vines and
fruits. (c) The haustorium. Scale bars = 1 mm.

2.2. Growth Conditions of C. filiformis

The seeds of C. filiformis displayed physical dormancy [40], which was broken by
soaking the seeds in warm water at 60 ◦C for 1 h. The treated seeds were then grown in the
soils that collected in Guangzhou (Zhongkai University of Agriculture and Engineering,
Guangdong, China) under controlled conditions in a PHCbi CO2 Incubator (PHC Holdings
Corporation, Tokyo, Japan) with a 24–27 ◦C, 18 h light and 6 h dark cycle. Germination
time was measured as the total number of days to seedling emergence after planting. Host
seeds (Bidens pilosa L. (Asteraceae) herb; Chromolaena odorata (L.) R.M.King and H.Rob.
(Asteraceae), herb; Cleome rutidosperma DC. (Cleomaceae), herb; Dimocarpus longan Lour.
(Sapindaceae), tree; Mikania micrantha Kunth (Asteraceae), liana; and Scoparia dulcis L.
(Plantaginaceae), herb) were also collected from the sites of C. filiformis seed collection, in
Guangzhou (Zhongkai University of Agriculture and Engineering, Guangdong, China).
These six species were confirmed as hosts of C. filiformis, based on field observations of
haustorial attachment. We filled pots (18 cm diameter, 16 cm height) with soil collected
from these field sites and sowed a minimum of five seeds of a single species per pot, with
three replicate pots per host species for a total of eighteen pots. Hosts were observed at the
same time each day (10 a.m.) in each pot once germination had commenced.
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To investigate the interaction between C. filiformis and hosts, we observed and recorded
the growth and germination progress. Three replicates were used, each of which was
pooled from at least five seeds. To obtain laurel dodder and hosts from host–laurel dodder
parasitization systems, we put different host plants with five seeds of C. filiformis together
to form the host–laurel dodder parasitization system. This system was cultivated under
controlled conditions in PHCbi CO2 Incubator (18 h light, 6 h dark) at 24–27 ◦C. From
germination to growth conditions, C. filiformis as well as hosts were observed at the same
time each day (10 a.m.) in each pot.

2.3. Phylogenic Analysis

To examine the host–parasite relationship, a host frequency analysis was determined
using two methods of classifying species: (1) life history (woody or herbaceous) and (2) tax-
onomic levels (family, genus, and species). We recorded the percentage of the number of
instances C. filiformis was found on each of the hosts from the total host occurrences. The
lists of family, genus, and species’ hosts were clustered using the R packages APE [41]
and V.PhyloMaker2 [42], based on the botanical nomenclature of the World Plants (WP)
Database for Pteridophytes and Gymnosperms (https://www.worldplants.de, accessed
on 20 September 2022), the Angio-sperm Phylogeny Website (http://www.mobot.org/
MOBOT/research/Apweb/, accessed on 20 September 2022), and the Angiosperm Phy-
logeny Group IV (APG IV) [43] classification for angiosperms. The percentage of different
types was imported into Excel to summarize the hosts’ frequency.

3. Results
3.1. Biology of Laurel Dodder and Its Hosts

Cassytha filiformis and the host seeds germinated under the soil surface without light,
with C. filiformis producing a rudimentary primary root about 0.5 mm long (Figure 3a).
This root grows for 2–4 weeks, degenerating when the embryonic axis starts to grow and
three–four adventitious roots 2–6 mm long and 0.2–0.4 mm thick develop at the base of the
axis (Figure 3a). This free-living phase can last up to two months (Figure 3b,c), but unless a
suitable host is found during this period, the seedling dies (Figure 3c).
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For the laurel dodder as well as the hosts, the percent germination exceeded 80%
(Table S2). The average time to germination of C. filiformis was 15 days (±10–20 SD) and for
the host species: M. micrantha (3± 3–4), B. pilosa (5± 4–6), C. odorata (5± 4–6), C. rutidosperma

74



Diversity 2023, 15, 492

(7 ± 6–8), S. dulcis (8 ± 7–9), and D. longan (21 ± 20–22). The host species belongs to the
family Asteraceae germinated firstly (M. micrantha, three days), then B. pilosa and C. odorata
(five days), followed by C. rutidosperma (Cleomaceae, seven days), S. dulcis (Scrophulariaceae,
eight days), and D. longan (Sapindaceae, three weeks). It took eight weeks for parasitism to
occur following germination of the host liana species M. micrantha (Figure 3d). Then, the
same C. filiformis vine that was attacking M. micrantha (Asteraceae) was also connecting
to herb species C. rutidosperma (Cleomaceae) a month later (Figure 3e–h). When the C.
rutidosperma (Cleomaceae) plant died, some parts of the host in contact with the haustoria
survived for a further two months (Figure 3f–h), apparently deriving water and nutrients
from the parasite and even producing new shoots (Figure 3h). The signal transduction
mechanism for infection is unclear yet. Except tree species D. longan (Sapindaceae), the
other host species were all successfully parasitized. Under the controlled conditions, it
seemed easier to infect herbs than woody plants.

Flowering and fruiting in wild Chinese C. filiformis occur from May to December, with
considerable overlap (Figure 1a,c). The inflorescence is arranged into a spicate, capitate,
or racemose (Figure 1a,b), and the ripe fruit is a drupe with a white translucent, fleshy
pericarp (Figure 1d). The cultivated C. filiformis plants did not flower under the laboratory
conditions used here, but this may be because at least several Australian Cassytha species
take >5 years to flower from seed in the wild (J.G. Conran, pers. obs.).

3.2. Host Range of C. filiformis

After three years of field investigation, we found C. filiformis preferred to grow on
trees and shrubs in well-lit, open, well-watered habitats, especially along roadsides. Based
on our surveys and the published literature [37,44,45], we found that C. filiformis produced
well-formed haustoria onto diverse vascular plants, including angiosperms, conifers, and
ferns (Figures 4 and 5; Table S1). The overall host range of Chinese C. filiformis included
184 species, which belonged to 146 genera, 67 families, and 32 orders (Table S1). In total,
80.80% of the host species in this study, defined by the presence of haustoria, were woody
taxa, including trees (82/184, 44.57%), shrubs (58/184, 31.52%), and occasionally lianas
(9/184, 4.91%), but herbaceous plants were also affected (35/184, 19.20%) (Figure S2).
The most common hosts at order-, family-, genus-, and species levels are summarized in
Table S1. Nine preferred orders had hosts with more than ten species (Asterales, Ericales,
Fabales, Gentianales, Laurales, Malpighiales, Myrtales, Rosales, and Sapindales. All contain
30 families, 96 genera, and 126 species; Figure 5; Table S1 noted with different colors). To
our knowledge, there is currently no comprehensive survey of the host range of laurel
dodder for such a broad geographic range of China.
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Figure 4. A simplified phylogenetic tree showing major orders that include Cassytha filiformis hosts.
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The host range of C. filiformis spanned most of the vascular plants (Figure 4), with
six ferns (Adiantum capillus-veneris L., Blechnopsis orientalis C. Presl, Dicranopteris pedata
(Houttuyn) Nakaike, D linearis (Burm.) Underw., Lygodium japonicum (Thunb.) Sw., and
Pteris sp. L.) and three conifers (Cunninghamia lanceolata (Lamb.) Hook., Keteleeria fortunei
(Murr.) Carr., and Pinus massoniana Lamb.) parasitized by C. filiformis (Figure 5).

In the flowering plants, rosids were common hosts, with Malpighiales containing the
largest number of host species (twenty-two species), and Sapindales containing the largest
number of infected genera (fifteen genera), while the asterid order Ericales had the most
host families (seven) (Figures 4 and 5; Table S1). Euphorbiaceae was the largest single
family with eight genera and thirteen species (Figure 5; Table S1). The order Gentianales
represented the widest array of host plant growth forms, including the tree Psychotria
rubra (Lour.) Poir., shrub Wendlandia aberrans Cowan, herb Hedyotis auricularia L., and
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liana Cryptolepis buchananii Roem. et Schult (Figure 5). Four angiosperm families had at
least 10 host species (Table S1): Rubiaceae (12), Lauraceae (11), Phyllanthaceae (11), and
Asteraceae (10). These results differ from the study by Zhang et al. [6], where they reported
seven families at the world level with at least 10 host species: Anacardiaceae, Asteraceae,
Euphorbiaceae, Fabaceae, Myrtaceae, Phyllanthaceae, and Rubiaceae. This confirms that
C. filiformis is a generalist hemiparasite that is associated with many host species. These
species are relatively common (Figures 4 and 5), with no obvious evolutionary relationships,
as observed by Zhang et al. [6].

4. Discussion
4.1. Laurel Dodder Prefers Woody Hosts

Eighty-one percent of the hosts noted in this study were woody (Figures 5 and S2), but
numerous herbaceous plants were also affected, agreeing with the conclusions of previous
studies such as those by Zhang et al. [6] and Parra-Tabla et al. [44]. However, the percentage
of host life form preferences varies considerably between countries, with trees most widely
affected in Tanzania (69.7%), China (44.6%), India (36.1%), and down to Japan (19.2%).
Shrub hosts percentages were similar for China (36.9%) and India (36.1%), but lower for
Japan and Tanzania (both ca. 20%) (Table 1). In contrast, herbaceous host ratios for the
Japanese Ryukyu Islands were much higher than these other three reported regions (46.2%).

Table 1. Host plants’ life forms for Cassytha filiformis infestation in four countries.

Country Herb Shrub Tree Liana Study

China 15.51% 36.90% 44.39% 3.20% [37,46]; Present study
India 13.89% 36.11% 36.11% 13.89% [6,47]
Japan 46.15% 19.23% 19.23% 15.39% [48]

Tanzania 0.09% 21.21% 69.70% / [45]

In addition to C. filiformis, the Australian species C. melantha and C. pubescens also seem
to prefer woody hosts [46–48] and this preference for woody hosts may accord with the
perennial life form and hemiparasitic nature of Cassytha. However, the networks created
by a parasitic plant attached simultaneously to multiple hosts may trigger transferring
systemic signals between the hosts [26]. Herbaceous species might also act as bridging
hosts to allow Cassytha seedlings to survive long enough to grow onto nearby shrubs or
trees [6]. It may also reflect the speciose nature of many woody host families, combined
with the problem that as many herbaceous plants are annuals this could be problematic
for their use by perennial Cassytha species [6]. The reasons why Cassytha seem to prefer
certain plant families as hosts are unclear, though there is some evidence from Australia of
a preference for nitrogen-fixing taxa [33,49]. However, the factors that might contribute to
host susceptibility are currently unknown.

Although unrelated, Cuscuta and Cassytha are morphologically similar rootless stem
parasites that spread by developing haustoria along their stems. Similarly, Cuscuta different
species can vary in host specificity from a single species to hundreds of taxa covering
diverse genera and families [35], with 237 species, 120 genera, and 32 families reported as
hosts in one study [49]. Cassytha and Cuscuta mainly occupy different habitats and have
different ecologies, which may indicate that the hemiparasitic Cassytha represent a less
specialized parasite than the holoparasitic Cuscuta. It is not known what factors might
contribute to the susceptibility of various hosts in Cassytha [50], and the location of hosts
in Cuscuta occurs by a range of methods, including host chemistry [51,52]. Host choice in
these two genera may also be influenced in part by the availability suitable host-derived
resources, based on the degree to which the parasites can function independently [6,53].
Long-term host range divergence also helps to drive speciation in these two parasitic
genera, but further study is needed.
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4.2. The Host Phylogenetic Relationships of Laurel Dodder and Its Potential Application

The mechanisms by which C. filiformis selects the suitable hosts are complex.
C. filiformis parasitizes plants throughout the vascular plant phylogeny. Vascular plants play
a major role in global carbon cycling and are of fundamental importance to life on earth.
Phylogenetic studies have led to tremendous progress in our understanding of the origin,
phylogeny, and evolution of the plants [54]. The wide variability of the host cannot predict
hemiparasite performance as the host species is scattered on vascular plant phylogenetic
clades (Figure 4). Asterids (more than 80,000 species) and rosids (70,000 species) comprise
more than half of the hosts (Figures 4 and 5), as they are the two largest core eudicot
clades (>50% of the total angiosperm species diversity) [55,56]. Some hosts’ clades do not
comprise as many species as the above two clades, such as the ferns (about 10,500 to 15,000),
gymnosperms (only 900 living species), and some angiosperm orders (Ranunculales, Sax-
ifragales, and Santalales have about 2000 species, respectively) [43,56–58]. We found these
host species have wide ranges and high population densities. So, the parasitism of the
hosts seems likely related to the species’ richness and distributions. That is different from
Parra-Tabla et al. who studied the host of C. filiformis distributed in the coastal dunes of Yu-
catan. They claimed the frequency of parasitized plants by C. filiformis was not dependent
on host plant abundance [44].

Parasitic plants have been documented repeatedly to play the role of keystone species
in the ecosystems [59]. Many parasitic plants also parasitize multiple hosts simultaneously;
thus, they may serve as a common network connecting multiple individuals in a plant
community [26]. Harmful effects on community dominants, including invasive species,
may facilitate species coexistence and thus increase biodiversity [27]. In our experiment, we
found C. filiformis may act as a trigger transferring systemic signal to connect M. micrantha
(Asteraceae) and C. rutidosperma (Cleomaceae) (Figure 3). Haustorial connections very
likely allow the flow or even exchange of various molecules between C. filiformis and hosts,
and it has been long known that viruses [60] and phytoplasmas [61] can be transmitted
between Cuscuta and its hosts. The study on Cassytha has been relatively neglected, leading
to it being less well-characterized compared to its companion Cuscuta [62]. We would like
to take this opportunity to encourage researchers to explore the detailed relations of C.
filiformis–host associations because understanding the host associations will likely provide
an insight into the transition between laurel dodder and their host plants.

5. Conclusions

This study investigated the host range of C. filiformis over major areas of its geographic
range in China and reported observations of the germination and parasitism of the selected
host species. Cassytha filiformis was found to attach to many different host species, display-
ing complex parasite–host interactions. The results confirm that C. filiformis grows mainly
on diverse woody species with divergent phylogenetic relationships. However, evidence
for more complex parasite–host species interactions is unclear, and the physiological basis
for these associations requires further study.
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Abstract: Since the Anthropocene, biodiversity loss owing to human activity and climate change has
worsened. Quercus gilva is an evergreen oak species native to China, Japan, and South Korea and
is threatened by a long history of human impact. The purpose of this study was to (1) reassess the
threatened category of Q. gilva based on a detailed survey, and (2) identify the genetic structure and
diversity of Q. gilva based on genomic data. First, we conducted a detailed survey of the populations
in China. Second, we collated all the literature and information. Finally, genome-wide genetic
variation was analyzed based on 65 individuals from 22 populations. We found that Q. gilva has
suffered rapid population decline, and at present, most populations are very small. The evolutionary
path of Q. gilva was from the southwest to east of China and then to Japan and South Korea. Quercus
gilva showed no distinct genetic structure and had a relatively low genetic diversity. Among the
22 populations, most populations in southwestern China, South Korea, and Japan had high genetic
diversity. The populations in Jingning (Zhejiang province; ZJN), Wuyuan (Jinaxi province; JWY), and
Zherong (Fujian province; FZR) suffered a strong bottleneck. In conclusion, Q. gilva is an endangered
species native to East Asia. Because of the very low genetic diversity of Q. gilva and most populations
are small, we need to (1) strengthen the protection of this species, (2) conduct conservation actions
with in-situ reinforcement populations, and (3) select populations with high genetic diversity as
provenances for afforestation efforts. Finally, we suggest that in the future, genetic diversity should
be considered as the sixth criterion for IUCN to evaluate the threatened category.

Keywords: biodiversity loss; conservation genomics; endangered species; Fengshui/shrine/temple
forests; genetic diversity; human impact

1. Introduction

Trees form the principal components of forests and serve as immense support for
terrestrial ecosystems and are of vital importance ecologically, economically, and cultur-
ally [1–3]. Quercus (oaks), predominantly in the Northern Hemisphere, is the largest genus
of the family Fagaceae and one of the largest genera of all tree families [4]. Unquestionably,
oaks are among the most successful, widely distributed, and valuable hardwood trees
ecologically, economically, and culturally [5]. As keystone species in many ecosystems,
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oaks play pivotal roles in shaping biodiversity, creating healthy ecosystems, and carbon
sequestration [6,7]. During the Anthropocene, oaks have also been a valuable source of
food, housing components, and materials [7].

Since the Anthropocene, biodiversity loss owing to human activity and climate change
has worsened, and more attention should be paid to biodiversity conservation [8]. Through
the global tree assessment, we know that currently, 30% of tree species are threatened with
extinction [1]. Forty-one percent of oaks are of conservation concern, and 31% are estimated
to be threatened with extinction [4]. Although the percentage of threatened species is
already high, the assessment of many species of least concern (LC) is very rough (with
only the area of occupancy (AOO) and extent of occurrence (EOO) calculated based on the
occurrence data). A detailed population survey and genetic diversity estimation can help
us to reassess the conservation status of these species of LC.

Genetic diversity is recognized as one of the three basic elements of biodiversity [9].
Current approaches to biodiversity conservation are largely based on geographic areas,
ecosystems, ecological communities, and species, with less attention paid to genetic diver-
sity and the evolutionary continuum from population to species [10,11]. Genetic diversity
within all species, not just domesticated species and their wild relatives, must be conserved
and monitored using appropriate metrics [11]. Thus, genetic diversity should be recognized
as one of the main targets for biodiversity conservation under the international agreements
on the “post-2020” framework [12].

Quercus gilva Blume is an ecologically important large tree of evergreen broad-leaved
forests in China, Japan, and South Korea [13,14]. It is a precious tree species with hard and
reddish-brown timber [15]. Because of the long history of large-scale regional development
and excessive logging, many populations of Q. gilva have limited habitats and a small
population size in their entire distribution range [14,16,17]. Most of the natural populations
of Q. gilva are threatened with extinction, and local governments have classified this
species as endangered or critically endangered [13–15,18]. Quercus gilva has recently been
assessed as LC by the Botanical Gardens Conservation International (BGCI) and IUCN SSC
Global Tree Specialist Group [19]. Thus, the reassessment of this species based on detailed
population survey data is urgently needed.

Forest and landscape restoration are approaches that aim to regain ecological func-
tionality and enhance human well-being in deforested or degraded landscapes [20]. Well
planned and executed for reforestation with selected species and populations of selected
provenances could maximize carbon sequestration, biodiversity, and livelihood benefits [21].
During the last 10 years, Q. gilva has been recognized as an important tree species and has
been used for forest restoration in Zhejiang, Fujian, Jiangxi, and Hunan province of China.
In the future, focus needs to be on the conservation of natural populations, germplasm
evaluation, and utilization of excellent germplasm. Genetic diversity has been recognized
as an important criterion to consider the prioritizing populations for protection [22] and
as the basis for excellent germplasm selection [23]. The rapid expansion of genomic in-
formation will transform our understanding of the amount, distribution, and functional
significance of genome-wide genetic variation in natural populations to guide conservation
and reforestation [24,25].

The main aim of this study was to understand the endangered and conservation status
of Q. gilva based on a detailed population survey and genetic diversity. The following
specific aspects were explored: (1) the size, age composition, and main threats to the natural
populations of Q. gilva, (2) the phylogeny and population structure of Q. gilva based on the
genomic data, and (3) the patterns of genetic diversity at the genomic level.

2. Materials and Methods
2.1. Data Collection and Population Survey

Occurrence data with geographical coordinates of Q. gilva were compiled from the
Chinese Virtual Herbarium [26], IUCN Red List of Threatened Species 2019 [19], and
other publications related to Q. gilva. We then collected the population status (size, age
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composition, and main threats, if possible) of Q. gilva in Japan and South Korea based
on the publications. Additionally, between 2020 and 2022, an intensive field survey was
conducted to explore the size, age composition, and main threats to each population in
China. Finally, we surveyed 40 mainland Chinese populations. The populations were then
divided into four categories based on the number of individuals in each population: large
(>500 individuals), medium (100–500 individuals), small (30–100 individuals), and very
small (<30 individuals) populations. The AOO and EOO were calculated using the GeoCAT
online browser (http://geocat.kew.org/ (accessed on 23 November 2022)) [27]. We also
collected the main threats, population trends within three generations, and habitats for each
population of Q. gilva. Finally, we reassessed the status of Q. gilva across its distribution,
following the “IUCN Red List Categories” [28].

2.2. Plant Material Samples, Resequencing, Control, and Mapping

A total of 65 individuals from 22 populations (three individuals for each population, ex-
cept one population (only two individuals for the population of Jingning, Zhejiang province
(ZJN)) were carefully selected to represent most of the natural populations of Q. gilva in
East Asia (Figure 1 and Table S1). For each sample, genomic DNA was extracted from
mature leaves using a cetyltrimethylammonium bromide (CTAB)-based protocol [29]. The
concentration and quality of the total genomic DNA were determined using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). DNA libraries
(350 bp) for Illumina sequencing were constructed for each accession according to the
manufacturer’s specifications. After DNA library construction, sequencing was performed
on an Illumina NovaSeq 6000 platform by a commercial service (Biomarker Technologies,
Beijing, China) with 150 bp paired-end reads. Raw reads were filtered based on the follow-
ing criteria: paired-end reads with >10% ‘N’ bases, reads on which more than 50% of the
bases had a quality score of less than 20 (Phred-like score), and sequencing adapter. Finally,
high-quality clean reads were obtained for subsequent analysis.

2.3. SNP and Insertion/Deletion (InDels) Calling

All clean reads for each individual were mapped to the reference genome using the
MEM algorithm of the Burrows–Wheeler Aligner (bwa-mem2 v2.2). The average mapping
rate was 89.5%, and the average coverage rate was 10-fold for the reference genome.
The mapping results were sorted, and duplicate reads were removed using SAMtools
rmdup (version 1.9) [30]. SNPs and InDels were called using the HaplotypeCaller module
in the Genome Analysis Toolkit (GATK) (version 3.8) [31] and were filtered with the
following parameters: QD < 2.0||MQ < 40.0||FS > 60.0||QUAL < 30.0||MQrankSum <
−12.5||ReadPosRankSum < −8.0-clusterSize 2-clusterWindowSize 5. The SNPs identified
above were subjected to a second round of filtering to improve the accuracy and efficiency
of subsequent analyses. Only SNPs with a minor allele frequency greater than 5% and
less than 20% of missing data were considered as high-quality SNPs. Transition (Ti),
transversion (Tv), Ti/Tv, heterozygosity, homozygosity, and heterozygosity ratio were
further identified using GATK. We used Fagus sylvatica [32] as an outgroup for phylogenetic
analysis. Finally, 4,020,695 SNPs containing outgroup and 2,993,608 SNPs without outgroup
was identified and used for subsequent downstream analysis.
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2.4. Phylogenetic Inference and Population Genomic Analysis

A neighbor-joining (NJ) phylogenetic tree was constructed using MEGAX [33] under
the p-distances model with the 4,020,695 SNPs. We also used IQ-TREE [34] with self-
estimated best substitution models to generate a maximum likelihood (ML) phylogenetic
tree. The two phylogenetic trees were run with 1,000 bootstrap repetitions, using Fagus
sylvatica as the outgroup.

To visualize the genetic relationships among the samples, principal component analy-
sis (PCA) was performed using the smartpca program in EIGENSOFT version 6.0 based on
2,993,608 SNPs [35]. The initial three eigenvectors were plotted in three dimensions. AD-
MIXTURE version 1.22 [36] was used to infer historical ancestor clusters showing clusters
of similar genotypes. The membership of each genotype was run for a range of genetic
clusters from a value of K = 1 to 10 by using the admixture model.

2.5. Population Genetic Diversity and Linkage Disequilibrium (LD) Analyses

The observed heterozygosity (HO), expected heterozygosity (HE), polymorphism
information content (PIC), Nei diversity index (H), and Shannon–Wiener index (I) were
calculated using the “PopGenome” package in the R project [37,38]. Nucleotide diversity
(π) was calculated within a non-overlapping 100-kb window using VCFtools (version
0.1.13) [39]. The LD was calculated using PLINK version 1.9, within a 1000 kb window,
and a maximum of 999,999 SNPs for each window [40]. The squared correlation coefficient
(r2) of each chromosome was calculated using SNP pairs only from the corresponding
chromosome. Pairwise r2 values within and between different chromosomes were averaged
across the entire genome. We compared the LD patterns among different populations using
the LD decay distance, indicated by the r2 decreased to half of the maximum.

3. Results
3.1. Reassessment of Q. gilva

After collating all the distribution data of Q. gilva from different resources, there were
a total of 108 known populations in East Asia (68 populations in China, 35 in Japan, and 5
in South Korea). According to the information gathered from indigenous people, almost all
old trees (except individuals located in Fengshui forests and temples) have been deforested
during the last 100 years. Based on this information, Q. gilva can be listed as endangered as
per the EN-A4ad criteria.

Although the EOO of Q. gilva was very high, the area in South Korea was very small.
The AOO of Q. gilva was less than 500 km2 with the largest being in China (272 km2) and
the smallest in South Korea (20 km2). More than half of the known populations have been
surveyed in China. Only one large population had more than 500 individuals, and most
of the surveyed populations were very small, with fewer than 30 individuals. There were
even some occurrences with only one individual (Tables 1 and S2). Based on the population
status, we estimated that more than 40% of the AOO after three generations (future-AOO)
would be lost. Considering the populations without information, we inferred that more
than 50% of the AOO would be lost in the next three generations. Finally, we estimated that
there were fewer than 10,000 individuals within the distribution area of Q. gilva. During the
last 100 years, the main threat to Q. gilva in natural populations has been logging and wood
harvesting, as it is used as a biological resource. To support the rapid development of society,
expansion of land under agriculture, residential use, and transportation infrastructure has
also led to the destruction of natural Q. gilva populations. According to our survey, most
of the current populations were conserved in the Fengshui forests near the villages, and
forests surrounding shrines and temples with severe fragmentation. According to the
IUCN Red List categories and criteria, the conservation status of Q. gilva is also determined
to be endangered as per the EN-A4c criteria.
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Table 1. Summary of the current status of Quercus gilva.

Country China Japan South Korea Total/Summary

Number of
populations 68 35 5 108

AOO (km2) 272 140 20 432
Future-AOO

(km2) 148 92 8 248

EOO (km2) 873,462 161,420 84 1,921,293
NLP 1 0 0 1
NMP 2 0 0 2
NSP 12 0 1 13

NVSP 31 12 4 47
NISS 23 23 0 46

Total individuals <5000 <2000 <600 <10,000

Main threats

Logging and
wood harvesting;
Agriculture and

development

Logging;
Agriculture and

development

Human-
mediated

disturbance

Agriculture and
Biological

resource use

PTTG Decrease
noticeable

Decrease
noticeable No information Decrease

noticeable

Main area
conserved

Fengshui forests
and temples

Forests
surrounding
shrines and

temples

Gotjawal
(conserved area) Protected Trees

AOO, area of occupancy; Future-AOO, AOO after three generations; NLP, Number of large populations: >500
individuals; NMP, Number of medium populations: 100–500 individuals; NSP, Number of small populations:
30–100 individuals; NVSP, Number of very small populations: <30 individuals; PTTG, Population trends within
Three Generations; NISS, No information about population size and structure.

3.2. Detection of Genome-Wide Variant

We re-sequenced 65 individuals (22 populations) of Q. gilva collected from its main
distribution area in East Asia: 19 populations from China, one population from South
Korea, and two populations from Japan. A total of 706 Gb of high-quality clean reads
were obtained. Among the 65 individuals, seven of them had 20 Gb clean reads and for all
other individuals, clean reads were between 8.9 Gb and 11.2 Gb. We obtained an average
of 36,206,470 reads, with an average Q20 value of 95.72%, Q30 of 89.46%, and average
GC content of 37.01%. The average sequencing depth was 10.23. The 1× coverage of all
individuals was higher than 80% with an average of 84.72%, except for one individual with
a coverage of 56.75%. These high-quality sequences were aligned to the chromosome-level
high-precision genome with the average mapping rate of 91.25%; alignment and proper
mapping reached 83.17% (Table S1).

Among the 65 individuals of Q. gilva, 15,377,234 SNPs and 4,405,966 InDels were
identified. The number of SNPs for each population was between 2,172,504 and 4,293,739,
while for each individual, the number of SNPs for each individual was between 1,477,213
and 2,560,913 (Tables 2 and S2). Transitions and transversions accounted for 71.87% and
28.12% of the total number of SNPs, respectively, with an average transition/transversion
(Ti/Tv) ratio of 2.56. The number of heterozygosities in different samples varied from a
lowest of 712,570 to a highest of 1,513,312, with an average of 1,097,305 (Tables 2 and S2).
The number of homozygosities in different samples varied between 761,543 and 2,136,876,
with an average of 906,786 (Tables 2 and S1).
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3.3. Phylogenetic and Population Structure Analyses of Q. gilva

The NJ and ML phylogenetic trees were constructed using 4,020,695 SNPs in the
single-copy genes. The NJ and ML trees consistently showed that individuals from the
Zherong, Fujian (FZR), Dongkou, Hunan (HDK), and Xiangxiang, Hunan (HXX) popula-
tions did not cluster into one lineage. According to the NJ and ML trees, all the Q. gilva
individuals could be divided into three major groups: West, Central, and East groups.
Generally, the populations from Guizhou and western Hunan provinces comprised the
western group. The populations from Eastern Hunan, Jiangxi, Fujian, and most of Zhe-
jiang provinces formed the central group. Populations from South Korea, Japan, and ZZS
(Zhoushan, Zhejiang) formed the main part of eastern group (Figure 2). There were three
main differences in the phylogenetic structures between the NJ and ML trees of Q. gilva
populations (Figures 2 and S1). First, the GLP population (Liping, Guizhou) was nested
into the central group on the ML tree, whereas the western group was nested in the NJ tree.
Second, the FMQ population (Minqing, Fujian) was nested into the central group on the
ML tree, whereas the eastern group was nested in the NJ tree. Finally, compared to the NJ
tree, the ML tree had four clear clades for the Central and East groups (Figures 2 and S1).
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was used as the outgroup for the phylogenetic analysis. The figure does not show the outgroup.
Population codes abbreviations are the same as in Table 2.

The results of the cross-validation (CV) provided by admixture analysis showed that
the CV error rate had a minimum value when K = 1. The CV error rate was relatively low
value when K = 2–5 (Figure S2). When K = 2, the populations of ZYZ and HYL formed
one group, and the remaining populations formed the second group. When K = 3, the
two populations in Jiangxi province formed one group, the ZYZ population was identified
as the second group, and the remaining populations were classified into the third group.
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When K = 4, the two most western populations (GCS and GJK) formed the first group,
the HSZ and JWY populations formed the second group, the ZYZ and HYL populations
formed the third group, and the remaining populations were classified into the fourth
group. When K = 5, the minor change observed as that the HSZ population merged into
the western group and the HYL population separated again (Figure 2). Based on the PCA
results, we found that the ZYZ, HYL, and JWY populations were the most distinct. The
remaining populations were clustered together (Figure S3).

3.4. Genome-Wide Patterns of Nucleotide Diversity and LD Analyses

Among the 22 populations, the values for observed heterozygosity (HO) and expected
heterozygosity (HE) ranged between 0.1506 and 0.2441 and between 0.1156 and 0.2199,
respectively. The polymorphism information content (PIC) values were between 0.089
and 0.1765, indicating that all the Q. gilva populations had a low level of polymorphism.
Moreover, the Nei diversity index (H: ranged between 0.1399 and 0.265), Shannon–Wiener
index (I: between 0.1646 and 0.328), and nucleotide diversity (π × 10−3: between 0.522
and 0.973) were calculated to evaluate the genetic diversity of different populations. The
nucleotide diversity of Q. gilva was found to be 0.994. The ZYZ, FZR, ZJN, and HYL
populations showed substantially lower diversity than the HXX, JGU, HDK, HXS, and
MMY populations (Table 3).

Table 3. Genetic diversity of Quercus gilva populations.

Population HO HE PIC H I π × 10−3

GLP 0.2083 0.1876 0.15 0.2269 0.2787 0.863
GJK 0.2197 0.1807 0.1437 0.2182 0.2666 0.834
GCS 0.1867 0.165 0.131 0.1999 0.2431 0.735
HXX 0.2401 0.2199 0.1765 0.265 0.328 0.887
HXS 0.2322 0.1904 0.1516 0.2297 0.2815 0.964
HDK 0.216 0.2096 0.168 0.2534 0.3122 0.965
HCN 0.2192 0.2048 0.1639 0.2472 0.3045 0.727
HSZ 0.1965 0.1641 0.1301 0.1994 0.2413 0.727
HPJ 0.1793 0.1681 0.1337 0.2038 0.248 0.757
HYL 0.2077 0.1256 0.0968 0.1521 0.179 0.568
JWY 0.1975 0.1651 0.1307 0.1992 0.2425 0.762
FCT 0.2132 0.1945 0.1553 0.2354 0.2884 0.892
FZR 0.1913 0.1761 0.1389 0.2248 0.257 0.546
FMQ 0.2441 0.1897 0.1506 0.2285 0.2795 0.884
FJO 0.2126 0.1764 0.1409 0.2128 0.2618 0.815
ZYZ 0.1936 0.1156 0.089 0.1399 0.1646 0.522
ZZS 0.2113 0.1773 0.1408 0.2144 0.2612 0.812
ZNH 0.205 0.2021 0.1616 0.2449 0.3003 0.905
ZJN 0.1506 0.1207 0.0948 0.1609 0.175 0.549
JGU 0.2294 0.21 0.168 0.2532 0.3122 0.973

MMY 0.2161 0.2068 0.1655 0.25 0.3075 0.956
MNB 0.2079 0.1973 0.1576 0.2386 0.2928 0.891

Total 0.994
HO, observed heterozygosity; HE, expected heterozygosity; PIC, polymorphism information content; H, Nei
diversity index; I, Shannon-Wiener index; π, nucleotide diversity. Population code abbreviations are the same as
in Table 2.

Half of the maximum squared correlation coefficients (r2) between pairwise SNPs
ranged from 0.319 to 0.463. Linkage disequilibrium decayed to half among different
populations in the range of 0.26 to 685.23 kb. The LD decay measured by physical distance,
at which the pairwise correlation dropped to half of its maximum value, occurred at
685.23 kb in the GJK population (r2 = 0.368) and 0.27 kb in the HYL population (r2 = 0.451).
There are three populations (ZJN, FZR, and JWY) that did not reach the half of the maximum
r2 (Figure 3 and Table S3).
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4. Discussion

Our assessment showed that Q. gilva is an endangered (EN) species as per the EN-
A4acd criteria. According to our extensive field survey and more than 30 literature sources
on Q. gilva, we found that this species has suffered massive population decline and will
be facing accelerated declines in the future. During the last 100 years, many natural
populations have been logged for industrial timber, agriculture, and economic development.
Currently, natural communities dominated by Q. gilva are rare, and most of the existing Q.
gilva are scattered in other forest communities with ancient trees. More than 80% of Q. gilva
populations occurred in the Fengshui forests or forests surrounding shrines and temples.
Most of these populations were very small, or even just individual ancient trees. These
populations have no natural regeneration of young adults and seedlings and thus seem to
have no future. Therefore, legislation is required to protect this endangered species, and
actively assist in the restoration of small populations. To date, Q. gilva has been listed as
vulnerable (VU) in the Korea Red Data Book [41], endangered (EN) or critically endangered
(CR) in several districts of Japan [14] and has also been described as a rare and endangered
tree species in China [15]. The assessment results show a large disparity between the local
government and the IUCN. Based on our global study, we suggested that the IUCN elevates
the threatened category of Q. gilva from LC to EN.

In this study, we analyzed the genome sequences of 65 individuals representing the
entire distributional range of Q. gilva. More than 15 million SNPs were identified, from
which we determined the phylogeny, population structure, and genetic diversity of Q. gilva.
Although the NJ and ML analyses showed considerable differences, both phylogenetic
trees showed that Q. gilva has a strong evolutionary path from southwestern China to
Central China, then to East China, and finally from the east coast of China to Japan and/or
South Korea (Figures 2 and S1). The same pattern has been detected in many taxa native
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to the Sino-Japanese Forest sub-kingdom, such as Cercidiphyllum japonicum [42], Quercus
glauca [43], and Asian butternuts (Juglans section Cardiocaryon) [44]. The characterized
genetic relationships among all individuals based on structure and PCA showed that the
populations of Yinzhou, Zhejiang (ZYZ), Yanling, Hunan (HYL), and Wuyuan, Jiangxi
(JWY) had the most distinctive genetic composition.

Quercus gilva exhibited a substantially lower genetic diversity (0.994 × 10−3) than Q.
acutissima (π = 8.7 × 10−3), Q. variabilis (π = 9.0 × 10−3), and Q. chenii (π = 7.2 × 10−3) at the
genome-wide level, which are species that belong to Quercus in East Asia [45]. Compared
with tree species from other genera in East Asia, Q. gilva exhibited genetic diversity of a
level similar to that of C. japonicum (mean π = 1.00 × 10−3) [42], and two or three times
lower than the living fossil Ginkgo biloba (π = 2.11 × 10−3) [46] and an endangered maple
Acer yangbiense (π = 3.13 × 10−3) [47].

Among the 22 populations, the very low level of genetic diversity in the populations
of Yinzhou, Zhejiang (ZYZ), Yanling, Hunan (HYL), Zherong, Fujian (FZR), and Jingning,
Zhejiang (ZJN) indicates a possibility of different demographical dynamics. The LD decay
was very slow for the FZR and ZJN populations, which did not decay to half of their
maximum value at the end of the distance. In contrast, the HYL and ZYZ populations
exhibited the fastest decay rates. The highest r2 of the HYL and ZYZ populations (r2 = 0.9)
suggested that these two populations are artificial cultivation populations, and the seeds
maybe from one individual. According to the genetic diversity and LD, a strong bottleneck
was detected in the small populations of FZR, ZJN, and JWY. Overall, the populations with
relatively high genetic diversity and large populations are suggested as the provenance of
seeds for artificial breeding, such as the populations from southwest China, Jeju Island of
South Korea, and Kyushu in Japan. It is important to highlight the limitations and risks of
using seeds from areas with different environmental conditions for restoration purposes.
Thus, we will continue to study the adaptive evolution of Q. gilva under the climate change
in the future to provide more detailed guidance on provenance applications.

5. Conclusions

Genetic diversity is the basis for evolutionary change and is critical for species to
adapt to changing climates and biotic interactions, including novel diseases [11]. Human-
mediated destruction and environmental changes disrupt population and community
dynamics, resulting in the loss of population genetic diversity and species extinction [48,49].
Based on this study, we confirmed that Q. gilva is an endangered (EN) species, regardless of
population survey or genetic evidence. In the future, we need to uncover the evolutionary
history, population vulnerability, and adaptive capacity under climate change for Q. gilva.

Based on a detailed survey of population status and the study of genetic diversity, we
could provide a more accurate assessment of the endangered status of species. This study
helps initiate the assessment of threatened categories of species combined with population
field survey data on genetic diversity. We suggested that in the future, a sixth criterion
regarding genetic diversity should be added to the IUCN criteria used to evaluate the
threatened category.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/d15020230/s1, Figure S1: The maximum-likelihood (ML) phylo-
genetic tree of Quercus gilva; Figure S2: PCA (principal component analysis) of 65 individuals of Q.
gilva. The cycles with different colors represent the different populations. The details of abbreviation
codes for populations showed in Tables 2 and S1; Table S1: Information of each individual and popu-
lation used in our study, and the quality of sequencing. Table S2: All the information of population
status of Q. gilva; Table S3: Linkage disequilibrium decay measured by r2 in each population and
their position when LD decayed to half of their maximum value. References [14,19,50] are cited in
the Supplementary Materials.
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Abstract: In this study, the integration of useful statistical methods from different disciplines for
analyzing the forest community of the Lienhuachih area of central Taiwan was attempted. We
employed a seriated heat map to confirm the presence of multiple community patterns in the area
and used the gap statistics and a clustplot to confirm the number and structure of the patterns,
respectively. A minimum spanning tree was used to display a succession series among the quadrats,
and Renyi diversity was used to indicate the species composition of these patterns. The results
confirmed the existence of six patterns with different biodiversity structures in which pattern C was
the succession prototype of the local community patterns. Next, we used the patterns as nodes of a
social network to perform bipartite network analysis. The results showed that a community network
consisted of 108 taxa and six syntaxa. The syntaxa were highly vulnerable to extinction; therefore,
the optimal conservation strategy for local species would be to first protect the syntaxa. The random
forest method and bipartite modularity were used to analyze the dominant characteristic species of
the six syntaxa. The results showed that these two methods are useful for detecting characteristic
species of the syntaxa. Therefore, this study proposed a new nomenclature system, namely the
Mathematic Code of Syntaxonomic Nomenclature, to support the results of numerical vegetation
analysis. Finally, the potential for an apparently competitive network was examined, the role of
an apparently competitive network in the local structuring community was explored, and six new
associations in the Lienhuachih area were described.

Keywords: numerical taxonomy; random forest; bipartite networks; modularity analysis; apparent
competition; minimum spanning tree; Renyi diversity; new syntaxa; CART; MCSN; taxonomy
modeling; classifier modeling

1. Introduction

Humboldt, who first proposed the basic concepts of vegetation appearance and phys-
iognomy, originally propounded vegetation ecology, also known as plant community
ecology [1]. However, the titles, concepts, definitions, methods, and focus areas of early
studies on vegetation ecology varied considerably; consequently, multiple terms, such
as phytocoenology, symmorphology, synecology, symphysiology, syntaxonomy, and syn-
dynamics, were used to indicate vegetation ecology. Since the early 19th century, some
ecologists have studied plots of vegetation, which they considered samples of a plant com-
munity to study as integrated units which can be classified, described, and analyzed. Early
vegetation classification efforts were driven largely by a desire to understand the natural
diversity of vegetation and the factors that create and sustain it. Vegetation classification is
critical to basic scientific research as a tool for organizing and interpreting information and
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placing that information in context. The use of vegetation classification has increased over
the past few decades. Vegetation description and classification provide units critical for the
inventory and monitoring of natural communities, planning and managing conservation
programs, documenting the requirements of individual species, monitoring the use of
natural resources such as forest and range lands, and providing targets for restoration.
Vegetation types are even achieving legal status where they are used to define endangered
habitats and where their protection is mandated [2].

By far the most widely applied approach to vegetation classification is that developed
by Josias Braun-Blanquet [3]. The method centers on recording the species composition of
the basic unit (plot or relevé) and the association as a vegetation unit that could be classified
in a similar way to a species. Associated with the plot are records of its location, size,
physical setting, and vegetation composition. The advantages of the Braun-Blanquet system
include the consistency of the approach, the enormous number of plots that have been
recorded, and a large number of published descriptions of vegetation types. Weaknesses
include a seemingly arbitrary definition of units, the lack of a requirement that new units be
integrated with established units, and the lack of any formal registry of published units [2].
After a long period of continuous development, vegetation ecology became a sub-discipline
of modern ecology and now mainly involves studies on the species composition, function,
dynamics, succession, classification, and distribution of plant communities [4,5].

Early classification of vegetation was subjective. Numerical methods were devel-
oped to provide objective procedures. Hence, the most common approach nowadays
to vegetation classification is by numerical means [4]. Typically, this requires defining a
similarity or dissimilarity matrix among all of the vegetation plots and then clustering
the plots into types. Numerous methods of classification were developed with various
similarity measures and different strategies for grouping plots together [6]. These methods
of numerical ecology were introduced from the field of numerical taxonomy at the end of
the past century and have been recently used for advancements in the study of vegetation
ecology [5,7]. With the availability of textbooks and software packages, there has been a
massive expansion in the use of numerical methods in vegetation science and other areas
of ecology [6,7]. The development of numerical methods in vegetation ecology has led to
considerable advancements in the discipline of analogy. Similarly, research in the social
sciences has been supported by social network analysis in the past decades [8]. However,
the methods of social network analysis are rarely applied to vegetation ecology. Interdisci-
plinary studies are of high importance and are needed to solve the complex problems of
vegetation classification. Progress in vegetation science depends on the development of
explicit theory and numerical methods capable of discriminating between rival theories [4].
Therefore, in the present study, we used the plots in the Lienhuachih area of central Taiwan
as a case study, attempted to synthesize methods originating from two disciplines with sim-
ilar theories, and explored the ecological implications of the results obtained by combining
these methods. We also hope that this will help vegetation ecologists progressively improve
the statistical methods used in vegetation ecology through this early interdisciplinary work.

2. Materials and Methods
2.1. Study Areas

Because previous related studies [9–12] have provided extremely detailed information
about the Lienhuachih area, herein we provide only a summary of relevant information. The
study plots of Lienhuachih were set up in 2008. The geographical location is approximately
23◦54′49′′ N and 120◦52′43′′ E; the elevation ranges from 667 to 845 m, and the average
slope is 35.3◦. The mean annual temperature is 20.8 ◦C; the rainy season in this region lies
between May and September, and the annual precipitation is approximately 2285 mm in
the Lienhuachih area.
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2.2. Experimental Design

The vegetation survey in the Lienhuachih area was conducted in the year 2012. Abun-
dance was recorded as the number of tree species, and sampling and data collection were
conducted according to the standardized protocols adopted by the Center for Tropical
Forest Science plots network. In total, 25 quadrats, each measuring 20 × 20 m2, were
systematically sampled within the study site. Each quadrat was spaced at 100 m and was
arranged in a square grid with a projected area of 25 ha of evergreen forest. The codes used
to identify the quadrats and species were according to those used in a previous study [11].
The species code accompanies the scientific name at the first mention in this article.

2.3. Statistical Methods

Multiple methods have been applied to numerical taxonomy/ecology and social
network analysis in recent years [5,7,8,13]. In this study, we carefully applied methods from
different disciplines. All data analysis and statistical methods in this study were conducted
using R software packages [14] according to the following steps:

Vegetation classification:

1. The seriated heat map is a novel method that has been recently applied to numerical
taxonomy [13]. The advantage of this method is that it simultaneously implements
clustering and ordination visualizations in a plot [15,16]. The Q-Q-type seriated heat
map [13,15,16], which employs the Bray–Curtis dissimilarity index [17–19], was used
to detect possible community patterns in this study.

2. The gap statistic, Gapk, is a goodness of clustering measure obtained after running
10,000 Monte Carlo samples [20,21] and was employed to estimate the number of
community patterns hidden in the seriated heat map. Next, the detected community
patterns were coded in capital letters for subsequent analyses.

3. We used the results from the seriated heat map and gap statistics and applied the
clustplot by using the partitioning around medoids (PAM) algorithm [20,22,23] to
display a clustering ordination of the community patterns.

4. A minimum spanning tree was embedded into a PCoA ordination [5,18]; this was
used to determine the shortest path of succession among the quadrats.

5. Renyi diversity [24] profiles were used to determine the biodiversity structure of the
community patterns [7,18,25–28].

Social network analysis:

1. The community patterns and their species were used as nodes in a social network;
they were then converted into a taxon–syntaxon bipartite web for social network
analysis [29–32]. All of the selected indices were calculated [33] to describe network
properties [34,35] in this study.

2. The characteristic value of a species (IncNodePurity) was determined using the
random forest model for each community pattern consisting of 100,000 trees. The
characteristic species of each syntaxon was determined [36–39].

3. We conducted bipartite modularity by applying Newman’s modularity measure in a
weighted web to detect the modules and compute their information in the bipartite
network [33,40–42].

4. The potential for apparent competition (PAC) among or within community pat-
terns [43–45] was calculated using a previously reported formula [46–49].

5. This study adopted the classification and regression tree [50] of the dominant/
characteristic species as the key to syntaxa in the Lienhuachih area of Taiwan.

3. Results
3.1. Vegetation Classification:

Figure 1 is the Q-Q type seriated heat map of the 25 quadrats used in this study;
the map appears to have several inconspicuous pattern blocks, but the blocks are vague.
Therefore, we calculated the Gapk [20,21] to confirm the number and validity of the patterns
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in this study. The result (Figure 2) showed that a steep gap appeared when the samples
were divided into 6 or 23 clusters. Based on the fact that, only between 5–6 or 22–23 clusters,
there is a bigger difference in the average of clusters than the standard deviations of 5–6 or
22–23 clusters, dividing the samples into 6 or 23 clusters was reasonable. However, when
the samples were divided into 23 clusters, the clusters were very similar to the individual
quadrats, which would not be useful for pattern detection. Hence, the 25 quadrats were
divided into 6 clusters, which was the only reasonable pattern structure apart from the
individual structure. The two results, Figures 1 and 2, consistently indicated that six
community patterns were hidden in the 25 squares. The detected community patterns were
then randomly coded using capital letters (from A to F).

Figure 1. Seriated heat map of 25 quadrats. The blue-scaled color as a meter indicates the value
of similarity.
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Figure 2. Gapk and its standard deviations came from 10,000 Monte Carlo samples that were
calculated to estimate the number of clusters k, k from 1 to 24.

To reveal the clear structure of hidden patterns, a clustplot (bivariate cluster plot),
made using the PAM algorithm [20,22,23] was used to visualize the distinct community
patterns as well as the community members. The result showed that the forest community
of the study site could be divided into six patterns, and an ellipse was drawn around each
pattern to indicate its members. The relationships among the patterns were indicated using
red lines (Figure 3). The quadrats x15y20, x15y5, x20y20, x5y10, x10y0, and x5y20 were
the six medoids of patterns A–F, respectively. In the next step, a minimum spanning tree
embedded into a PCoA ordination [5,18] was conducted to determine the shortest path of
succession among the quadrats. The graph shows the successional series in the form of
a tree. Figure 4 shows that the center and five main branches of the minimum spanning
tree correspond to the six patterns in Figure 3. The two aforementioned methods were
complementary. Figure 3 reveals the relationship between the patterns, and Figure 4 reveals
the relationship between the members of the patterns. Combining the results of these two
methods, the internal and external structures of the community patterns were completely
revealed. Figures 3 and 4 show that C is the center pattern in the forest community of the
study site. A is a unique pattern that contains only one quadrat (x15y20).
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Figure 4. The minimum spanning tree of succession series from 25 quadrats in the forest community
of Lienhuachih area.

Renyi entropy [24] was adopted to reveal and compare the biodiversity structures of
these community patterns by using the Renyi diversity profiles [7,18,25–28]. The result
(Figure 5) demonstrated that biodiversity structures differed among the six patterns; D
exhibited the highest diversity along the upper line, and A exhibited the lowest diversity
along the lower line. The median lines of Renyi diversity (red lines) in Figure 5 show
that patterns B and E have relatively high species richness (scale = 0), but the Shannon
(scale = 1) and Simpson (scale = 2) diversities of patterns B and E are similar to the median
lines. The species richness of pattern E is higher than that of F, but the Shannon, Simpson,
and Berger–Parker (scale = ∞/Inf) diversities of these two patterns are similar and along
the median lines. The ordering, in terms of Berger–Parker diversity, of these patterns in
descending order is D, C, F, E, B, and A.

Diversity 2022, 14, x FOR PEER REVIEW 8 of 20 
 

 

 
Figure 5. The Renyi diversity profiles show the biodiversity structure of patterns (A–F). The y-axis 
and x-axis are the values and scales of Renyi diversity, respectively. 

3.2. Social Networks Analysis: 
We used the taxa and syntaxa as nodes in social network analysis and created a 

taxa–syntaxa bipartite ecological web for social network analysis [29–32]. Hence, the tree 
species were the higher taxa, whereas the patterns were the lower syntaxa in the bipartite 
web. Multiple indices can be used to describe the network properties or topography, but 
some of them do not apply to ecological networks [32]. Hence, listing all of the indices for 
the bipartite network in this study is unnecessary. We selected some useful indices to 
reveal network properties and their ecological implications in this study. The results 
(Table 1) revealed that the web size was 108 taxa and six syntaxa. The connectance index 
is the standardized number of species combinations often used in co-occurrence analyses 
[49]. A connectance index of 0.54 indicated that approximately half the tree species in a 
web could coexist in the same syntaxon. If the number of compartments was one, it in-
dicated that the web was not separated into sub-sets [51]. A web asymmetry of 0.89 in-
dicated that the number of taxa was considerably higher than that of syntaxa [52]. The 
extinction slopes for the taxa and syntaxa were 77.41 and 3.52, respectively. That extinc-
tion slope values indicated that the syntaxa were more vulnerable than the taxa because 
of high slope estimates, indicating relatively few effects of extinction on the network [35]. 
The C-scores of the taxa and syntaxa were 0.38 and 0.2, respectively, which indicated that 
the syntaxa were more aggregated than the taxa [53]. The V-ratios showed that the syn-
taxa and taxa exhibited positive aggregations [54]. High values of the togetherness of the 
syntaxa indicated that the taxa exhibited more disaggregation than the syntaxa [53]. The 
mean number of shared syntaxa per taxon indicated that an average of 1.85 syntaxa was 
shared by a taxon. The mean number of shared taxa per syntaxon indicated that an av-
erage of 37.27 tree species was recorded in a syntaxon [53]. The values of robustness in-
dicated that the syntaxa were more vulnerable to secondary extinction [35]. 

Table 1. All selected indices for the taxon-syntaxon bipartite network of study site. 

Indices Values 
number of syntaxa 6 

number of taxa 108 
connectance 0.54 

number of compartments 1 

Figure 5. The Renyi diversity profiles show the biodiversity structure of patterns (A–F). The y-axis
and x-axis are the values and scales of Renyi diversity, respectively.

101



Diversity 2023, 15, 60

3.2. Social Networks Analysis

We used the taxa and syntaxa as nodes in social network analysis and created a taxa–
syntaxa bipartite ecological web for social network analysis [29–32]. Hence, the tree species
were the higher taxa, whereas the patterns were the lower syntaxa in the bipartite web.
Multiple indices can be used to describe the network properties or topography, but some
of them do not apply to ecological networks [32]. Hence, listing all of the indices for the
bipartite network in this study is unnecessary. We selected some useful indices to reveal
network properties and their ecological implications in this study. The results (Table 1)
revealed that the web size was 108 taxa and six syntaxa. The connectance index is the
standardized number of species combinations often used in co-occurrence analyses [49].
A connectance index of 0.54 indicated that approximately half the tree species in a web
could coexist in the same syntaxon. If the number of compartments was one, it indicated
that the web was not separated into sub-sets [51]. A web asymmetry of 0.89 indicated
that the number of taxa was considerably higher than that of syntaxa [52]. The extinction
slopes for the taxa and syntaxa were 77.41 and 3.52, respectively. That extinction slope
values indicated that the syntaxa were more vulnerable than the taxa because of high
slope estimates, indicating relatively few effects of extinction on the network [35]. The
C-scores of the taxa and syntaxa were 0.38 and 0.2, respectively, which indicated that the
syntaxa were more aggregated than the taxa [53]. The V-ratios showed that the syntaxa and
taxa exhibited positive aggregations [54]. High values of the togetherness of the syntaxa
indicated that the taxa exhibited more disaggregation than the syntaxa [53]. The mean
number of shared syntaxa per taxon indicated that an average of 1.85 syntaxa was shared
by a taxon. The mean number of shared taxa per syntaxon indicated that an average of
37.27 tree species was recorded in a syntaxon [53]. The values of robustness indicated that
the syntaxa were more vulnerable to secondary extinction [35].

Table 1. All selected indices for the taxon-syntaxon bipartite network of study site.

Indices Values

number of syntaxa 6
number of taxa 108

connectance 0.54
number of compartments 1

web asymmetry 0.89
extinction slopes of taxon 77.41

extinction slopes of syntaxon 3.52
C-Score of taxon 0.38

C-Score of syntaxon 0.2
V-Ratio of taxon 2.14

V-Ratio of syntaxon 10.39
togetherness of taxa 0.17

togetherness of syntaxa 0.35
mean number of shared syntaxon per taxon 1.85
mean number of shared taxa per syntaxon 37.27

robustness of taxa 0.99
robustness of syntaxa 0.76

A random forest with 100,000 trees was used to measure the characteristic values of
species for each syntaxon. Table 2 lists the first five species with high characteristic values
for each syntaxon. The characteristic species of syntaxon A are GORDAXP (Gordonia axillaris
(Roxb.) Dietr.), MELACA (Melastoma candidum D. Don), and ILEXLO (Ilex lonicerifolia
Hayata), with a characteristic value of approximately 0.16. Thus, this community exhibited
a high abundance of GORDAX, ILEXLO, and MELACA. The number of GORDAX in this
syntaxon was as high as 57, but it did not exceed 12 in the other syntaxa, while MELACA
in this syntaxon was 7, but it did not exceed 3 in the other syntaxa. The characteristic
species of syntaxon B were ILEXGO (Ilex goshiensis Hayata), SYZYBU (Syzygium buxifolium
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Hook. and Arn.), and RANDCO (Randia cochinchinensis (Lour.) Merr.). They were rare in
the other syntaxa, but syntaxon B was rich in these species. The characteristic species of
syntaxon C was MELISQ (Meliosma squamulata Hance), with a characteristic value of 0.23.
The characteristic species for syntaxa D, E, and F were PSYCRU (Psychotria rubra (Lour.)
Poir.), HELIFO (Helicia formosana Hemsl.), and CINNSU (Cinnamomum subavenium Miq.),
respectively. Notably, in syntaxon F, CINNSU and ORMOFO (Ormosia formosana Kanehira)
were negatively characteristic species for F; therefore, CINNSU and ORMOFO existed in all
syntaxa except for F. In this case, we only employed the third-order species, FICUFI (Ficus
fistulosa Reinw. ex Bl.) or SAURTR (Saurauia tristyla DC. var. oldhamii (Hemsl.) Finet and
Gagnep.), but these two species had low characteristic values, which indicated that these
were not suitable characteristic species for syntaxon F. In conclusion, two highly suitable
negatively characteristic species were determined; however, suitably characteristic species
were not found in syntaxon F.

Table 2. The first 5 high values of species for each syntaxon are listed with the species code (sc) and
characteristic value (cv).

Species

Syntaxon A B C D E F

sc cv sc cv sc cv sc cv sc cv sc cv

1 GORDAX 0.16 ILEXGO 1.03 MELISQ 0.23 PSYCRU 0.51 HELIFO 0.97 CINNSU 0.55
2 ILEXLO 0.16 SYZYBU 1.02 ENGERO 0.18 SCHEOC 0.48 STYRSU 0.69 ORMOFO 0.54
3 MELACA 0.15 RANDCO 1.02 BLASCO 0.18 LITSAC 0.43 BLASCO 0.22 FICUFI 0.15
4 SCHISU 0.15 EUONLA 0.57 HELIRE 0.18 MICHCO 0.26 BEILER 0.13 SAURTR 0.15
5 ILEXMI 0.06 RHAPIN 0.23 TRICDU 0.17 HELICO 0.25 CLERCY 0.12 ARDIQU 0.13

We implemented bipartite modularity by applying Newman’s modularity measure
in a weighted web to compute modules and their information in the network [33,40–42].
Consequently (Figure 6), the bipartite network can be grouped into five modules with the cor-
responding species group, also called the group of dominant characteristic species, in which
syntaxa E and F share a similar pattern of species group in one module. The corresponding
dominant species for syntaxon A happened to be its characteristic species, GORDAX. The
dominant species for syntaxon B are RANDCO, SYZYBU, and EUONLA (Euonymus laxiflorus
Champion ex Bentham), in which RANDCO and SYZYBU are the species with highly char-
acteristic values. The dominant species for syntaxon C are DIOSMO (Diospyros morrisiana
Hance.), HELIRE (Helicia rengetiensis Masam.), RANDCO, and BLASCO (Blastus cochinchi-
nensis Lour.), in which BLASCO is not included in its species group. For syntaxon D, the
dominant species are TRICDU (Tricalysia dubia (Lindl.) Ohwi), ARDIQU (Ardisia quinquegona
Blume), CRYPCH (Cryptocarya chinensis (Hance) Hemsl.), MALLPA (Mallotus paniculatus Lam.
Muell.-Arg.), PSYCRU, and SCHEOC. The syntaxa E and F have the same dominant species,
BLASCO and HELIFO, but they are not included in the species group of F.

The PAC [43–45] of each syntaxa pair was calculated using species composition and
visualized in the PAC network as a circular graph in which syntaxa were represented by
circles and shared tree species were represented by connecting lines [33,46,47]. The results
(Figure 7 and Table 3) revealed that syntaxon B had the highest PAC (0.54) within the
syntaxon (i.e., B vs. B). In comparison with syntaxon B, the PACs of syntaxon A, C, D,
E, and F were 0.24, 0.31, 0.25, 0.17, and 0.09, respectively. Syntaxon A exhibited a high
PAC within the syntaxon, and syntaxon F exhibited the smallest PAC among other syntaxa.
Syntaxon C exhibited the lowest PAC within the syntaxon. This study revealed the PAC
network of syntaxa in the Lienhuachih forest area for the first time. As shown in Figures 3–7
and Table 3, the species composition of syntaxon A was unique; hence, the PAC within the
community was the highest. The species compositions of the dominant species of syntaxon
B and the other syntaxa were similar; consequently, the PAC relationship outside the
syntaxon was the highest. Although syntaxon C exhibited relatively high species richness,
no species was distinctly dominant; consequently, the PAC inside and outside the syntaxon
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was very low. Figures 3 and 4 show that syntaxon C was also the succession prototype of all
of the syntaxa in the area. Syntaxa D and E exhibited similar PAC structures, which showed
that the common species structure of these two communities was similar. For syntaxon
F, the external PAC with E was higher than that with others; this indicated the species
composition structure and common species were similar between syntaxa E and F. These
results indicate that PAC plays a crucial role in structuring community [46] in the forest of
the Lienhuachih area, but the results do not clarify how the apparent competition govern
the spatial distribution, species composition, biodiversity structure, and the succession of
syntaxa. Additional studies are necessary to answer these questions.
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Figure 7. Quantitative circular graph of PAC network in the forest community of the study site.
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Table 3. PAC values in the network of syntaxa.

Syntaxon A B C D E F

A 0.52 0.24 0.09 0.09 0.05 0.01
B 0.06 0.54 0.12 0.17 0.09 0.02
C 0.05 0.31 0.19 0.2 0.18 0.06
D 0.03 0.25 0.11 0.36 0.19 0.05
E 0.02 0.17 0.13 0.22 0.34 0.12
F 0.02 0.09 0.1 0.15 0.28 0.36

Figure 8 shows the algorithm results from using the classification and regression
tree of the dominant/characteristic species. The result demonstrated that RANDCO was
used first to distinguish syntaxon B from the other species, in which syntaxon B was
recorded more/equal to 53 and others were less than 53 RANDCO individuals. Then,
PSYCRU helped distinguish syntaxon D (more/equal to 14) from the others (less than 14);
HELIFO distinguished syntaxon A, C (less than 6) from the E, F (more/equal to 6), in which
GORDAX was used to distinguish syntaxa A (more/equal to 30) from D (less than 30),
and TRICDU was used to distinguish syntaxa E (more/equal to 8) from F (less than 8). In
this study, 28%, 20%, 20%, 16%, 12%, and 4% of the quadrats belong to syntaxon B, C, D,
E, F, and A, respectively. The rate of classification accuracy of the key to the six syntaxa
was 100%.
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4. Discussion

Vegetation surveys have been conducted using small dispersed sample plots for
several decades in Taiwan. Since 1990, to understand dynamic changes in forests, several
large-forest dynamics plots, such as Nanjenshan, Nantzuhsienhsi, Fushan, and Lienhuachih,
have been established [9]. We selected the Lienhuachih area as our study site because of
its numerous advantages, such as having been extensively investigated for over 10 years,
being exposed to low levels of human disturbance, exhibiting high biodiversity, and
possessing a large cover of primeval forest area. Many of these are the characteristics of
ideal study sites [54]. Consequently, many vegetation studies have been conducted at this
experimental site in the past decade; however, none of these investigations have involved
social networks. The social relationships among forest communities in this area have not
been elucidated. Most vegetation analysts over the past few decades have preferred to
conduct two-way indicator species analysis (TWINSPAN) or COCKTAIL [55]. Although
the two methods yielded more objective results than traditional methods, they provided
different results when applied to the same data set. Therefore, vegetation researchers
urgently need to find more useful methods for solving the many problems in the field
of vegetation ecology [56,57]. Accordingly, in this study, a combination of numerical
taxonomy and network analysis techniques was used to study the forest community in the
Lienhuachih area. Furthermore, the feasibility of applying these methods to vegetation
analysis was examined. The results show that these methods have their own functions
and are complementary to each other. The module analysis method could be used to
identify modules and the dominant characteristic species group; hence, it is somewhat
similar to the COCKTAIL method [58]. However, a starting species or species group must
be preselected while using COCKTAIL. This pre-selection, to some extent, determines
the final composition of the species group [57,58]. These problems have been reported
by many vegetation ecologists. The results of the present study revealed the presence of
six patterns or syntaxa in the forest community in the study site of the Lienhuachih area.
The syntaxa E and F were similar; consequently, the module analysis and cluster analysis
yielded different results. Figure 5 shows that the two syntaxa differed in rare species,
while the common species were similar. Therefore, cluster analysis, which focus on overall
similarities, and modular analysis, which focuses on dominant species, yielded different
results. In a study by [9], four plant communities were identified and represented using
dominant and indicator species based on TWINSPAN at the study site of the Lienhuachih
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area. The communities were as follows: Type I, Pasania nantoensis—Randia cochinchinensis;
Type II, Mallotus paniculatus—Engelhardtia roxburghiana; Type III, Diospyros morrisiana—
Cryptocarya chinensis; Type IV, Machilus japonica var. kusanoi—Helicia formosana. Among the
aforementioned communities, no community type corresponded with any syntaxa in the
present study, and the four types were also highly different from those identified in the
present study. Type I is most likely to correspond to syntaxon B in this study because the
Randia cochinchinensis was the most-dominant characteristic species of pattern B, but Pasania
nantoensis was the fourteenth-most dominant characteristic species of pattern B (Figure 6).
Type II may correspond to syntaxon C or D, because Mallotus paniculatus was the fifth-most
dominant characteristic species of syntaxon D, and Engelhardtia roxburghiana was the tenth-
most dominant characteristic species of syntaxon C, but neither of these two species was the
most-dominant characteristic species of syntaxa C and D. Type III may also correspond to
syntaxa C or D, because Diospyros morrisiana was the most-dominant characteristic species
of syntaxon C, and Cryptocarya chinensis was the second-most dominant characteristic
species of syntaxon D. Type IV probably corresponds to the syntaxa E and F in the present
study, because both M. japonica var. kusanoi and Helicia formosana were among the dominant
characteristic species of syntaxa E and F, but neither was the most-dominant characteristic
species. Machilus japonica var. kusanoi was the thirty-seventh-most dominant characteristic
species of syntaxon E and the fifth of syntaxon F. Helicia formosana was the second-most
dominant characteristic species of syntaxa E and F. Therefore, the results of this study
differed substantially from those of a previous study conducted using TWINSPAN.

The detected community patterns or syntaxa in the present study were consistent with
the definitions of an association in all aspects [59,60]. Therefore, the next question was the
nomenclature of these associations. The nomenclature of syntaxa has evolved over a long
time with many controversies [4,57,60]; for example, the scientists of the Clements school
prefer to use nomenclature coming from associations defined by dominant species, whereas
scientists of the Floristic school [3] prefer nomenclature based on the characteristic species,
and they proposed the International Code of Phytosociological Nomenclature (ICPN) [61].
Scientists from many countries, such as the United Kingdom [62], China [58], Taiwan [63,64],
and the United States [59], have proposed principles of vegetation classification and nomen-
clature. Although numerical classification has enabled many useful statistical methods
in recent years, a nomenclature system supporting numerical methodology has not been
proposed, and the nomenclature of plant communities has not yet been unified glob-
ally [56,58,65]. Therefore, we referred to the literature and case studies [13,55,58,61,66–72]
and proposed in this study a binomial nomenclature system for numerical syntaxonomy
that meets the requirements of statistical analysis results. This nomenclature system, the
Mathematic Code of Syntaxonomic Nomenclature (MCSN), adopts the most-dominant
characteristic species in a module as the generic name and the most-characteristic species
as the specific epithet for an association. In the middle of the generic name and the specific
epithet is a mathematical symbol, plus or minus, which represents the fact that the associa-
tion is named by the MCSN. The PAM algorithm is used to designate the nomenclature
type relevé of an association. According to the MCSN, association A can be named Assoc.
Gordonia axillaris + Gordonia axillaris Tung-Yu Hsieh et al., 2022, and the nomenclature type
relevé is x15y20, which indicates both that the association is published by Hsieh et al. (2022)
and that Gordonia axillaris is the most-dominant characteristic species. Association B can
be named Assoc. Randia cochinchinensis + Ilex goshiensis Tung-Yu Hsieh et al., 2022, the
nomenclature type relevé is x15y5, which represents an association with R. cochinchinensis
as the most-dominant characteristic species and Ilex goshiensis as the most-characteristic
species. Association C can be named Assoc. Diospyros morrisiana + Meliosma squamulata
Tung-Yu Hsieh et al., 2022, and the type relevé is x20y20. Association D can be named Assoc.
Tricalysia dubia + Psychotria rubra Tung-Yu Hsieh et al., 2022, and the type relevé is x5y10.
Association E can be named Assoc. Blastus cochinchinensis + Helicia formosana Tung-Yu
Hsieh et al., 2022, and the type relevé is x10y0. Association F can be named Assoc. Blastus
cochinchinensis-Cinnamomum subavenium Tung-Yu Hsieh et al., 2022, and the middle symbol
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of the scientific name is a minus, which indicates that the most-dominant characteristic
species is Blastus cochinchinensis and that Cinnamomum subavenium is the most negatively
characteristic species of the association, and the type is x5y20. The characteristic species
data of nomenclature types relevés A–F are presented in Table 4. In total, five genera and six
species of associations were identified in the study site of the Lienhuachih area. Among the
associations, E and F are associations of the same genus. Syntaxa belonging to the higher or
lower ranks that are not mentioned in this study can also be applied to this nomenclature
system. In addition, the MCSN retains valid publications of authors and year and the codes
of priority in the ICPN and discards the suffix changes and tautonymous names in the list
of scientific names to improve compatibility with the properties of the syntaxon. Because
binomial nomenclature and this form of naming and presenting associations have been
used by many biologists in previous studies on vegetation ecology, we are only redefining
them now. The prefix word “Assoc.” identifies the rank of a syntaxon; hence, the suffix
of the scientific name need not be changed to indicate its rank, making the MCSN easier
to understand. If some scholars cannot accept such a nomenclature system, they can also
rename the syntaxon according to their own preference. For example, according to the
Braun-Blanquet approach (ICPN), these associations would be renamed as follows:

Table 4. Characteristic species data of the nomenclature type relevés.

Type
Releve’

ARD
IQU

BLA
SCO

CIN
NSU

CRY
PCH

DIO
SMO

EUO
NLA

FIC
UFI

GOR
DAX

HEL
IFO

HEL
IRE

ILE
XLO

ILE
XGO

MAL
LPA

MEL
ACA

MEL
ISQ

ORM
OFO

PSY
CRU

RAN
DCO

SAU
RTR

SCH
EOC

SYZ
YBU

TRI
CDU

Syntaxon
Code

x15y20 3 0 2 1 1 10 0 57 0 1 6 0 0 7 0 3 0 4 0 1 3 2 A
x15y5 31 0 7 0 20 62 0 8 0 30 0 25 21 3 0 3 2 318 0 2 52 33 B
x20y20 13 30 6 6 21 12 0 3 0 3 0 0 1 0 1 9 1 21 0 12 2 4 C
x5y10 49 14 21 14 9 0 0 0 3 0 0 0 3 0 0 9 18 33 0 24 2 61 D
x10y0 17 121 6 16 10 0 0 0 28 0 0 0 2 0 0 1 8 4 0 28 0 10 E
x5y20 2 25 0 7 2 0 6 0 10 0 0 0 3 0 0 0 1 0 1 4 0 0 F

Syntaxonomical Synopsis

A Assoc. Gordonietum axillare Tung-Yu Hsieh et al., 2022 ass. nova hoc loco

Nomenclature type releve’: x15y20 (holotypus hoc loco designatus).

B Assoc. Randio cochinchinensis-Iletum goshiensis Tung-Yu Hsieh et al., 2022, ass. nova
hoc loco

Nomenclature type releve’: x15y5 (holotypus hoc loco designatus).

C Assoc. Diospyro morrisianae-Meliosmetum squamulatae Tung-Yu Hsieh et al., 2022, ass.
nova hoc loco

Nomenclature type releve´: x20y20 (holotypus hoc loco designatus).

D Assoc. Tricalysio dubiae-Psychotretum rubrae Tung-Yu Hsieh et al., 2022, ass. nova
hoc loco

Nomenclature type releve´: x5y10 (holotypus hoc loco designatus).

E Assoc. Blasto cochinchinensis-Helicetum formosanae Tung-Yu Hsieh et al., 2022, ass. nova
hoc loco

Nomenclature type releve´: x10y0 (holotypus hoc loco designatus).

F Assoc. Blasto cochinchinensis-Cinnamometum subaveniae Tung-Yu Hsieh et al., 2022, ass.
nova hoc loco

Nomenclature type releve’: x5y20 (holotypus hoc loco designatus).

In general, the names of associations A–E were sufficiently compatible between the
ICPN and MCSN. Only the properties of the association F cannot be adequately described
by the ICPN. However, when named as follows, the characteristics of the association F
were clearer.

Assoc. Blasto cochinchinensis-Ficetum fistulosae Tung-Yu Hsieh et al., 2022, ass. nova hoc loco
Nomenclature type releve’: x5y20 (holotypus hoc loco designatus).
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In this study, a classification and regression tree was adopted to replace the man-
made key. Compared with the conventional key, the classification and regression tree had
great processing power and could carry out more precise algorithms for many numerical
characteristics that are excellent in classification. For large-scale and complicated data, this
advantage is especially evident. Another advantage of the classification and regression tree
is its great flexibility of application. Not only can it offer professional biologists a method
of classification through an observable, comprehensible, and accessible presentation like
the conventional key, but it can also be used as a computer algorithm program that accesses
the database from the internet and the computer programs to offer ordinary people quick
species identification online. This is what conventional keys find hard to achieve.

Taxonomy and vegetation classification have a similar theoretical background, so
the problems they encountered in the development process were also very similar. Early
research on taxonomy and vegetation classification was often questioned because the
research was subjective and lacked the use of objective methods. Although numerical
taxonomy methods have improved some of the issues, many problems remain unsolved,
such as type designation, the discovery of new taxa/syntaxa, revision of scientific names,
and the production of a key, these important works in taxonomy/vegetation classification
still lack objective analysis methods. After many years of case studies, the authors have
gradually proposed appropriate numerical analysis methods for the above problems [13,72]
and call them “taxonomy modeling” or “classifier modeling”.

5. Conclusions

In recent years, statistical technology has made significant progress in taxonomy and
social network research. However, the methods from social network analysis are still rarely
used in vegetation research. Therefore, this study takes the plots of the Lienhuachih area
as a case study and tries to combine some new methods from different disciplines into
vegetation ecology.

In this study, the results of the heat map and gap analysis showed that a total of 108
tree species of six different syntaxa were investigated in the lotus pond area, and A–F codes
were assigned to six different syntaxa. Through clustplot and a minimum spanning tree, it
can be found that B is the most common syntaxa in the area, A is the rarest, and C is the
succession prototype of the local community patterns; the Renyi index shows that D is the
highest diversity syntaxon, and A is the lowest one; the results of Newman’s modularity
measure showed that there are five different modules in the Lienhuachih area. The results
of this study showed that the numerical taxonomy methods are good at discriminating the
species structure, and the modular method derived from social network analysis is good
at distinguishing the generic structure. These two methods complement each other and
apply to the analysis of the vegetation ecology; they could solve the rank problems that
are not easily discernible in past vegetation research. The network of PAC showed that the
most common syntaxon B in Lienhuachih had the greatest PAC, while C had the least PAC
among other syntaxa. This indicates that, when B is adjacent to other syntaxa, they will
have a larger PAC and be more susceptible to the common influence factor.

In the past, in the syntaxonomic nomenclature system, as with the taxonomic nomen-
clature system of species, the lack of objective analytical techniques often led to many
inconsistencies in the nomenclature of the syntaxa in different studies. Therefore, this
study redefines some nomenclature codes based on the properties of numerical analysis
methods. The Mathematic Code of Syntaxonomic Nomenclature (MCSN) is proposed for
the syntaxon naming system, but this does not mean that the traditional naming system
must be abandoned. We just proposed a naming system that is more in line with the
numerical analysis methods.

From the case study of Lienhuachih, we can find that these new methods, which are
derived from numerical taxonomy and social network analysis, can be well combined with
the research of vegetation analysis. This study, combined with several of our relevant
published research cases, has solved the problem of lacking objective analysis methods
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in many key works of these two disciplines and has completed, unifying taxonomy and
vegetation classification in methodology. In the future, these methods can be used in
taxa/syntaxa classification but also have great application potential in the research of
germplasm resources, such as the discovery of new cultivars or the identification of cultivars.
The authors believe that there will be more new methods in different fields that will be
applied to the field of vegetation ecology/taxonomy in the future. This research is only the
beginning of the application of social network methods in these two fields.
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Abstract: Paris polyphylla Smith is a perennial medicinal herb with records from around 2000 years
ago. Polyphyllins are the main bioactive compounds of this herb, which are found to have remarkable
effects on bacteriostatic, antiphlogistic, sedative, and antitumor. However, the market demand for
P. polyphylla is sharply increasing, and the wild resources are threatened by plundering exploitation.
Integrating molecular data of P. polyphylla can benefit the sustainable resource exploitation. Here,
we constructed PPDP (Paris polyphylla Data Portal) to provide a data platform for polyphyllin
biosynthesis and germplasm resource research. PPDP integrates related molecular data resources,
functional genomics analysis, and morphological identification. The database provides abundant
data (transcriptome, CDS, lncRNA, alternative splicing, gene family, SSR, and chloroplast genome)
and practical analytical tools (network construction, heatmap of expression profiles, enrichment, and
pathway search) with a user-friendly interface. So far, PPDP is the first biomolecular database for the
genus Paris plants. In the future, we will gradually add genomic data and other necessary molecular
biological information to improve the database.

Keywords: Paris polyphylla; polyphyllin; germplasm resource; database

1. Introduction

Paris polyphylla Smith (Melanthiaceae) has a medicinal history of over 2000 years,
it is distributed across Assam, Bangladesh, North-Central China, South-Central China,
East Himalaya, Myanmar, Nepal, Qinghai, Tibet, and West Himalaya. Paris plants mostly
grow in evergreen broad-leaved forests, bamboo forests, shrubs, or grass slopes. Cur-
rently, more than 10 varieties have been found in P. polyphylla [1,2]. Paris polyphylla var.
yunnanensis (Franch.) Hand.-Mazz. is one of the most significant varieties of P. polyphylla
recorded in Pharmacopoeia of the People’s Republic of China [3]. In a recent mono-
graph published in 2021, it is recognized as a species named Paris yunnanensis Franch. [4].
Pharmacological studies have shown that P. polyphylla has significant effects on hemosta-
sis, analgesia, bacteriostasis, anti-inflammatory, and tumor cell inhibition [5]. To date,
more than 210 compounds have been isolated and identified from P. polyphylla, including
steroidal saponins, C-21 steroids, fatty acid esters, triterpenes, flavonoids, β-ecdysone,
and polysaccharides [6,7]. Steroidal saponins, i.e., polyphyllins, are the most important
active ingredients, accounting for approximately 57% of the total number of identified
ingredients. Therefore, rhizoma paridis has become the key drug material of more than
80 kinds of patented medicines, such as gongxuening, yunnan baiyao, reduqing, and

Diversity 2022, 14, 1057. https://doi.org/10.3390/d14121057 https://www.mdpi.com/journal/diversity
113



Diversity 2022, 14, 1057

jidesheng sheyao tablets [8]. However, the long growth cycle of 5–7 years, and the post-
embryonic maturation of seeds result in the slow reproduction of P. polyphylla. Moreover,
sharply increasing market demand and large-scale over-excavation driven by high medical
value cause resource shortage, and also endanger the wild resources of P. polyphylla and
other Paris species [9]. Therefore, understanding polyphyllin biosynthesis mechanism is
significant for the effective utilization of this medicinal herb.

With the development of high-throughput sequencing, transcriptome sequencing
has been widely used to mine functional genes involved in plant secondary metabolism
processes, especially the specialized metabolite biosynthesis of non-model plants lack-
ing genome sequences. The exploration of polyphyllin biosynthesis genes (PBGs) has
remarkably advanced through transcriptome sequencing. Several candidate genes re-
lated to polyphyllin biosynthesis were predicted based on the transcriptome data from
rhizomes [10] or leaves (stems) [11] of P. polyphylla. Meanwhile, another 25 transcripts
encoding 17 key enzymes related to polyphyllin biosynthesis were identified from the
transcriptome of P. polyphylla tissue mixtures [12]. More specifically, a gene encoding
cytochrome P450 monooxygenase (P450) was identified, which catalyzes the oxidative
5,6-spiroketalization of cholesterol to produce diosgenin [13]. A total of 137 PBGs, 74 tran-
scription factor genes, and 1 transporter gene associated with polyphyllin biosynthesis and
accumulation were identified in our previous study [14]. Additionally, polyphyllin biosyn-
thesis is found to be in response to tissue-specific combinatorial development cues through
RNA-Seq analysis [14,15]. Nonetheless, molecular mechanisms underlying polyphyllin
biosynthesis and accumulation are still unclear.

A database that integrates omics data and analytical tools is very beneficial to unravel
specialized metabolite biosynthesis mechanism. Some medicinal plant databases such as
the Ginseng Genome Database [16] facilitate terpenoid biosynthesis research and molecular
breeding [17,18]. However, there is no database available for P. polyphylla so far. Genetic
information of P. polyphylla is primarily from next-generation sequencing (NGS) transcrip-
tome data [19,20] and very few third-generation sequencing (TGS) transcriptome data [21].
In this study, we constructed the first data portal PPDP (http://ppdp.liu-lab.com) for P.
polyphylla, mainly based on the PacBio SMRT-based RNA-Seq and Illumina-based RNA-Seq
data. The current version of the database provides diverse data, including 36,504 genes,
9020 lncRNAs, 7029 alternative splicing (AS) events, 25,767 SSRs and 49 valid SSR markers,
108 chloroplast genomes, 931 genes from 50 transcription factor (TF) families, 93 CYP and
56 UGT gene candidates, and gene expression profiles at different growth stages. A total
of 186 PBGs were identified, of which 88 genes contained SSRs. PPDP provides a kit
of practical analytical tools, such as network construction, heatmap drawing, pathway
search, etc., with a user-friendly interface. In all, PPDP provides new molecular data and
helps to gain further insight into polyphyllin biosynthesis.

2. Materials and Methods
2.1. Sampling and PacBio SMRT Sequencing

Four fresh tissue samples were collected from six 7-year-old plants of P. polyphylla var.
yunnanensis, which were planted under the same field management in the greenhouse of
Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences (Kunming). Each
fresh tissue sample was a mixture, which combined the same tissue collected from three
plants with similar size and status to obtain credible sequencing data. The P. polyphylla
var. yunnanensis plants in this study were obtained through seed germination and seedling
cultivation for years. The seeds were kindly provided by Yunnan Yuxin Agriculture and
Forestry Biological Technology Co., Ltd (Yunnan, China). Seven-year-old is an important
stage in the agriculture cultivation of Paris plants. The rhizomes of P. polyphylla plants from
seed propagation are often harvested at the seventh year. This age is chosen for providing a
representative dataset and a reasonable reference in metabolism biosynthesis research. The
species identification was confirmed by Professor Li Heng (Kunming Institute of Botany,
CAS). RNA from roots and stems were pooled into one sample for SMRT sequencing.
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mRNA was purified using magnetic beads with Oligo (dT), and the library was prepared
according to the Isoform Sequencing protocol (Iso-Seq) using the Clontech SMARTer PCR
cDNA Synthesis Kit and the BluePippin Size Selection System protocol as described by
Pacific Biosciences (PN 100-092-800-03). The sequencing was performed using the PacBio
Sequel II platform after confirming library quality. Flowers and leaves were sequenced
separately in the same way after RNA extraction. An additional PacBio isoform sequencing
dataset of P. polyphylla var. yunnanensis was downloaded from The National Genomics Data
Center (NGDC) (accession number: CRA004081) [21] (Figure 1A).

Diversity 2022, 14, x  3  of  16 
 

 

plants from seed propagation are often harvested at the seventh year. This age is chosen 

for providing a representative dataset and a reasonable reference in metabolism biosyn‐

thesis research. The species identification was confirmed by Professor Li Heng (Kunming 

Institute of Botany, CAS). RNA from roots and stems were pooled  into one sample for 

SMRT sequencing. mRNA was purified using magnetic beads with Oligo (dT), and the 

library was prepared according to the  Isoform Sequencing protocol  (Iso‐Seq) using the 

Clontech SMARTer PCR cDNA Synthesis Kit and the BluePippin Size Selection System 

protocol as described by Pacific Biosciences (PN 100‐092‐800‐03). The sequencing was per‐

formed using the PacBio Sequel II platform after confirming library quality. Flowers and 

leaves were sequenced separately in the same way after RNA extraction. An additional 

PacBio isoform sequencing dataset of P. polyphylla var. yunnanensis was downloaded from 

The National Genomics Data Center (NGDC) (accession number: CRA004081) [21] (Figure 

1A). 

 

Figure 1. Implementation of PPDP. (A) RNA‐Seq of sampled tissues and data pre‐processing. (B) 

The main data analysis process. (C) The basic architecture of PPDP. (D) The main functions and 

related tools of PPDP. 

2.2. Transcriptome Determination and Evaluation 

Three sets of PacBio raw data of P. polyphylla var. yunnanensis (two sequenced in this 

study and one downloaded from the public database) were processed according to the 

Iso‐Seq3 pipeline (https://github.com/PacificBiosciences/IsoSeq  (accessed on 10 Novem‐

ber 2021)). First, circular consensus sequence  (CCS) was generated  from subread BAM 

files with parameter settings: min_length 50, max_length 15,000, min‐rq 0.8. Then, CCS 

reads were defined as full‐length (FL) and non‐full‐length (NFL) isoforms, depending on 

the presence or absence of 5′ primers, 3′ primers, and poly(A) tails. Primers, poly(A) tails, 

and rapid concatemers were also removed. Finally, full‐length non‐chimeric (FLNC) reads 

Figure 1. Implementation of PPDP. (A) RNA-Seq of sampled tissues and data pre-processing. (B) The
main data analysis process. (C) The basic architecture of PPDP. (D) The main functions and related
tools of PPDP.

2.2. Transcriptome Determination and Evaluation

Three sets of PacBio raw data of P. polyphylla var. yunnanensis (two sequenced in this
study and one downloaded from the public database) were processed according to the Iso-
Seq3 pipeline (https://github.com/PacificBiosciences/IsoSeq (accessed on 10 November
2021)). First, circular consensus sequence (CCS) was generated from subread BAM files
with parameter settings: min_length 50, max_length 15,000, min-rq 0.8. Then, CCS reads
were defined as full-length (FL) and non-full-length (NFL) isoforms, depending on the
presence or absence of 5′ primers, 3′ primers, and poly(A) tails. Primers, poly(A) tails,
and rapid concatemers were also removed. Finally, full-length non-chimeric (FLNC) reads
were clustered to generate high-quality (HQ) isoforms and low-quality (LQ) isoforms. In
addition, the three FLNC reads were merged by clustering in the expectation of a new
transcript of higher quality. De-redundancy using CD-HIT v4.8.1 [22] and the removal of
transcripts shorter than 200 bp yielded the final non-redundant transcripts, respectively.
Together with our previous NGS transcripts based on Illumina sequencing data from
4 developmental stages and 5 tissues in P. polyphylla var. yunnanensis [13,14], all five
transcripts were assessed using BUSCO v5.0.0 [23].
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2.3. Functional Annotation and Classification

Functional annotation was performed to gain an insight into the biological context of
the transcripts. All the non-redundant transcripts were searched against Nr and KEGG
using BLAST v2.2.25 [24] with an E-value threshold of 1 × 10−5. The annotation of GO,
Swiss-Prot, and Pfam were determined using Trinotate v3.2.2 (http://trinotate.github.io/
(accessed on 20 November 2021)). Transcripts were also annotated by eggnog-mapper
v2.6.1 [25]. Coding sequences (CDS) and open reading frames (ORFs) were identified with
TransDecoder v5.5.0 (https://github.com/TransDecoder/TransDecoder/releases (accessed
on 20 November 2021)).

2.4. SSR Analysis

SSR determination was performed using MISA v2.1 [26]. Six types of SSRs including
mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide repeats with minimum repeat numbers
of 10, 6, 5, 5, 5, and 5 were identified from the transcriptome. The distance between adjacent
SSRs < 100 bp was defined as compound SSR. Further, functional annotations of transcripts
containing SSR were obtained. In addition, valid SSR markers and chloroplast genomes
were collected from the literature and NCBI database, respectively.

2.5. Identification of AS and lncRNAs

The transcripts gtf file raw.gtf was first obtained. Then, the AS events were predicted
using SUPPA v2.3 with default parameters [27]. lncRNAs are non-coding transcripts
longer than 200 bp that regulate gene expression in various forms. lncRNAs in PPDP
were identified by evaluating the coding potential of transcripts using CNCI v2 [28], CPC2
v 0.1 [29], PLEK v1.2 [30], and Pfam. Finally, transcripts at any two intersections of the
prediction results of CNCI, CPC2, PLEK, and Pfam were used as candidate lncRNAs.

2.6. Prediction and Construction of ceRNA Network

In plants, miRNA genes are a class of highly conserved gene families. As no whole
genome of P. polyphylla is available, Arabidopsis thaliana mature miRNAs from the PmiREN
database [31] were used to predict the ceRNA network. The psRNATarget web server
was used to predict targets [32]. The ceRNA score was calculated with our python script
to determine whether lncRNA–mRNA pairs were ceRNAs (p-value < 0.05) [33]. The
intersection was taken to obtain the final predicted ceRNA regulatory relationship pair
and the ceRNA network was acquired. Then the ceRNA network was constructed using
Cytoscape v3.9.1 [34].

2.7. Explore the Biosynthesis Pathway of Secondary Metabolites in P. polyphylla

The following biosynthesis pathways, including “fatty acid elongation”, “steroid
biosynthesis”, “starch and sucrose metabolism”, “terpenoid backbone biosynthesis”,
“phenylpropanoid biosynthesis”, and “flavonoid biosynthesis” in P. polyphylla were ex-
plored by defining A. thaliana as a template. Protein sequences of A. thaliana were obtained
from TAIR [35] and gene accession numbers of the above-mentioned pathways were
obtained from the KEGG PATHWAY Database. Then, the biosynthetic genes from the
pathways of P. polyphylla were acquired by BLAST with the A. thaliana sequences and data
filtration with an E-value threshold of 1 × 10−5.

2.8. Prediction of Transcription Factor and CYP&UGT

The TF families were identified by mapping the protein sequences to the database
PlantTFDB 5.0 [36]. As CYPs and UGTs play very important roles in secondary metabolism,
they are also critical in polyphyllin biosynthesis. A total of 288 CYP protein sequences
from cytochrome P450 (http://drnelson.uthsc.edu/CytochromeP450.html (accessed on
21 March 2022)); and 122 UGT protein sequences from Arabidopsis thaliana cytochromes
P450, cytochromes b5, NADPH-cytochrome P450 reductases, and β-Glucosidases site
(http://www.p450.kvl.dk/UGT.shtml (accessed on 21 March 2022)) were used to search for
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homologous CYPs and UGTs in P. polyphylla (E-value < 1 × 10−5). Hidden Markov models
(accession numbers: PF00067 and PF00201) were obtained from the Pfam [37] based on the
evolutionary conservation of gene family domains. They were used as the queries to search
against the protein sequences of P. polyphylla using Hmmsearch v3.3.2 [38]. The protein
sequences of screened complete ORFs were further submitted to NCBI–CDD and Pfam to
confirm the domain. Finally, candidate CYPs and UGTs were obtained.

2.9. Construction of Co-Expression Network and PPI Network

Quantification of the merged transcripts was achieved by RSEM [39] using the Il-
lumina sequencing data. The co-expression between two genes was estimated by using
the traditional Pearson correlation coefficient. Gene pairs with correlation values > 0.8
and adjusted p values < 0.01 were considered to show co-expression [40]. The protein
interactions of A. thaliana were collected from three databases, namely AtPID v5.0 [41],
AtPIN v9.0 [42], and PAIR v3.0 [43] and the literature [44–46]. A total of 18,037 A. thaliana
genes and 241,468 interactions were obtained. Orthologous groups between the P. polyphylla
and A. thaliana were detected using InParanoid v4.2 [47] with default parameters. The
PPI network in P. polyphylla was inferred from the A. thaliana PPI network by homology
mapping (Figure 1B).

2.10. Development of the Morphological Identification

First of all, the description of morphological characteristics of different species of
the genus Paris, various specimen information of Paris in the CHV China Digital Herbar-
ium (https://primulaworld.blogspot.com/2015/12/the-chinese-virtual-herbarium-cvh.
html (accessed on 2 May 2020)), expert opinions, and the morphological classification
feature data of Paris were collected. Then, the random forest classifier [48] was used to train
the model of the preprocessed data after comparison and screening. Finally, the trained
model was encapsulated and saved for use [49].

2.11. Implementation of PPDP

PPDP was developed using Django web framework (http://www.djangoproject.com/
(accessed on 23 February 2021)) based on Python programming. The website runs on a
Linux Server. The Nginx web server (https://www.nginx.com/ (accessed on 10 March
2021)) and SQLite (https://www.sqlite.org/ (accessed on 20 March 2021)) were used as
the web server and database server, respectively. The web front end was developed using
Bootstrap (https://www.ubuntu.com/ (accessed on 30 March 2021)) and the Semantic UI
framework (https://semantic-ui.com/ (accessed on 15 April 2021)). JavaScript libraries,
highchart.js (https://www.highcharts.com/ (accessed on 10 May 2022)), and datatables
(https://datatables.net/ (accessed on 3 April 2021)) were applied for rendering interactive
graphs and tables. The network visualization was implemented using Cytoscape.js v.3.3 [50].
The online BLAST server was built with Django-blastplus (https://pypi.python.org/pypi/
django-blastplus/ (accessed on 20 May 2021)) (Figure 1C). Finally, PPDP provides a series of
user-friendly functions, such as browse, download, BLAST, heatmap, network, enrichment,
pathway search, TF family, etc. (Figure 1D).

3. Results
3.1. The Web Interface of PPDP
3.1.1. Browse PPDP

All the genes were listed on the browse page and the detailed information page can be
accessed by clicking the gene ID. For each gene in the browse, comprehensive information
was provided, including multiple gene functional annotations, AS events, heatmaps of gene
expression, and co-expression sub-networks. The number of co-expressed genes displayed
is optional in the gene expression section.
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3.1.2. Visualization of Heatmap, Network, and Enrichment

The ‘Enrichment’ module provides users with GO and KEGG enrichment for genes
of interest (Figure 2B). The expression patterns of genes at different growth periods are
available in the ‘Heatmap’ module (Figure 2C). The ‘Network’ module enables to extract a
sub-network of user-specified genes from the global co-expression network (Figure 2D).
Additionally, the ‘BLAST’ is a user-friendly tool for interacting with the NCBI BLAST+
toolkits (Figure 2A).
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Figure 2. Web interface of PPDP. (A) Finding homologous genes of P. polyphylla using sequence
similarity search with BLAST. (B) KEGG and GO enrichment of genes of interest. (C) Viewing gene
expression profiles at different growth stages. (D) Prediction of co-expression network and PPI-
network. (E) TF and CYP gene family statistics and the specific gene sequences. (F) Morphological
identification of P. polyphylla and other Paris species.

3.1.3. Pathway Search

Plant secondary metabolites play an important role in plant growth and development,
biotic and abiotic stresses, and mediating interactions with other organisms [51–53]. Partic-
ularly, specialized secondary metabolites of medicinal plants are responsible for medicinal
activity. A total of 61, 36, 25, 171, 36, and 128 genes involved in terpenoid backbone biosyn-
thesis, steroid biosynthesis, flavonoid biosynthesis, starch and sucrose metabolism, fatty
acid elongation, and phenylpropanoid biosynthesis in A. thaliana were obtained. Corre-
spondingly, a total of 38, 21, 12, 99, 16, and 49 genes of these pathways in P. polyphylla
were acquired through BLAST. The reference pathway map, related biosynthetic genes
in A. thaliana and P. polyphylla, and their corresponding KEGG enzymes are presented by
selecting a wanted pathway.

118



Diversity 2022, 14, 1057

3.1.4. TF, CYP, and UGT Family

In the ‘TF family’ module, the distribution of TF families is represented as a bar chart.
The TF family of interest can be clicked to obtain the queried sequences and each sequence
is linked to its detail page. The ‘CYP & UGT’ module demonstrates the CYP and UGT gene
families in the same way (Figure 2E).

3.1.5. Other Data Resource

An abundance of P. polyphylla datasets can be freely downloaded through the ‘Down-
loads’ section, including transcript sequences, CDS sequences, lncRNA sequences, and
annotations. The ‘Resource’ section provides valid SSR markers and chloroplast genomes
of P. polyphylla and other Paris species. In the ‘Identification System’ section, users can
taxonomically identify their samples by the morphological characters of Paris specimens
collected, such as features of roots, stems, leaves, sepals, flowers, and fruits (Figure 2F).
Moreover, pictures of the taxonomic characteristics are supplied for useful reference.

3.2. Database Statistics and Use Case
3.2.1. General Properties of PacBio Sequencing Data and Evaluation of Transcriptome

A total of 110,666 HQ isoforms and 824 LQ isoforms were acquired, and 36,812 transcripts
were attained after clustering and de-redundancy. A total of 36,504 high-quality non-
redundant transcripts were defined in P. polyphylla after filtering transcripts < 200 bp. The
average length of the transcriptome determined in this study was 2008 bp, with an N50 of
2330 bp and a GC content of 45.88% (Table 1).

Table 1. Summary of the transcriptome of P. polyphylla var. yunnanensis.

Item Value

High-quality isoforms 110,666
Low-quality isoforms 824

Non-reductant transcripts 36,812
High-quality non-redundant transcripts 36,504

Total bases (bp) 73,313,381
N50 (bp) 2330

Average length (bp) 2008
Reads mapping (%) 86.80

Percent GC (%) 45.88

According to BUSCO assessment results, the merged transcriptome has the most
complete sequences and single-copy complete sequences, followed by the Illumina-based
transcriptome (Figure 3A). In addition, 82.50% of the predicted genes from the merged
transcriptome indicated relatively high completeness of the merged transcriptome assembly.
Furthermore, 86.8% of the Illumina reads were mapped to the newly merged transcriptome,
demonstrating a high level of transcriptome coverage. Because it was of higher quality, it
was used for subsequent analyses.

3.2.2. Data Summary

Approximately 90% of the genes were annotated to at least one of the seven public
databases. Specifically, 33,100, 29,249, 17,926, 25,855, 26,493, 19,907, and 29,696 transcripts
were annotated to NR, GO, KEGG, Pfam, Swiss-prot, Kog, and eggNOG, accounting for
90.67%, 80.1%, 49.1%, 70.8%, 72.6%, 54.53%, and 81.3% of the total transcripts, respectively
(Figure 3B). A total of 7029 transcripts had multiple types AS. Among them, those with
retained introns (RI) had the largest number (3230), accounting for 46% (Figure 3C). The
result is consistent with previous reports indicating that RI is the most frequent type
of AS events in plants [54,55]. Additionally, a total of 931 candidate genes from 50 TF
families were found (Figure 3D). The top five TF families are bZIP, C2H2, MYB_related,
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FAR1, and bHLH. Moreover, 100,201 interactions between miRNAs, lncRNAs, and mRNAs
(157 miRNAs, 879 lncRNAs, and 4922 mRNAs) were identified.
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3.2.3. Comparison of lncRNAs and mRNAs

A total of 9020 lncRNAs were identified in the P. polyphylla transcriptome using CPC2,
CNCI, PLEK, and Pfam (Figure 4A). According to the length distribution, the average length
of mRNAs (2008 bp) was longer than that of lncRNAs (1613 bp) (Figure 4C). Compared to
mRNAs, lncRNAs featured fewer isoforms and AS events (Figure 4B,D).
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3.2.4. Exploration of the Polyphyllin Biosynthesis Pathway

A total of 186 candidate genes involved in the upstream of the polyphyllin biosynthesis
pathway were identified (Figure 5A). These genes participate in two branch pathways of
plant saponin biosynthesis: the cytosolic mevalonate (MVA) pathway and the plastidial
2-C-methyl-D-erythritol 4-phosphate (MEP) pathway. Quantitatively, more genes were
related to the MVA pathway than to the MEP pathway. The transcriptional regulation
of polyphyllin biosynthesis was also predicted in this study. It showed that a total of
432 TF genes (Figure 5B) may participate in the regulation of polyphyllin biosynthesis
(Supplementary Materials Figure S1).

3.2.5. Data Related to Germplasm Resources

A total of 25,767 potential SSRs were identified from 36,504 transcripts. Among them,
dinucleotides (46.75%) were the most abundant, followed by mononucleotides (39.45%) and
trinucleotides (12.14%). Moreover, 4027 compound SSRs were identified (Table 2). After
functional annotation, 16,120 SSR-containing transcripts had 12,626, 7678, 11,106, 11,465,
and 14,412 homologous sequences in GO, KEGG, Pfam, Swiss-prot, and NR, respectively.
In total, 186 PBGs were identified from the transcriptome, of which 97 contained SSRs.
Additionally, valid SSR markers and the related primers of P. polyphylla were collected from
reference. There were 14 and 35 valid SSR markers for P. polyphylla var. chinensis [56] and
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P. polyphylla var. yunnanensis [57–59], respectively. Similarly, P. polyphylla var. chinensis is
also considered as a species, named Paris chinensis Franch. in the monograph [4]. As the
chloroplast genome is an ideal system for plant phylogeny study and an efficient marker
source in germplasm resource investigation, chloroplast genomes of the Paris species were
also collected from the public database. A total of 108 chloroplast genomes of P. polyphylla
and other Paris species have been added in PPDP.
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Figure 5. Genes and TF genes involved in polyphyllin biosynthesis. (A) Putative polyphyllin
biosynthetic genes. (B) Putative TF genes related to the biosynthesis.

Table 2. Statistics of SSRs from the transcriptome.

Item Value

Total number of sequences examined 36,504
Total size of examined sequences (bp) 73,313,381

Total number of identified SSRs 25,767
SSR-containing sequences 16,120

sequences containing more than 1 SSR 6169
SSRs present in compound formation 4027

Mononucleotide repeats 10,164
Dinucleotide repeats 12,045
Trinucleotide repeats 3129

Tetranucleotide repeats 88
Pentanucleotide repeats 71
Hexanucleotide repeats 270
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3.2.6. A Case Study of Mining Genes Related to Polyphyllin Synthesis Using PPDP

PPDP is a comprehensive data platform with molecular data and analytical tools,
such as BLAST, network construction, enrichment analysis, etc. Here, we demonstrate
how to mine genes involved in the polyphyllin biosynthesis pathway. Polyphyllins belong
to steroidal saponins, which share a similar biosynthesis backbone to that of terpenoids.
From KEGG, 61 terpenoid backbone biosynthesis-related genes of A. thaliana were obtained,
and their corresponding sequences from TAIR. Then, 38 optimal polyphyllin biosynthesis-
related gene candidates in P. polyphylla were identified using PPDP BLAST. The expression
profiles of these genes in different tissues at different growth stages can be viewed using the
‘Heatmap’ function (Figure 6A,B). Apparently, polyphyllin biosynthesis-related genes are
expressed differentially in tissues across growth stages, especially PPDP043478, PPDP051101,
and PPDP057972, which are highly expressed in leaves at pollination and fruit stages,
and also in the stem at the pollination stage. A sub-network of polyphyllin backbone
biosynthesis can be constructed using the ‘Network Construction’, indicating the existence
of connections between polyphyllin biosynthesis-related genes in P. polyphylla (Figure 6C).
Additionally, these candidate genes can be examined using ‘GO Enrichment’. As expected,
there was significant enrichment related to polyphyllin biosynthesis. The most abundant GO
entries are isoprenoid biosynthesis processes, followed by sterol biosynthesis and terpenoid
biosynthesis processes (Figure 6D). The ceRNA network of 61 genes is queried using the
‘ceRNA network’. Only PPDP057217 has eight lncRNAs as its ceRNAs, indicating that
these eight lncRNAs may be involved in polyphyllin backbone biosynthesis in P. polyphylla.
(Figure 6E). Finally, the SSRs distribution of the related genes can be retrieved using the ‘SSR
search’. The 16 SSRs retrieved have no tetranucleotide and pentanucleotide repeats; however,
they are very uniformly distributed in type mononucleotide, dinucleotides, trinucleotides,
and compound repeats, which are four, five, three, and four, respectively.

123



Diversity 2022, 14, 1057Diversity 2022, 14, x  12  of  16 
 

 

 

Figure 6. Case study: gene function prediction using PPDP tools. (A) Interface of tools in PPDP. (B) 

Heatmap of polyphyllin backbone biosynthesis‐related genes in P. polyphylla. (C) Sub‐network of 

predicted genes related to the biosynthesis. (D) GO enrichment of predicted genes related to bio‐

synthesis. (E) CeRNA network of polyphyllin backbone biosynthesis‐related gene candidates. Tri‐

angles represent miRNAs, squares represent mRNAs, and circles represent lncRNAs. 

4. Discussion 

Databases typically consolidate redundant‐rich data, while providing many useful 

analytical  tools  [60]. Therefore, databases  can greatly  facilitate  the  research of various 

Figure 6. Case study: gene function prediction using PPDP tools. (A) Interface of tools in PPDP.
(B) Heatmap of polyphyllin backbone biosynthesis-related genes in P. polyphylla. (C) Sub-network
of predicted genes related to the biosynthesis. (D) GO enrichment of predicted genes related to
biosynthesis. (E) CeRNA network of polyphyllin backbone biosynthesis-related gene candidates.
Triangles represent miRNAs, squares represent mRNAs, and circles represent lncRNAs.

4. Discussion

Databases typically consolidate redundant-rich data, and provide many useful analyt-
ical tools [60]. Therefore, databases can greatly facilitate the research of various growth and
development processes, genetic research and breeding, and secondary metabolite synthesis
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pathways of plants. The Lonicera japonica functional genomics database (LjaFGD) includes
a Lonicera japonica genome and 77 sets of transcriptomes, converging multiple tools for
the purpose of gene functional analysis and mining of Lonicera japonica [61]. GinkgoDB is
a comprehensive database with multi-dimensional research resources of ginkgo, which
contains two versions of genomes, expression profiles, distribution information, moni-
toring data, and morphological photos [62]. It assists the research, development, and
conservation of the entire community of ginkgo. The Citrus Pan-Genome to Breeding
Database (CPBD) covers 23 genomes of 17 citrus species, 4038 sets of transcriptomes of
13 horticultural species, variations of 167 citrus resource materials, and DNA methylome of
44 citrus samples at different tissues and developmental stages [63]. Practical analysis tools
are also provided in CPBD, including gene search, BLAST, gene ID conversion, KEGG/GO
enrichment, CRISPR design, and genome-wide association analysis (GWAS). PPDP cur-
rently lacks phenotype–genotype association data and genomic data. It is because that
GWAS/QTL studies in P. polyphylla have not been carried out and the large genome size of
P. polyphylla is unavailable at present. Therefore, we need continued efforts in this area.

So far, PPDP is the first database for the Paris plants. Based on PacBio SMRT-based
RNA-Seq and Illumina-based RNA-Seq data, PPDP contains a variety of datasets, including
36,504 genes, 9020 lncRNAs, 7029 AS events, 25,767 SSRs and 49 valid SSRs, 108 chloroplast
genomes, 931 genes from 50 TF families, 93 CYP and 56 UGT gene candidates, and gene
expression profiles at different growth stages. PPDP provides a range of practical analytical
tools, such as BLAST online, heatmap drawing, network construction, and pathway search.
In conclusion, PPDP provides new molecular data and contributes to further understanding
of polyphyllin biosynthesis and germplasm resource research.

In the future, as related research increases and advances, PPDP will continue to be
upgraded to collect more data and provide more functions. Our goal is that PPDP can
facilitate more aspects of research on P. polyphylla.

5. Conclusions

PPDP is a user-friendly data platform that integrates functional genomic analyses,
molecular data resources, and morphological identification of P. polyphylla. Currently, the
analytical tools of PPDP v1.0 are mainly based on transcriptome data. Notably, it offers
a kit of necessary tools for functional analyses of databases, including co-expression, PPI
network prediction, heatmap, functional enrichment, pathway search, online BLAST, and
other general tools. PPDP can contribute to functional genomic analyses and germplasm
resource research on P. polyphylla, and it will help research of polyphyllin biosynthesis
and regulation. In the future, we will add more molecular biology data to progressively
improve the database.
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Author Contributions: Conceptualization, C.L. and X.G.; software, Q.S., X.Z. and Q.R.; formal analy-
sis, Q.S.; investigation, Q.S. and X.G.; resources, X.Z. and W.Y.; data curation, J.L.; writing—original
draft preparation, Q.S.; writing—review and editing, X.G. and C.L.; visualization, Q.S. and X.G. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant
No. 31970609, 31800273); ‘Crop Varietal Improvement and Insect Pests Control by Nuclear Radiation’;
Yunnan Fundamental Research Projects (Grant No. 202001AT070114); Startup Fund from Xishuang-
banna Tropical Botanical Garden; ‘Top Talents Program in Science and Technology’ from Yunnan
Province. The funders had no role in the study design, data collection, analysis and interpretation,
or preparation of the manuscript. Publication costs are funded by ‘Crop Varietal Improvement and
Insect Pests Control by Nuclear Radiation’.

125



Diversity 2022, 14, 1057

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the NCBI database
with accession number PRJNA893196.

Acknowledgments: We are very grateful to Heng Li (Kunming Institute of Botany, Chinese Academy
of Sciences) for her taxonomic consultation. We thank the following people for their kind help in this
study: Xiaoke Jiang and Jiazhi Liu (Xishuangbanna Tropical Botanical Garden, Chinese Academy of
Sciences). We thank the Institutional Center for Shared Technologies and Facilities of Xishuangbanna
Tropical Botanical Garden, CAS for providing the computer resources and technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Li, H. The Genus Paris Plants; Science Press: Beijing, China, 2008; pp. 1–36.
2. Chase, M.W.; Christenhusz, M.J.M.; Fay, M.F.; Byng, J.W.; Judd, W.S.; Soltis, D.E.; Mabberley, D.J.; Sennikov, A.N.; Soltis, P.S.;

Stevens, P.F. An Update of the Angiosperm Phylogeny Group Classification for the Orders and Families of Flowering Plants:
APG IV. Bot. J. Linn. Soc. 2016, 181, 1–20.

3. Committee of National Pharmacopoeia. Pharmacopoeia of the People’s Republic of China (I); China Medical Science and Technology
Press: Beijing, China, 2020.

4. Ji, Y. A Monograph of Paris (Melanthiaceae): 1–203; Science Press: Beijing, China, 2021; pp. 1–203.
5. Liu, Z.; Li, N.; Gao, W.; Man, S.; Yin, S.; Liu, C. Comparative study on hemostatic, cytotoxic and hemolytic activities of different

species of Paris L. J. Ethnopharmacol. 2012, 142, 789–794. [CrossRef] [PubMed]
6. Wei, J.-C.; Gao, W.-Y.; Yan, X.-D.; Wang, Y.; Jing, S.-S.; Xiao, P.-G. Chemical Constituents of Plants from the Genus Paris. Chem.

Biodivers. 2014, 11, 1277–1297. [CrossRef] [PubMed]
7. Wu, X.; Wang, L.; Wang, G.-C.; Wang, H.; Dai, Y.; Yang, X.-X.; Ye, W.-C.; Li, Y.-L. Triterpenoid saponins from rhizomes of Paris

polyphylla var. yunnanensis. Carbohydr. Res. 2013, 368, 1–7. [CrossRef]
8. Xin, G.; Ruoshi, L.; Duan, B.; Ying, W.; Min, F.A.N.; Shuang, W.; Zhang, H.; Xia, C. Advances in research on chemical constituents

and pharmacological effects of Paris genus and prediction and analysis of quality markers. Chin. Tradit. Herb. Drugs 2019,
50, 4838–4852.

9. Cunningham, A.; Brinckmann, J.; Bi, Y.-F.; Pei, S.-J.; Schippmann, U.; Luo, P. Paris in the spring: A review of the trade, conservation and
opportunities in the shift from wild harvest to cultivation of Paris polyphylla (Trilliaceae). J. Ethnopharmacol. 2018, 222, 208–216. [CrossRef]

10. Liu, T.; Li, X.; Xie, S.; Wang, L.; Yang, S. RNA-seq analysis of Paris polyphylla var. yunnanensis roots identified candidate genes for
saponin synthesis. Plant Divers. 2016, 38, 163–170. [CrossRef]

11. Li, B.; Peng, L.; Sun, X.; Huang, W.; Wang, N.; He, Y.; Shi, X.; Liu, Y.; Zhang, P.; Yang, X.; et al. Organ-specific transcriptome sequencing
and mining of genes involved in polyphyllin biosynthesis in Paris polyphylla. Ind. Crop. Prod. 2020, 156, 112775. [CrossRef]

12. Yang, Z.; Yang, L.; Liu, C.; Qin, X.; Liu, H.; Chen, J.; Ji, Y. Transcriptome analyses of Paris polyphylla var. chinensis, Ypsilandra thibetica,
and Polygonatum kingianum characterize their steroidal saponin biosynthesis pathway. Fitoterapia 2019, 135, 52–63. [CrossRef]

13. Christ, B.; Xu, C.; Xu, M.; Li, F.-S.; Wada, N.; Mitchell, A.J.; Han, X.-L.; Wen, M.-L.; Fujita, M.; Weng, J.-K. Repeated evolution of
cytochrome P450-mediated spiroketal steroid biosynthesis in plants. Nat. Commun. 2019, 10, 1–11. [CrossRef]

14. Gao, X.; Su, Q.; Li, J.; Yang, W.; Yao, B.; Guo, J.; Li, S.; Liu, C. RNA-Seq analysis reveals the important co-expressed genes associated
with polyphyllin biosynthesis during the developmental stages of Paris polyphylla. BMC Genom. 2022, 23, 1–17. [CrossRef]

15. Gao, X.; Zhang, X.; Chen, W.; Li, J.; Yang, W.; Zhang, X.; Li, S.; Liu, C. Transcriptome analysis of Paris polyphylla var. yunnanensis
illuminates the biosynthesis and accumulation of steroidal saponins in rhizomes and leaves. Phytochemistry 2020, 178, 112460.
[CrossRef] [PubMed]

16. Jayakodi, M.; Choi, B.-S.; Lee, S.-C.; Kim, N.-H.; Park, J.Y.; Jang, W.; Lakshmanan, M.; Mohan, S.V.G.; Lee, D.-Y.; Yang, T.-J. Ginseng
Genome Database: An open-access platform for genomics of Panax ginseng. BMC Plant Biol. 2018, 18, 62. [CrossRef] [PubMed]

17. Fan, H.; Li, K.; Yao, F.; Sun, L.; Liu, Y. Comparative transcriptome analyses on terpenoids metabolism in field- and mountain-
cultivated ginseng roots. BMC Plant Biol. 2019, 19, 82. [CrossRef]

18. Tien, N.Q.D.; Ma, X.; Man, L.Q.; Chi, D.T.K.; Huy, N.X.; Nhut, D.-T.; Rombauts, S.; Ut, T.; Loc, N.H. De novo whole-genome
assembly and discovery of genes involved in triterpenoid saponin biosynthesis of Vietnamese ginseng (Panax vietnamensis Ha et
Grushv.). Physiol. Mol. Biol. Plants 2021, 27, 2215–2229. [CrossRef] [PubMed]

19. Yin, Y.; Gao, L.; Zhang, X.; Gao, W. A cytochrome P450 monooxygenase responsible for the C-22 hydroxylation step in the Paris
polyphylla steroidal saponin biosynthesis pathway. Phytochemistry 2018, 156, 116–123. [CrossRef]

20. Qi, J.J.; Zheng, N.; Zhang, B.; Sun, P.; Hu, S.N.; Xu, W.J.; Ma, Q.; Zhao, T.Z.; Zhou, L.L.; Qin, M.J.; et al. Mining genes involved in the
stratification of Paris Polyphylla seeds using high-throughput embryo Transcriptome sequencing. BMC Genom. 2013, 14, 358. [CrossRef]

21. Hua, X.; Song, W.; Wang, K.; Yin, X.; Hao, C.; Duan, B.; Xu, Z.; Su, T.; Xue, Z. Effective prediction of biosynthetic pathway genes
involved in bioactive polyphyllins in Paris polyphylla. Commun. Biol. 2022, 5, 50. [CrossRef]

22. Li, W.; Godzik, A. Cd-hit: A fast program for clustering and comparing large sets of protein or nucleotide sequences. Bioinformatics
2006, 22, 1658–1659. [CrossRef]

126



Diversity 2022, 14, 1057

23. Simão, F.A.; Waterhouse, R.M.; Ioannidis, P.; Kriventseva, E.V.; Zdobnov, E.M. BUSCO: Assessing genome assembly and
annotation completeness with single-copy orthologs. Bioinformatics 2015, 31, 3210–3212. [CrossRef]

24. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol. 1990, 215, 403–410.
[CrossRef] [PubMed]

25. Cantalapiedra, C.P.; Hernández-Plaza, A.; Letunic, I.; Bork, P.; Huerta-Cepas, J. eggNOG-mapper v2: Functional Annotation,
Orthology Assignments, and Domain Prediction at the Metagenomic Scale. Mol. Biol. Evol. 2021, 38, 5825–5829. [CrossRef] [PubMed]

26. Beier, S.; Thiel, T.; Münch, T.; Scholz, U.; Mascher, M. MISA-web: A web server for microsatellite prediction. Bioinformatics 2017,
33, 2583–2585. [CrossRef]

27. Trincado, J.L.; Entizne, J.C.; Hysenaj, G.; Singh, B.; Skalic, M.; Elliott, D.J.; Eyras, E. SUPPA2: Fast, accurate, and uncertainty-aware
differential splicing analysis across multiple conditions. Genome Biol. 2018, 19, 40. [CrossRef] [PubMed]

28. Sun, L.; Luo, H.; Bu, D.; Zhao, G.; Yu, K.; Zhang, C.; Liu, Y.; Chen, R.; Zhao, Y. Utilizing sequence intrinsic composition to classify
protein-coding and long non-coding transcripts. Nucleic Acids Res. 2013, 41, e166. [CrossRef]

29. Kang, Y.-J.; Yang, D.-C.; Kong, L.; Hou, M.; Meng, Y.-Q.; Wei, L.; Gao, G. CPC2: A fast and accurate coding potential calculator
based on sequence intrinsic features. Nucleic Acids Res. 2017, 45, W12–W16. [CrossRef] [PubMed]

30. Li, A.; Zhang, J.; Zhou, Z. PLEK: A tool for predicting long non-coding RNAs and messenger RNAs based on an improved k-mer
scheme. BMC Bioinform. 2014, 15, 311. [CrossRef]

31. Guo, Z.; Kuang, Z.; Wang, Y.; Zhao, Y.; Tao, Y.; Cheng, C.; Yang, J.; Lu, X.; Hao, C.; Wang, T.; et al. PmiREN: A comprehensive
encyclopedia of plant miRNAs. Nucleic Acids Res. 2019, 48, D1114–D1121. [CrossRef]

32. Dai, X.; Zhuang, Z.; Zhao, P.X. psRNATarget: A plant small RNA target analysis server (2017 release). Nucleic Acids Res. 2018, 46,
W49–W54. [CrossRef]

33. Li, J.H.; Liu, S.; Zhou, H.; Qu, L.-H.; Yang, J.-H. starBase v2. 0: Decoding miRNA-ceRNA, miRNA-ncRNA and protein–RNA
interaction networks from large-scale CLIP-Seq data. Nucleic Acids Res. 2014, 42, D92–D97. [CrossRef]

34. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A software
environment for integrated models of Biomolecular Interaction Networks. Genome Res. 2003, 13, 2498–2504. [CrossRef] [PubMed]

35. Poole, R.L. The TAIR database. Methods Mol. Biol. 2007, 406, 179–212. [PubMed]
36. Guo, A.-Y.; Chen, X.; Gao, G.; Zhang, H.; Zhu, Q.-H.; Liu, X.-C.; Zhong, Y.-F.; Gu, X.; He, K.; Luo, J. PlantTFDB: A comprehensive

plant transcription factor database. Nucleic Acids Res. 2007, 36, D966–D969. [CrossRef] [PubMed]
37. Finn, R.D.; Bateman, A.; Clements, J.; Coggill, P.; Eberhardt, R.Y.; Eddy, S.R.; Heger, A.; Hetherington, K.; Holm, L.; Mistry, J.; et al.

Pfam: The protein families database. Nucleic Acids Res. 2013, 42, D222–D230. [CrossRef] [PubMed]
38. Finn, R.D.; Clements, J.; Eddy, S.R. HMMER web server: Interactive sequence similarity searching. Nucleic Acids Res. 2011, 39,

W29–W37. [CrossRef]
39. Li, B.; Dewey, C.N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC

Bioinform. 2011, 12, 323. [CrossRef]
40. Chen, W.; Li, J.; Huang, S.; Li, X.; Zhang, X.; Hu, X.; Xiang, S.; Liu, C. GCEN: An Easy-to-Use Toolkit for Gene Co-Expression

Network Analysis and lncRNAs Annotation. Curr. Issues Mol. Biol. 2022, 44, 1479–1487. [CrossRef]
41. Li, P.; Zang, W.; Li, Y.; Xu, F.; Wang, J.; Shi, T. AtPID: The overall hierarchical functional protein interaction network interface and

analytic platform for Arabidopsis. Nucleic Acids Res. 2010, 39, D1130–D1133. [CrossRef]
42. Brandão, M.M.; Dantas, L.L.; Silva-Filho, M.C. AtPIN: Arabidopsis thaliana Protein Interaction Network. BMC Bioinform. 2009, 10,

454. [CrossRef]
43. Lin, M.; Shen, X.; Chen, X. PAIR: The predicted Arabidopsis interactome resource. Nucleic Acids Res. 2010, 39, D1134–D1140. [CrossRef]
44. Jones, A.M.; Xuan, Y.; Xu, M.; Wang, R.S.; Ho, C.H.; Lalonde, S.; You, C.H.; Sardi, M.I.; Parsa, S.A.; Smith-Valle, E.; et al. Border

control—A membrane-linked interactome of Arabidopsis. Science 2014, 344, 711–716. [CrossRef]
45. Arabidopsis Interactome Mapping Consortium. Evidence for Network Evolution in an Arabidopsis Interactome Map. Science 2011,

333, 601–607. [CrossRef]
46. Mukhtar, M.S.; Carvunis, A.-R.; Dreze, M.; Epple, P.; Steinbrenner, J.; Moore, J.; Tasan, M.; Galli, M.; Hao, T.; Nishimura, M.T.; et al.

Independently Evolved Virulence Effectors Converge onto Hubs in a Plant Immune System Network. Science 2011, 333, 596–601.
[CrossRef] [PubMed]

47. O’Brien, K.P.; Remm, M.; Sonnhammer, E.L.L. Inparanoid: A comprehensive database of eukaryotic orthologs. Nucleic Acids Res.
2005, 33, D476–D480. [CrossRef] [PubMed]

48. Pedregosa, F.; Varoquaux, G.; Gramfort, A.; Michel, V.; Thirion, B.; Grisel, O.; Blondel, M.; Prettenhofer, P.; Weiss, R.;
Dubourg, V.; et al. Scikit-learn: Machine Learning in Python. J. Mach. Learn. Res. 2011, 12, 2825–2830.

49. Ren, Q.; Sang, S.Y.; Liu, C.N. Design and implementation of Paris plants online classification and identification system. Computer
Era 2020, 9, 72–75.

50. Franz, M.; Lopes, C.T.; Huck, G.; Dong, Y.; Sumer, O.; Bader, G.D. Cytoscape.js: A graph theory library for visualisation and
analysis. Bioinformatics 2015, 32, 309–311. [CrossRef]

51. Izhaki, I. Emodin—A secondary metabolite with multiple ecological functions in higher plants. New Phytol. 2002, 155, 205–217. [CrossRef]
52. Khare, S.; Singh, N.B.; Singh, A.; Hussain, I.; Niharika, K.; Yadav, V.; Bano, C.; Yadav, R.K.; Amist, N. Plant secondary metabolites

synthesis and their regulations under biotic and abiotic constraints. J. Plant Biol. 2020, 63, 203–216. [CrossRef]

127



Diversity 2022, 14, 1057

53. Bartwal, A.; Mall, R.; Lohani, P.; Guru, S.K.; Arora, S. Role of Secondary Metabolites and Brassinosteroids in Plant Defense
Against Environmental Stresses. J. Plant Growth Regul. 2012, 32, 216–232. [CrossRef]

54. Zhang, G.; Guo, G.; Hu, X.; Zhang, Y.; Li, Q.; Li, R.; Zhuang, R.; Lu, Z.; He, Z.; Fang, X.; et al. Deep RNA sequencing at single
base-pair resolution reveals high complexity of the rice transcriptome. Genome Res. 2010, 20, 646–654. [CrossRef] [PubMed]

55. Shen, Y.; Zhou, Z.; Wang, Z.; Li, W.; Fang, C.; Wu, M.; Ma, Y.; Liu, T.; Kong, L.-A.; Peng, D.-L.; et al. Global Dissection of
Alternative Splicing in Paleopolyploid Soybean. Plant Cell 2014, 26, 996–1008. [CrossRef]

56. Wang, H.M.; Ruan, C.J.; Liang, J.H.; Han, P.; Yan, R.; Dong, X.; Liu, L.Y.; Shuai, X.C.; Liu, H.H. Development of SSR Markers of
Fanjingshan Paris polyphylla Smith var.chinensis Based on High Throughput RNA-seq. Mol. Plant Breed. 2019, 18, 6059–6065.

57. Gao, X.; Su, Q.; Yao, B.; Yang, W.; Ma, W.; Yang, B.; Liu, C. Development of EST-SSR Markers Related to Polyphyllin Biosynthesis
Reveals Genetic Diversity and Population Structure in Paris polyphylla. Diversity 2022, 14, 589. [CrossRef]

58. Chen, Z.S.Z.; Tian, B.; Cai, C.T. Genetic diversity of Paris polyphylla var. yunnanensis by SSR marker. Chin. Tradit. Herb. Drugs 2017,
9, 1834–1838.

59. Yang, W.Z.; Xu, Z.L.; Yang, S.B.; Yang, M.Q.; Zuo, Y.M.; Yang, T.M.; Zhang, J.Y. Transferability Analysis of EST-SSR Marker of
Three Plants to Paris polyphylla Smith var. yunnanensis (Franch.) Hand Mazz. Southwest China J. Agric. Sci. 2014, 4, 1686–1690.

60. Fayyad, U.; Piatetsky-Shapiro, G.; Smyth, P. From data mining to knowledge discovery in databases. AI Mag. 1996, 17, 37.
61. Xiao, Q.; Li, Z.; Qu, M.; Xu, W.; Su, Z.; Yang, J. LjaFGD: Lonicera japonica functional genomics database. J. Integr. Plant Biol. 2021,

63, 1422–1436. [CrossRef]
62. Gu, K.J.; Lin, C.F.; Wu, J.J.; Zhao, Y.P. GinkgoDB: An ecological genome database for the living fossil, Ginkgo biloba. Database J. Biol.

Databases Curation 2022, 2022, baac046. [CrossRef]
63. Liu, H.; Wang, X.; Liu, S.; Huang, Y.; Guo, Y.-X.; Xie, W.-Z.; Liu, H.; Qamar, M.T.U.; Xu, Q.; Chen, L.-L. Citrus Pan-genome to

Breeding Database (CPBD): A comprehensive genome database for citrus breeding. Mol. Plant 2022, 15, 1503–1505. [CrossRef]

128



Citation: Zhan, Q.; Liang, Y.; Zhang,

Z.; Liu, F.; Li, L.; Tang, X.; Liang, Z.;

Chen, W.; Hu, M.; Tan, S.; et al.

Geographic Patterns of the Richness

and Density of Wild Orchids in

Nature Reserves of Jiangxi, China.

Diversity 2022, 14, 855. https://

doi.org/10.3390/d14100855

Academic Editors: Hong-Hu Meng

and Yi-Gang Song

Received: 13 September 2022

Accepted: 1 October 2022

Published: 9 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

diversity

Article

Geographic Patterns of the Richness and Density of Wild
Orchids in Nature Reserves of Jiangxi, China
Qinghua Zhan 1,2,†, Yuelong Liang 3,†, Zhong Zhang 4,†, Feihu Liu 1,2, Liyang Li 1,2, Xiaodong Tang 1,2,
Zhongxuan Liang 1,2, Weixing Chen 1,2, Mingtao Hu 1,2, Shaolin Tan 1,2, Huolin Luo 1,2, Yadong Zhou 1,2

and Boyun Yang 1,2,*

1 School of Life Sciences, Nanchang University, Nanchang 330000, China
2 Key Laboratory of Plant Resources in Jiangxi Province, Nanchang 330000, China
3 Jiulianshan National Nature Reserve of Jiangxi, Ganzhou 341700, China
4 Jinggangshan National Nature Reserve of Jiangxi, Ji’an 343000, China
* Correspondence: yangboyun@163.com
† These authors contributed equally to this work.

Abstract: Orchids have attracted much attention from researchers, because of their richness of species
and their great ornamental and medicinal value. Jiangxi Province, which is located in southeastern
China and ringed on three sides by mountains, contains many nature reserves and harbors large
number of orchids. Here, we conducted field surveys of orchids in 35 nature reserves in Jiangxi, using
sampling lines and plots. We also analyzed the relationship between orchid richness and density
with environmental variables and studied the relationship among these nature reserves. We found
that the mountainous areas of southwestern, southern, and northeastern Jiangxi have a high richness
and density of orchids, while the mountainous areas of central and northwestern Jiangxi have low
richness and density. Jiulianshan and Jinggangshan are the two most rich-species reserves, with
58 and 55 orchids, respectively. Eight reserves (22% of those surveyed) had fewer than 10 orchids.
Compared with soil, climate, and vegetation, topography was more closely related to the richness
and density of orchids. Topographical variables explained 19% and 20% of the total variation in SR
and SD, respectively. The result of hierarchical clustering analysis showed that the 35 nature reserves
of Jiangxi obviously fall into two main clusters, which are separated by the Ganjiang River–Poyang
Lake water system. In conclusion, the geographical patterns of richness and the density of orchids in
Jiangxi are uneven and are affected by topography and vegetation, while their distribution is affected
by the terrain of Jiangxi. Our work explains the richness and density patterns and the assembly
mechanism of the orchids in Jiangxi and also provides new ideas for the protection of orchids in
this region.

Keywords: Orchidaceae; investigation; diversity; mountains; Poyang Lake basin

1. Introduction

The family of orchids (Orchidaceae) is one of the largest families of flowering plants in
the world, with approximately 750 genera and 28,000 species, and contains a large number
of critically endangered species [1]. Orchids are widely distributed in various terrestrial
ecosystems around the world, especially in tropical regions, except for polar and arid desert
regions [1–3]. China is one of the countries with the richest diversity of orchids in the
world [4]. Currently, there are approximately 1708 orchids recorded in China, belonging to
181 genera, 17 tribes, and 5 subfamilies [4].

At present, the understanding of biodiversity is still insufficient. Many new species are
discovered and published every year [5]. Orchidaceae is one of the families with the richest
discovery of new taxa by researchers [5–7]. For example, a total of 20 species, 1 hybrid,
6 varieties, and 1 form of Orchidaceae have been discovered in China in 2020 [6]. The main
reasons may be that orchids are highly diverse, with small plants and a short flowering
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period, and most of them grow in an undisturbed environment, such as epiphytic orchids
that grow on trees or rock walls. In the early stages, researchers had difficulties in obtaining
complete species inventories.

Environmental variables affect the propagation and growth of plants and could de-
termine the distribution of plant species to a great extent. Previous studies showed that
the distribution of orchids was regulated by habitat size and elevation range at large
scales, while it was regulated by light availability, soil moisture, and vegetation at small
scales [8–11]. Research based on the literature, floras, specimens, and other empirical
data showed that net primary productivity, elevation range, and temperature seasonality
together explained 34.4% of variance in orchid richness in China [11]. However, research
based on field survey data showed that vegetation type, elevation, aspect, slope, mean
annual temperature, and precipitation could only explain 3.7% of the variation in the
composition of wild orchid plants on Hainan Island, China [12].

Jiangxi is located in southeastern China, with its geographical range roughly over-
lapping the Poyang Lake basin [13]. There are more 190 nature reserves at different levels
in Jiangxi, including 16 national and 39 provincial nature reserves. These nature reserves
harbor a large number of wild orchids, but the field investigation for orchids in these
reserves is incomplete [14]. For example, there are only 69 orchids of Jiangxi recorded in
Flora of China [15]. However, the latest statistics showed that there are more than 100 orchids
in Jiangxi [14], and this number has increased to 193 after several years of investigation by
our team [16–19]. There have been a lot of new records and new taxa reported in recent
years, such as Danxiaorchis yangii B.Y.Yang & Bo Li [20] and Calanthe sieboldopsis B.Y.Yang &
Bo Li [21] from Jinggangshan National Nature Reserve. Here, based on the survey data
from thousands of plots in 35 nature reserves of Jiangxi, we studied the orchid diversity
in this region. Specifically, we intend to address the following questions: (1) What are
the geographic patterns of the richness and density of orchids in the nature reserves of
Jiangxi? (2) Which environment variables are most important in affecting the orchids in
Jiangxi? (3) How are the mountain ranges of Jiangxi affecting the distribution of orchids in
this region?

2. Materials and Methods
2.1. Study Area

Jiangxi is located in the southeastern China, bordered by Zhejiang and Fujian in the
east, Guangdong in the south, Hunan in the west, and Hubei and Anhui in the north.
Jiangxi is surrounded by mountains in the east, west, and south, and Poyang Lake plain
in the north [13]. The main mountain ranges in the territory include Wuyi Mountains
and Huaiyu Mountains in the east; Luoxiao Mountains, Mufu Mountains, and Jiuling
Mountains in the west; and Dayu Mountains and Jiulian Mountains in the south (Figure 1).
Ganjiang River flows through Jiangxi from south to north and flows into Poyang Lake.
This water system divides the main mountain ranges of Jiangxi into east and west parts
and may have geographical impact on the distribution of plants.

2.2. Field Surveys

Our field investigation in 35 nature reserves of Jiangxi lasted for two years, from 2021
to 2022. These reserves almost cover all the main mountains of Jiangxi (Figure 1). The places
with rich orchids were chosen for setting up the sampling lines with a length greater than
1000 m; then, 1 to 20 5 m × 5 m plots were set up on both sides of the sampling lines. The
criteria of setting plot are that plots should harbor orchids and distance between two plots
is greater than 10 m. In total, more than 2400 plots were set up in the 35 nature reserves
(Figure 1; Supplementary Material Table S1). Geographical coordinates and orchid species
were recorded for each plot. In order to protect orchids, we did not collect specimens from
every orchid that was encountered. We just took pictures for each orchid and collected
samples and specimens for some species that cannot be identified in the wild. Samples and
specimens were used to accurately identify those unknown species in the wild.
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Figure 1. The locality of the 35 nature reserves of Jiangxi.

2.3. Environmental Variables

Ten environmental variables of these plots were used for analysis in this study, includ-
ing topography (elevation and slope), vegetation (canopy density (CD) and normalized
difference vegetation index (NDVI)), soil (pH, total nitrogen (TN), total phosphorus (TP),
and total potassium (TK)), and climate (annual mean temperature (AMT) and annual
precipitation (AP)). Elevation, slope, and CD were measured in the field, and other vari-
ables were extracted from raw data sets using ArcGIS 10.5 [22]. The raw data sets of
NDVI during 2011 to 2020 were downloaded from Resource and Environment Science
and Data Center (https://www.resdc.cn/, accessed on 20 August 2022), soil variables
were downloaded from National Tibetan Plateau/Third Pole Environment Data Center
(http://www.tpdc.ac.cn/, accessed on 20 August 2022) [23], and climatic variables were
downloaded from WorldClim (http://www.worldclim.org/, accessed on 5 May 2021). The
environmental variables of each nature reserve were calculated by the mean values of the
variables among all the plots located in the nature reserve (Table S1).

2.4. Data Analysis

Based on the data matrix of orchids’ present or absent in the 35 nature reserves of
Jiangxi, we calculated the species richness (SR) of orchids in these reserves. There is
always a positive correlation between SR and the area of nature reserves, so we also
calculated the species density (SD) of orchids for each nature reserve using the formula
SD = SR/ln(A) [24,25], where A is the area of each nature reserve. Linear regressions were
used to explore the relationship between SR or SD and all the environmental variables.
Variance partitioning analysis was used to examine the contribution of total, shared, and
independent effects of the four groups of environmental variables on SR and SD of orchids.
Before performing variance partitioning analysis, the correlations of pairwise variables were
tested using Pearson correlation, and all these variables did not exhibit strong correlation
(|r| < 0.70) [26]. In order to find out the relationships among nature reserves, we used
Jaccard’s index to calculate the taxonomic β-diversity of orchids and used Ward’s method
to carry out the hierarchical clustering analysis [27]. All the analyses were carried out using
the R software (Version 3.3.3) [28].
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3. Results
3.1. Richness and Density of Orchids in Nature Reserves of Jiangxi

In total, 125 orchids belonging to 55 genera were found by us in the 35 nature reserves
of Jiangxi, including 85 terrestrial (including 10 mycoheterotrophic) and 40 epiphytic
species (Table S2). Of these orchids, 50 species belonged to the least concern (LC) category
of the IUCN Red List, 13 to the near threatened (NT) category, 17 to the vulnerable (VU)
category, 11 to the endangered (EN) category, and 5 to the critically endangered (CR)
category (Appendix S2). Bulbophyllum Thou. and Calanthe R. Br., both with 10 species, are
the two most species-rich genera, while over half of these genera only have one species
(Figure 2). Based on our field work, there were 23 new records of orchids in Jiangxi
(Table S2). Reserves with high SR and SD of orchids are mainly distributed in the reserves
of the mountain areas around Jiangxi, while these are low in the reserves of the mountain
areas in central and northwestern Jiangxi (Figure 3). Jiulianshan and Jinggangshan are the
two most species-rich reserves, with 58 and 55 orchids, respectively. Eight reserves (22% of
those surveyed) had fewer than 10 orchids (Figure 3; Table S2).
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35 nature reserves of Jiangxi.

3.2. Effects of Environmental Variables on Richness and Density of Orchids

Except for slope having significant positive correlation with SR and SD (Figure 4A,B),
and NDVI having significant negative correlation with SR (Figure 4C), other environmental
variables have no relationship with both indexes. The results of variance partitioning
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analysis showed that these four groups of environmental variables could not explain the
richness and density of orchids very well, i.e., they only together explained 22% or 26%
of the variation in SR and SD of orchids (Figure 5). Topographical variables explained
more variation of both SR and SD than the other three groups of variables. Topographical
variables explained 19% and 20% of the total variation in SR and SD, respectively (Figure 5).
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Figure 4. Linear relationships between species richness (SR) and species density (SD) with slope
and normalized difference vegetation index (NDVI). (A) relationship between SR and slope;
(B) relationship between SD and slope; (C) relationship between SR and NDVI; (D) relationship
between SD and NDVI.
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Figure 5. Variation partitioning of four environmental variable groups for (A) species richness (SR)
and (B) species density (SD) of orchids in Jiangxi. The four groups of environmental variables are
topography (elevation and slope), vegetation (canopy density and normalized difference vegetation
index), soil (pH, total nitrogen, total phosphorus, and total potassium), and climate (annual mean
temperature and annual precipitation).

3.3. Hierarchical Clustering of Nature Reserves

The result of hierarchical clustering analysis showed all these 35 nature reserves fall
into two main clusters (A and B) (Figure 6). Cluster A contained most of the nature reserves
from eastern and southern Jiangxi, while cluster B contained the nature reserves from
western and northwestern Jiangxi; Ganjiang River and Poyang Lake could separate the two
clusters geographically (Figure 6).
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of 35 nature reserves of Jiangxi, based on the similarity of the reserves in terms of orchid richness.

4. Discussion

Jiangxi is surrounded by mountains on three sides and basically coincides with the
Poyang Lake basin [14]; Jiangxi has a complex terrain, developed water systems, and a
warm and humid climate, which breeds rich biodiversity [29]. However, the field survey
of plant diversity in Jiangxi is incomplete, especially for some species-rich large families,
such as Orchidaceae. Our field surveys showed that there are 125 species of orchids in
only 35 nature reserves, including 23 new records of Jiangxi. This work fully showed
that the investigation of orchids in Jiangxi is not comprehensive, especially for some
mountains with high species richness, such as the Wuyi Mountains and the mountains of
southern Jiangxi [14].

Currently, there are more than 1700 orchid species recorded in China, and Bulbophyllum
Thou. and Dendrobium Sw. are the two most species-rich genera, each with more than
100 species [4]. Both of the two genera are also rich in species in Jiangxi, based on our
investigation. The areas rich in orchids are concentrated in southwest, south, and northeast
Jiangxi, though are relatively low in central and northwest Jiangxi. This is basically con-
sistent with the results of previous studies [18]. For example, a previous study based on a
summary of literatures and field surveys showed that there are more than 120 species of
orchids in the Luoxiao Mountains in southwest Jiangxi [30].

A positive species-area relationship is one of the most robust summaries in ecology [31].
We also found that larger nature reserves harbor more orchid species. After removing
the area effect, we found that the species density and species richness of orchids have
similar geographical patterns in Jiangxi. However, some reserves in south Jiangxi have
few species, but the species density is relatively high in, for instance, Zhangjiangyuan,
Taojiangyuan, and Yuntaishan. Our results showed that environmental variables do not
explain orchid richness and density very well, and this result was consistent with that of
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Hainan Island [12] and also the whole country of China [11]. However, we found that
topography, especially slope, was closely related to orchid richness and density, rather
than other environmental variables, such as soil and climate. This was different from the
results of previous studies [12] and indicated that the complexity of terrain can affect orchid
richness and density more than climate, on small geographical scales [32].

Most previous studies of the orchids in Jiangxi considered the impact of mountains
on the diversity pattern, but ignored the role of water systems [13,16,18]. The mountains
of Jiangxi generally stretch from north to south, while the Ganjiang River and Poyang
Lake divide the main mountain ranges of Jiangxi into east and west groups. The distances
between the mountain ranges of Jiangxi from east to west are far greater than those between
the mountain ranges from north to south, and this terrain could cause certain obstacles
to the interaction between mountain plants on both sides. We conducted cluster analysis
on 35 nature reserves based on orchid distribution information. Our results strongly
supported this speculation, i.e., the 35 nature reserves could obviously fall into two main
clusters, and the boundary between these two clusters roughly coincided with the Ganjiang
River–Poyang Lake water system. Southern Jiangxi is close to the Nanling Mountains,
which are considered as an important glacial refuge for plants [33,34]. We speculated
that orchids took refuge in the warmer regions of the Nanling Mountains during the
glacial period, expanding northward along two different mountain groups after the end
of the glacial period [18]. This inference has been confirmed by the studies of population
genetic differentiation of some species, such as Loropetalum chinense (R. Br.) Oliver [33],
Cercis chuniana Metc. [34], and Machilus pauhoi Kanehira [35].

Orchids are of great interest because of their high ornamental and medicinal value,
and their survival is also seriously threatened by climate change, habitat degradation and
fragmentation, human disturbance and excavation, etc. [4,11,36,37]. In our study, we did
not include human disturbance variables for analysis, but we found that larger reserves
harbor more orchids, including some rare and endangered mycoheterotrophic orchids,
such as Danxiaorchis yangii in Jinggangshan National Nature Reserve [20]. Our survey
showed that more than 40 orchids appear in only one of the 35 nature reserves. For example,
the vulnerable species Goodyera bomiensis K.Y. Lang was only found in Sanbai Mountain
National Forest Park. Thus, increasing connectivity between small protected areas and
habitats may be beneficial to the protection of orchid diversity [38].

5. Conclusions

In this study, we conducted field surveys of orchids in 35 nature reserves in Jiangxi
Province, China. We found that the mountainous areas of southwestern, southern, and
northeastern Jiangxi have a high richness and density of orchids, while few orchids were
found in the central and northwestern Jiangxi. We also found that topography is closely
related to the richness and density of orchids, rather than soil, climate, and vegetation. The
35 nature reserves, representing most of the mountain ranges of Jiangxi, were obviously
clustered in two main groups, which were also separated by the Ganjiang River–Poyang
Lake water system. This indicates that terrain plays an important role in the dispersal
of orchids in Jiangxi. Meanwhile, we also put forward a suggestion for the protection of
orchid diversity in these regions, i.e., some small protected areas could be integrated to
increase the ecological connectivity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14100855/s1. Table S1: Environmental variables of the 35 nature
reserves in Jiangxi Province, China; Table S2: Checklist of orchids in the 35 nature reserves of Jiangxi
Province, China.
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Abstract: Many aquatic species have restricted dispersal capabilities, making them the most vulner-
able organisms to climate change and land use change patterns. These factors deplete Nymphaea
species’ suitable habitats, threatening their populations and survival. In addition, the species are
poorly documented, which may indicate how scarce they are or will become. Members of Nymphaea
are ecologically important as well as having cultural and economic value, making them of con-
servation interest. Therefore, using the maximum entropy (MaxEnt) approach, climatic variables,
land use, and presence points were modeled for seven Nymphaea species in South America, using
three general circulation models (CCSM4, HADGEM2-AO, and MIROC5) and in two representative
concentration pathways (RCPs 4.5 and 8.5) and two scenarios (2050 and 2070). Our results indicated
that mean diurnal range (bio2), precipitation of the wettest month (bio13), temperature seasonality
(bio15), and land use (dom_lu) were the main influencing factors. For all species, suitable areas
were concentrated east of Brazil, and they were variable in northern parts of the continent. Besides,
inconsistent expansion and contraction of suitable habitats were noticed among the species. For
example, N. amazonum, N. rudgeana, and N. lasiophylla future habitat expansions declined and habitat
contraction increased, while for N. ampla and N. jamesoniana, both future habitat expansion and
contraction increased, and for N. pulchella and N. rudgeana it varied in the RCPs. Moreover, the largest
projected suitable habitats were projected outside protected areas, characterized by high human
impacts, despite our analysis indicating no significant change between protected and unprotected
areas in suitable habitat change. Finally, understanding how climate change and land use affect
species distribution is critical to developing conservation measures for aquatic species.

Keywords: climate change; distribution; habitat suitability; Nymphaea; land use; conservation

1. Introduction

Temperature and precipitation fluctuations have been reported in South America over
the last decade [1]. For example, in Brazil, the temperature has increased by approximately
0.5 ◦C [2], while the mean temperature variability across the continent varied between
0.2 and 0.8 ◦C, with a projected increase of 1 to 4 ◦C by the end of the century [3]. The
average precipitation is projected to increase in the southeast and decrease in other areas,
especially between latitudes 5◦ and 20◦ south [1]. The effect of climate change on the
continent is also seen in the rapid melting of glaciers, which is associated with changes in
temperature and humidity [4,5]. As global warming continues to rise, species respond to
climate change, causing increased shifts and redistributions in search of suitable habitats.
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Ultimately, this has an impact on conservation and management plans in maintaining
biodiversity [6].

As the earth becomes much warmer, various land regions become drier, such as parts
of the Amazon Forest in Brazil which are being replaced by non-forest environments [7].
Global warming is also linked to the increased savannah land in the Amazon and semi-arid
areas northeast of Brazil, which are slowly transforming to deserts [8]. Besides climate
warming, the increased human activities pose negative consequences for many parts of
the region, such as the Caatinga biome east of Brazil [8]. As climate change affects species
community assemblages, the direct effect of human activity in the ecosystem is loss of
habitat, which is the primary loss of biodiversity [9]. The unprecedented population growth,
urbanization, and need for sustainable food production are among the major humanized
factors leading to ecosystem exploitation and loss of biodiversity. These activities also create
large disruption to stream flow and wetlands, as well as influencing the hydrological events
that lead to floods and droughts, which further threaten extinction of wetland ecosystems
and their biodiversity.

The distribution of Nymphaea species is considered widespread worldwide [10], how-
ever in South America the distribution is poorly explored and documented. Their dis-
tribution is particularly prone to climate change and human activities, more so from the
characteristic assemblages of the presence data. Most occurrence points were obtained
from Brazil compared to the other states in the continent, which might signify inconsis-
tent availability of the species or sampling in the most accessible areas [11]. Much of
their restricted ranges threaten the species’ habitat suitability with a risk of decline or
extinction. This may signify the loss of wild populations that play a key role not only
scientifically or culturally but also ecologically in providing food, habitat, water sediments,
and turbidity management, and as an indicator for a healthy wetland ecosystem [12,13].
Besides, other studies have indicated climate change to be of concern in aquatic species’
distribution [14–16]. Although human influence was not included in those studies, its im-
pact, combined with climate change, poses an unlimited threat to biodiversity and habitat
loss for the species [17]. For example, it is approximated that 15% (560,000 km2) of the
forested area in Brazil has so far been lost to ranching and agriculture [18,19]. Considering
the sensitivity of the species habitat environment and the species distribution data deficit,
their vulnerability to climate change and human influence make them a great choice for
this study.

The ecological niche models (ENMs) approach has been employed as a valuable tool
for assessing the species habitat suitability [20], enabling insights for conservation measures.
These models have been widely used to estimate potentially suitable habitats for a variety of
species in temporal and spatial ranges using species occurrence records and environmental
variables, in addition to species range shifts, habitat quality, habitat requirements, and to
identify potential distribution regions for species. However, maximum entropy (MaxEnt)
is much preferred for its ability to accommodate presence only data [21], it performs
well and can work with small sample sets [22–24], and avoids commission errors when
projecting species distribution [25], thus making it suitable in the assessment of aquatic
organism-suitable habitats. It also performs well on both large and narrow geographical
distribution scales, such as in the distribution of Ottelia and water lily species across Africa
and Australia, respectively [14–16].

Using the MaxEnt modeling approach, we assessed the habitat distribution for seven
Nymphaea species in South America. Our goals were to: (i) model and predict the current
distributional range for Nymphaea species in South America, (ii) identify the environmental
variables shaping the habitat and distribution of Nymphaea species, (iii) predict the future
habitat suitability of the species, (iv) evaluate human effects on the distribution of the water
lilies, and (v) predict the percentage threat of the water lilies’ suitable habitats by evaluating
the habitat suitability under protected areas (PAs) and unprotected areas (un-PAs).
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2. Materials and Methods
2.1. Species Occurrence Data

The species occurrence data for Nymphaea were obtained from the Global Biodiversity
Information Facility using rgbif package in R (GBIF; https://www.gbif.org/, retrieved on
6 February 2022) and from [26,27]. The downloaded distribution localities were manually
filtered to remove duplicate samples and coordinates with ambiguous geographic localities.
Google Earth (https://earth.google.com, accessed on 7 February 2022) was used to exam-
ine the precision of the coordinates, and those with apparent errors in their geographic
coordinates were eliminated. The remaining localities for each species were then rarefied
to a spatial distance of 5 km between the points to reduce spatial autocorrelation. This
analysis was implemented in R software with the package spThin [28]. The remaining
points included N. amazonum Mart. and Zucc. (93), N. ampla (Salib.) DC. (32), N. jamesoniana
Planch (23), N. lasiophylla Mart. and Zucc. (47), N. lingulata Wiersma (47), N. pulchella DC
(138), and N. rudgeana G. Mey. (62) (Figure 1; Table S1).
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Figure 1. Occurrence points for the seven water lily (Nymphaea) species in South America:
(a) N. amazonum, (b) N. ampla, (c) N. jamesoniana, (d) N. lasiophylla, (e) N. lingulata, (f) N. pulchella,
and (g) N. rudgeana. The points marked with a black dot inside indicate occurrence points within
protected areas.

2.2. Environmental Data

Nineteen bioclimatic variables spanning 1950–2000 were downloaded from World-
Clim v1.4 (http://worldclim.org/version2, accessed on 10 April 2021 [29]) at a 2.5 arc-min
spatial resolution. These variables define yearly climatic temperature and precipitation
trends, as well as seasonality and extreme factors that could exert physiological limits on or-
ganisms and influence their geographic distribution. In addition, the land use variable was
obtained from the Food and Agricultural Organization (https://www.fao.org/, accessed
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on: 16 June 2022) at a spatial resolution of 30 arc sec (1 km) and resampled to match the bio-
climatic variables’ resolution in ArcGis 10.8 [30]. The variables were then masked to the M
area of the BAM diagram [31] using South America’s freshwater ecoregions as the species’
accessible regions [32]. Bioclimatic variables bio8, bio9, bio18, and bio19 were omitted from
further analysis as they are known to contain some artifacts and express unrealistic climatic
changes between adjacent pixels, although the discontinuities in the variables may not have
significant biological meaning [33,34]. Then, we performed the variance inflation factor
(VIF: r = 0.7) in the usdm package in the R program to eliminate correlated variables [35]
in 16 variables (Table S2). Three general climate models (GCMs): Community Climate
System Model version 4 (CCSM4) [36], Hadley Centre Global Environment Model version
AO (HADGEM2-AO), and the Model for Interdisciplinary Research on Climate (MIROC5),
were selected for the future habitat suitability prediction as they are less biased and have
been shown to produce good modeling results [16,22,37]. We selected two representative
concentration pathways (RCPs), RCP 4.5 and RCP 8.5, in two scenarios (2050 and 2070) to
represent medium- and high-emission scenarios consistent with the IPCC Fifth Assessment
Report [3].

2.3. Model Parameterization and Calibration

The climatic niche of Nymphaea species was modeled using MaxEnt v.3.4.1. [38]. The
model was built with default settings, except for 5000 iterations, 10 replications, cross-
validated run-type, and 75% and 25% of occurrence data for training and testing of the
model, respectively. To control over-fitting, regularization multiplier (rm) and feature
classes were selected using ENMeval in R program in five feature classes (L, LQ, LQH,
LQHP, LQHPT, being linear (L), quadratic (Q), hinge (H), product (P), and threshold (T)) at
rm values of 0.5 to 4.0 at a 0.5 increment [39]. To evaluate the predictive performance of the
models, we utilized the area under the curve of the receiver operating characteristic curve
(ROC) [40].

2.4. Predicting Current and Future Range Shifts

Using a threshold criterion of maximum training sensitivity plus specificity (MTSS),
the average ’Logistic’ outputs were converted to binary maps depicting climatic suitable
and unsuitable areas. In this step, the continuous suitability outputs were changed to
binary maps so that over 95% of the training occurrence data fell inside the suitable range.
Finally, using the binary maps, current and future habitat suitability change were assessed
using the SDM-Toolbox extension in ArcGis 10.8 [30,40,41]. The generated maps show
habitat suitability changes in (i) stable, (ii) expansion, (iii) contraction, and (iv) unsuitable
areas.

2.5. Species Conservation/Threat Area

To assess the current and future possible habitat threat to the species, a map of PAs
was obtained from world protected planet (available at: https://www.protectedplanet.
net/search?q=natura+2000, accessed on: 24 May 2022) and overlaid with the species’
occurrences to assess the percentage of populations inside PAs, the current distribution,
and the future projection percentage change of suitable habitats inside and outside PAs.
Further, the area of land use in both PAs and un-PAs was used to assess the likely influence
of human activities in the species’ area of distribution.

3. Results
3.1. Variable Selection and Model Performance

After the correlation analyses, mean diurnal range (bio2), temperature seasonality
(bio4), the maximum temperature of the wettest month (bio5), precipitation of the wettest
month (bio13), precipitation seasonality (bio15), and Land use (dom_lu) were used in the
model building. The selected variables had VIF values of less than three (Table 1). The
ENMeval analysis predicted three feature classes (LQ, LQH, and LQHP) and rm values of
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2–4 as the best parameters for the models (Table 2). Besides, the AUC values were above
0.8 in all projection scenarios (Table 3), demonstrating high model accuracy. This suggests
that the produced models outperformed a random model (AUC = 0.5), indicating that the
suitability of the models in the forecast for the distributions of these seven Nymphaea species
was reliable. In addition, the mean training and testing AUC values had no significant
difference and the standard deviation values were close to the probability distribution
(Table S3).

Table 1. Climatic variables retained after correlation analysis using variance inflation factors (VIF).

Variable No. Bioclimatic Variable Code VIF

1 Mean diurnal range (mean of monthly (max temp – min temp)) bio2 1.7436
2 Temperature seasonality (standard deviation × 100) bio4 1.9289
3 Maximum temperature of the warmest month bio5 1.1728
4 Precipitation of the wettest month bio13 1.8567
5 Precipitation seasonality (coefficient of variation) bio15 1.4996
6 Land use cover dom_lu 1.2866

Table 2. Feature classes selected for the modeling of the Nymphaea species in South America. The
abbreviations represent linear (L), quadratic (Q), hinge (H), and product (P) at varying regularization
multiplier (rm) values.

Species Features Class rm Value Current Habitat Suitability (km2)

N. amazonum LQHP 3.5 2,339,884
N. ampla LQ 2.5 1,558,143
N. jamesoniana LQH 4 2,790,903
N. lasiophyla LQH 2 862,217
N. lingulata LQH 4 1,341,940
N. pulchella LQH 4 907,696.1
N. rudgeana LQH 3.5 2,657,233

Table 3. The area under the curve (AUC) and standard deviation values for the seven Nymphaea
species distribution models in two representative concentration pathways (RCPs 4.5 and 8.5) and two
scenarios (2050 and 2070).

RCP 4.5 RCP 8.5

Species Current 2050 2070 2050 2070

N. amazonum 0.847 ± 0.075 0.808 ± 0.116 0.803 ± 0.118 0.815 ± 0.115 0.811 ± 0.111
N. ampla 0.878 ± 0.081 0.887 ± 0.089 0.889 ± 0.090 0.891 ± 0.084 0.879 ± 0.085
N. jamesoniana 0.842 ± 0.083 0.859 ± 0.086 0.848 ± 0.096 0.848 ± 0.090 0.848 ± 0.094
N. lasiophylla 0.963 ± 0.036 0.954 ± 0.045 0.951 ± 0.049 0.953 ± 0.048 0.958 ± 0.035
N. lingulata 0.902 ± 0.036 0.890 ± 0.074 0.889 ± 0.075 0.891 ± 0.078 0.882 ± 0.087
N. pulchella 0.927 ± 0.025 0.936 ± 0.022 0.935 ± 0.021 0.938 ± 0.021 0.933 ± 0.023
N. rudgeana 0.814 ± 0.086 0.794 ± 0.083 0.800 ± 0.089 0.796 ± 0.089 0.806 ± 0.090

3.2. Contribution of Variables

The percentage contributions of the bioclimatic variables to the final Nymphaea models
are shown in Table 4. The best variables explaining the distribution of all Nymphaea species
in all scenarios were bio2, bio13, dom_lu, and bio4. Bio2 had a limited contribution for
N. jamesoniana. Bio4 indicated a greater contribution in the current projection compared
to future, except for N. rudgeana and N. lasiophyla. Bio5 was the less contributing variable
among the species in all scenarios except for N. amazonum and N. jamesoniana. Bio13
contributed greatly among the species in all scenarios except for N. rudgeana. Bio15 had
much influence on the distribution of N. lasiophylla, N. lingulata, and N. rudgeana. Finally,
dom_lu is of influence to all species’ suitable habitats.
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Table 4. The mean relative contribution for the six bioclimatic variables used for the habitat suitability
modeling of the water lily species in South America in two representative concentration pathways
(RCPs 4.5 and 8.5) and two scenarios (2050 and 2070).

RCP 4.5 RCP 8.5

Species Variable Current 2050 2070 2050 2070

N. amazonum bio2 32.6 28.3 29.8 32.5 30.0
bio4 17.6 3.3 3.3 3.4 2.7
bio5 16.1 15.3 11.6 12.2 12.0
bio13 9.5 19.5 18.8 20.4 20.6
bio15 4.3 9.8 12.7 10.4 11.3
dom_lu 20.0 23.7 23.9 21.2 23.3

N. ampla bio2 23.5 35.3 35.7 40.2 37.5
bio4 17.8 13.5 13.8 12.2 15.2
bio5 0.0 1.6 1.6 2.3 3.8
bio13 25.8 20.3 20.2 15.9 15.9
bio15 8.3 10.5 9.5 11.2 8.6
dom_lu 24.6 18.9 19.2 18.1 19.2

N. jamesoniana bio2 0.0 0.3 0.4 0.2 0.6
bio4 18.6 6.4 6.8 3.9 4.5
bio5 29.1 16.6 14.3 12.6 8.9
bio13 2.8 20.9 17.0 22.7 21.1
bio15 19.3 21.3 23.5 23.2 25.1
dom_lu 30.3 34.4 38.0 37.5 39.9

N. lasiophylla bio2 24.9 27.3 26.6 30.5 31.1
bio4 0.2 0.8 0.9 0.3 0.6
bio5 0.9 0.3 0.5 1.1 2.3
bio13 7.4 10.3 7.1 7.5 7.1
bio15 58.2 52.9 56.2 53.0 50.9
dom_lu 8.4 8.3 8.6 7.7 8.0

N. lingulata bio2 19.4 20.6 21.6 23.0 23.0
bio4 9.8 4.9 4.1 4.9 3.3
bio5 4.9 3.8 3.1 1.8 1.2
bio13 1.8 6.9 6.2 6.0 5.7
bio15 43.0 41.0 42.5 40.5 42.2
dom_lu 21.1 22.7 22.5 23.8 24.6

N. pulchella bio2 27.5 27.9 29.9 31.7 30.5
bio4 38.6 19.5 17.9 18.6 16.3
bio5 2.5 2.9 3.6 4.0 6.0
bio13 4.6 23.3 21.1 20.6 20.7
bio15 1.2 2.2 2.2 1.8 1.9
dom_lu 25.6 24.4 25.2 23.4 24.6

N. rudgeana bio2 70.0 66.7 61.1 62.3 60.1
bio4 6.9 10.3 9.4 8.6 11.6
bio5 1.2 0.3 0.2 0.3 0.1
bio13 0.4 0.1 0.1 0.2 0.6
bio15 12.7 10.7 16.5 16.0 15.4
dom_lu 8.8 11.8 12.7 12.6 12.2

3.3. Current Potential Distribution

The sampling of occurrence points indicated that N. rudgeana (12.90%), N. amazonum
(10.75%), and N. jamesoniana (8.70%) had the highest percentage of points within the
protected area, followed by N. ampla (3.13%), N. lingulata (2.13%), and N. pulchella (1.45%),
while for N. lasiophylla all points were outside the protected area. The projected distribution
maps for the seven Nymphaea species indicate Brazil and particularly eastern regions,
Venezuela, Colombia, Ecuador, Bolivia, Guyana, and Peru (Figure 2a–g), to contain suitable
habitat areas for the species. Some species had partial distribution, such as N. ampla in
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Bolivia (Figure 2b), N. pulchella in Guyana (Figure 2f), and N. rudgeana in Bolivia and Peru
(Figure 2g). Majority of the species were limited in distribution in states such as Argentina,
Paraguay, Suriname, Chile, and Uruguay (Figure 2a–g). Generally, the eastern, northern
parts, and some regions northwest of South America had the highest probabilities of suitable
habitat, with certain regions in the central part of the continent also indicating potentially
appropriate ranges. Among the seven water lily species, N. jamesoniana (2,790,903 km2),
N. rudgeana (2,657,233 km2), and N. amazonum (2,339,884 km2) occupied the most ranges
in current distribution, followed by N. ampla (1,558,143 km2), N. lingulata (1,341,940 km2),
N. pulchella (907,696.1 km2), and N. lasiophylla (862,217 km2), respectively (Table 2).
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3.4. Future Distribution Changes

The assessment of the species’ future distribution is important for conservation mea-
sures. The projection change summary for the distribution changes is presented in Figure 3
(Table S4). The future projection for N. amazonum indicates increased habitat gain and major
habitat loss of suitability in Bolivia in RCP 4.5 (2050). Further loss of habitat suitability
is projected consecutively in RCP 4.5 (2070) and both RCP 8.5 scenarios, especially in
Bolivia and in most parts north of the continent, such as Venezuela, Guyana, and Suriname
(Figure S1). The projection of N. ampla indicates a persistent habitat increase in RCP 4.5
(2070) and in both RCP 8.5 scenarios compared to RCP 4.5 (2050). Most habitat gain is
projected in Brazil, Venezuela, and Guyana, while most parts of Peru and northwest of
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the continent indicate habitat loss (Figure S2). Interestingly, N. ampla indicated increasing
habitat expansion and loss in both RCP 4.5 scenarios and RCP 8.5 (2050), although habitat
loss declined in RCP 8.5 (2070). The distribution of N. jamesoniana indicated greater changes
in Brazil, Bolivia, Paraguay, and Argentina. These regions experience greater habitat loss
compared to RCP 4.5 (2050), especially Brazil and Bolivia (Figure S3). However, in both
RCP 8.5 scenarios, some regions in Brazil and Peru experienced an increase of suitable
habitats, although habitat loss was increasing (Figures 3 and S3). The expansion ranges
for N. lasiophylla in RCP 4.5 are lost in future scenarios of RCP 8.5, especially in Brazil and
Guyana (Figure S4). N. lasiophylla indicated reduced habitat gain and increased habitat
loss (Figure 3). N. lingulata was indicated to have the highest habitat gain in RCP 4.5 (2050)
compared to all other species. Its expansion ranges are projected to contract in RCP 4.5
(2070) and both RCP 8.5 scenarios, especially in Brazil and Bolivia, which are characterized
by continuous habitat loss (Figures 3 and S5). The projection of N. pulchella indicated greater
habitat loss in Bolivia, Ecuador, and northeast of Brazil in both RCPs 4.5 and 8.5 (2050)
(Figure S6). Although the expansion ranges are not obviously visible in the maps compared
to the other species, Figure 3 indicates habitat gain in RCPs 4.5 and 8.5 of scenario 2070
compared to 2050. In scenario 2050 for both RCPs, N. rudgeana was projected to have a
greater habitat increase compared to scenario 2070 for both RCPs (Figure 3). Many of the
changes are noticed in central Brazil, Colombia, and Venezuela, with habitat expansion
declining and habitat loss increasing (Figure S7). In extreme conditions of RCP 8.5 (2070),
expansion ranges reduced greatly with increasing contractions (Figure 3).
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stable environment among the seven Nymphaea species.

Generally, the species varied considerably in suitable habitat expansion compared to
the contraction trend. Species such as N. ampla, N. lasiophylla, N. lingulata, and N. pulchella
indicated an almost similar trend in habitat loss and the stable environment, although for
N. lasiophylla the stable environment experienced shrinkage (Figure 3). The loss of suitable
habitat expansion, stable environment, and the increase in contraction in the suitable ranges
is a call for alarm when it comes to species’ conservation. This loss is not only experienced
by N. lasiophylla but also N. amazonum and N. rudgeana in RCP 8.5 (2070). N. jamesoniana
indicates increased habitat expansions and contraction, and loss of stable environment,
which indicate possible shifting to new areas. Lastly, many contractions occur in the most
central parts of the continent compared to the coastlines, where many habitat growths and
stable habitats are projected. These regions are therefore important in providing shifting
ranges for suitable habitats.

3.5. Land Use and the Distribution of Water Lilies

The species-accessible area (M) for land use is projected in Figure 4. Most parts of the
distribution regions remain unprotected, and this exposes them to human influence and
degradation, more so the eastern parts of the continent (Table S5, Figure 4). Much influence
is projected in the north, northwest, central, east, and southeast parts of the continent
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according to the species-accessible area. Most of the areas are characterized by low land
cover of between 50% and 75% (Figure 4). Land use was among the main contributing
factors for the water lily species’ distribution (Table 4). The current projection (Figure 2) and
the future projections indicate that large areas of suitable habitats are projected outside PAs,
areas acquired by accessible area classifications minus protected area classifications. The
areas are characterized by grasslands or shrub areas, crop land areas, and areas composed
of mixed activities (Figures S1–S7). Although large areas are covered by forests, especially
in Brazil, crops, non-vegetation, and mixed activity areas are of significant influence to the
continent (Table S5). Besides PAs playing a key role in the conservation and management of
natural resources, they are limited in size compared to the un-PAs (Figure 5; Table S6) and
therefore they can sometimes fail in ensuring sustainable refuge and survival for species
under threat of extinction, especially when it is out of human control. In this case, the
projection of the water lily species indicates an almost similar trend in expansion and
contraction in both un-PAs and PAs, with the exception of N. lingulata which has higher
expansion in un-PAs compared to PAs (Figure 5). Besides, Brazil, Ecuador, Colombia,
Venezuela, and Bolivia are among the states with great habitat suitability and among those
influenced by land use, more specifically Bolivia and Brazil, where many of the projected
areas are declining. Besides, the stable environment had no significant change between
un-PAs and PAs (Figure 6). The un-PAs had much of the stable area among the species,
except for N. rudgeana, for which in both areas the stable environment was almost the same
(Figure 6).
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4. Discussion

This study developed a set of potential ecological niche models for the Nymphaea
species to examine their distribution patterns across South America. We used species
occurrence data and bioclimatic variables to simulate species’ ecological niches. These
factors have been proven fundamental for MaxEnt modeling [38]. As a result of the variable
selection procedure, the VIF values were less than three, indicating less collinearity [42].
The rm values in the selected feature classes were higher compared to the MaxEnt default
rm of one, thus highly minimizing the overfitting of the models [43]. The mean AUC values
obtained from the MaxEnt models reflected the common values expected for fairly fitted
models (Table 2) and were not significantly different from previous studies, and were thus
considered descriptive [16,24,44].

In this study, temperature and precipitation variables (bio2, bio13, and bio15) influ-
enced Nymphaea species’ distribution in South America similarly to the African Nymphaea
species [16]. For instance, bio2 was predicted as the primary temperature variable with the
greatest impact in all the studied Nymphaea species except N. jamesoniana in South America.
The mean diurnal range (bio2) indicates the variation in temperature over a day, and the
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temperature changes may have a significant impact on plant growth, especially photosyn-
thesis and respiration of the plant, contributing to nutrient buildup [45]. Bio4 and bio15
mediate species’ suitable distribution by forcing them to shift between favorable seasons.
In this case, the species are likely to shift to regions experiencing less dry seasons and
cooler temperatures [46]. Unlike bio13, which provides a more conducive environment by
increasing precipitation that replenishes the isolated habitats such as ponds and increasing
surface runoff, bio5 increases evaporation and transpiration, which significantly affect the
plants and their environment by causing dryness. As a result, the plants are forced to seek
suitable locations. Lastly, land use directly declines species’ habitats depending on the
magnitude of land use.

The current projected distribution of the Nymphaea species revealed areas of high
environmental suitability that corresponded to the observed records. This might indicate
that ecological niches are defined by variables affecting the distribution and abundance of
resources on which they rely on [47]. Nevertheless, due to continuous habitat destruction
on the continent, the projected suitable habitat areas may over-represent habitat suitability
where Nymphaea species habitats no longer exist or their habitats are under the extreme
pressure of sustaining them, such as in the northeast of Brazil where human influence is
high [8]. Greater changes in habitat suitability were noticed in the future distribution of
N. amazonum, N. jamesoniana, and N. rudgeana, which may have been caused by the reduced
moisture, increasing aridity in multiple locations, and precipitation variability [48]. Such
situations are propagated by temperature increases, especially in the warm months, which
increase evaporation and dryness; for example, the contribution of bio5 for N. amazonum
and N. jamesoniana distribution. As global temperatures rise, the threat of heat stress
increases, possibly causing a decrease in species-suitable habitats and richness [3,49]. The
rise in temperature may push the species to adjust in habitat-suitable areas, thus causing
geographical shifts [50].

Although the environmental requirements for the Nymphaea species slightly differed,
these species utilized similar habitats in the northeastern parts of the continent. Moreover,
it is proposed that in most wetland ecosystems, aquatic species are sympatric [11]. Similarly,
in the South American freshwater ecoregions, such relationships between Nymphaea species
have been documented [47,51]. Furthermore, Nymphaea species would display niche
partitioning and geographic segregation in South America [52].

The protected areas (PAs) act as shelter for species’ survival in this human-dominated
world [53]. Species take refuge in the uninfluenced ecosystems, thus ensuring their survival.
Although the regions hold biodiversity and conservation value, they are also under extreme
pressure from the growing human populations and need for development resources [54].
Nonetheless, with the high magnitude of global warming, protected areas also face adversi-
ties in conservation, resulting in declining habitat suitability and vegetation shifts [55]. In
this study, a similar change in habitat suitability was observed between PAs and un-PAs in
habitat suitability. This could imply a declining capability of PAs to provide a safe refuge
for species with declining habitats [56,57]. The only hope with this kind of projection is
that the declining habitats in PAs will happen slower and more visibly compared to the
non-PAs due to regulated human impacts. However, it is a wakeup call for conservation
managers to rethink on the impact of PAs on some species as climate change will cut across
all environments.

Surprisingly, the Amazon ecosystem was thought to provide the most suitable habitat
for the Nymphaea species, however the species’ limited distribution in the area was linked
to the increasing climatic events such as drought and numerous floods which destroy the
species’ habitat [2]. Besides, the Amazon’s humid environment may not be suitable for
numerous growth of the water lily species compared to the savannah areas, where the
habitat has been favored [15]. Since habitat suitability distribution in the Amazon might
be controlled by many factors, we leave it as an open gap for further studies involving
field surveys which can provide the absent data that are capable of improving our model
in confirming the water lily species’ distribution in the region. Unlike the PAs, much
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distribution is projected in human-disturbed environments, especially in some parts of the
Amazon, which could support the hypothesis that deforestation reduces evapotranspiration
and increases stream flow [58]. In addition, human influence through land use changes may
have a significant impact on land water resources by affecting the mechanisms at which
latent heat flux, surface runoff, discharge from the rivers, and regional and continental
precipitation patterns occur [59].

In conclusion, this study provided insight on the implications of climate change and
land use effects in assessing the potential habitat suitability for the Nymphaea species as the
main factors influencing aquatic ecosystems and biodiversity. The study is important for
the conservation and management of these species, which are scientifically and ecologically
important. The loss of suitable habitat areas always raises concern for possible changes,
leading to the reduction of species’ populations that may result in species being threatened
or becoming extinct [60]. As PAs face increased protection and conservation crises, it is
high time for the conservationists to turn to and engage the local indigenous people, civil
societies, and private sectors in biodiversity conservation and management [61]. Such
measures have been implemented in states such as Bolivia, Peru, Guyana, and other areas
outside South America, and they may be of higher significance in the conservation of the
South American wetland ecosystem and biodiversity [62].

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/d14100830/s1, Figures S1–S7: The projected distribution change for the
seven Nymphaea species for the future projection scenarios. (Figure S1) N. amazonum, (Figure S2)
N. ampla, (Figure S3) N. jamesoniana, (Figure S4) N. lasiophylla, (Figure S5) N. lingulata, (Figure S6)
N. pulchella, and (Figure S7) N. rudgeana. Table S1: The occurrence points for the seven water lily
(Nymphaea) species used for this study. Table S2: The sixteen variables used for correlation in variance
inflation factor (VIF). Table S3: Training (75%) and testing (25%) AUC values and their standard
deviation values for the Nymphaea species’ distribution suitability using the maximum training
sensitivity plus specificity logistic threshold (MTSS). The AUC values describe the fitness of the
model in predicting the species’ distribution. Table S4: Distribution change obtained by comparing
binary changes between the current and future potential distribution for the seven water lily species
(Nymphaea) in South America. Table S5: Projected area size between protected areas and unprotected
areas for the seven Nymphaea species’ accessible areas in South America. Table S6: Distribution
change obtained by comparing binary changes between the current and future potential distribution
for the seven water lily species (Nymphaea) in protected areas of South America.
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Abstract: Genetic diversity analysis of crop genetic resources is a prerequisite for parental selection
with suitable and complementary profiles for breeding. The objectives of this study were to determine
genetic diversity present among okra accessions using simple sequence repeat (SSR) and comple-
mentary phenotypic markers and to select genetically divergent and superior parental accessions
for pre-breeding. Twenty-six preliminarily selected okra accessions were assessed using nine highly
polymorphic SSR markers and phenotyped under drought-stressed (DS) and non-stressed (NS) envi-
ronmental conditions using a 13 × 2 alpha lattice design with two replications. Data were collected
on the following eleven phenotypic traits: plant height (PH), days to 50% maturity (DTM), fresh pod
length (FPL), dry pod weight (DPW), dry pod length (DPL), number of pods per plant (NPPP), pod
yield per plant (PYPP), total above-ground biomass (AGB), harvest index (HI), root weight (RW), and
root to shoot ratio (RSR). The SSR markers revealed an expected mean heterozygosity value of 0.54,
indicating moderate genetic diversity among the tested okra accessions. Cluster analysis based on
phenotypic and SSR markers differentiated the accessions into three distinct genetic groups. Wide
phenotypic variation was observed for PH, FPL, NPPP, and PYPP under NS and DS conditions. PYPP
was positively and significantly correlated with FPL (r = 0.81), ABG (r = 0.69), and HI (r = 0.67) under
DS conditions, and FPL (r = 0.83) and AGB (r = 0.60) under NS conditions. Genetically complemen-
tary accessions such as LS04, LS05, LS06, LS07, LS08, LS10, LS11, LS15, LS18, LS23, LS24, and LS26
were identified for their high yield potential and related yield-improving traits under DS conditions.
The identified accessions are recommended as parents for hybridization and selection programs to
improve the yield potential of okra under drought-stressed environments.

Keywords: abiotic stress; genotyping; okra; phenotyping; molecular markers; SSR

1. Introduction

Okra (Abelmoschus esculentus L., 2n = 130) is an allotetraploid derived from the natural
hybridization of a wild progenitor A. tuberculatus (2n = 58), with another yet unidentified
species with 2n = 72 chromosomes. Okra is a vegetable crop that is widely cultivated for
its fresh and succulent pods [1,2]. Okra is an autogamous species and predominantly a
self-pollinating crop. However, varying levels of cross-pollination have also been reported
depending on the activity of insect pollinators and the growing environment [1]. The tender
green pod is the most economical and vital source of vitamins A, B1, B3, B6, folic acid, C,
and K, essential for the human diet [3]. Potassium, magnesium, phosphorus, and calcium
are the principal and essential mineral elements present in the green and immature pods of
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okra [4]. In addition, the pod contains 9.7% carbohydrate, 2.2 % protein, and 1% fibre [5].
Okra grains contain 22.14% protein, rare amino acids (such as lysine and tryptophan), fat,
and fibre. The seed oil content varies from 20–40%, and the major fatty acids of the seed are
linoleic acid (49.54%), palmitic acid (28.60%), and oleic acid [6]. These nutritional attributes
make okra an important food security crop, especially in sub-Saharan Africa (SSA), where
malnutrition is the highest. Africa accounts for 32.8% of the world’s okra production. West
and Central African countries contribute to over 75% of total okra production in SSA [7].
Despite the significant contribution by SSA toward global okra production, the average crop
yields are low and variable in the region due to a lack of improved and modern varieties.

Okra is drought-tolerant crop and can successfully grow under water-limited condi-
tions with minimal supplemental irrigation. Despite being relatively drought-tolerant, the
crop fails to reach its maximum yield potential, resulting in low marketable pod yields,
primarily when drought stress occurs at the flowering and pod development stages. For ex-
ample, 37 to 83% yield losses attributed to drought stress occurred during the reproductive
stage [8,9]. The low yield performance is related with the cultivation of low-yielding and
drought-sensitive varieties.

The crop exhibits extensive morphological variation for traits such as plant height,
fresh pod length, number of days to 50% flowering and maturity, number of branches,
number of pods per plant, and pod yield [1,2]. Phenotypic traits such as plant height,
number of branches, fresh pod length, number of pods per plant, total biomass, and seed
yield exhibit positive associations with pod yield [4,9,10]. Hence, these traits could serve
as useful product profiles for breeding of improved okra accessions for high yield and
related traits. Therefore, rigorous phenotypic assessment of okra genetic resources will
identify beneficial traits for future breeding. However, phenotypic traits are influenced by
the genotype, environment, and genotype-by-environment interaction, confounding trait
heritability and genotype performances [10,11]. To complement phenotypic assessment
and for detailed genetic analysis, molecular markers are eminent genetic tools [1,6,12].
Molecular markers improve selection efficiency through phenotypic traits and accelerate
genetic gains for desired traits.

Markers such as random amplified polymorphic DNA (RAPD) inter-simple sequence
repeat (ISSR) [10,12,13], amplified fragment length polymorphism (AFLP) [14,15], sequence-
related amplified polymorphism (SRAP), and simple sequence repeats (SSR) [16,17] have
been successfully used. The marker systems were applied to explore genetic diversity and
relatedness among okra genetic resources. These allowed for delineating heterotic groups
among core collections of the crop and assisted in the selection and variety design. Among
the molecular markers, the SSRs are highly polymorphic and reproducible markers useful
for effective genotyping and selection programs [9,18,19].

Improved varieties of okra are yet to be developed and marketed for food security,
better nutrition, and economic gains. There are limited drought-adapted varieties in
SSA, which necessitates developing high-yielding and drought-tolerant okra genotypes
adapted to the region. Therefore, the objectives of this study were to determine the genetic
diversity present among okra accessions using simple sequence repeat and complementary
phenotypic markers and to identify heterotic groups to select genetically divergent and
superior parental accessions for pre-breeding.

2. Materials and Methods
2.1. Plant Materials

The present study used 25 okra landrace accessions sourced from the Agricultural
Research Council, Vegetable, Industrial and Medicinal Plants (ARC-VIMP)/South Africa.
Locally adapted and grown okra variety “Clemson Spineless” was also included as a
comparative control. The code and number and geographical origin of the okra accessions
used in the study are presented in Table 1.
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Table 1. Accession code and number, and geographical origin of the okra accessions used in the study.

Accession Code Accession Number Geographical Origin

LS01 VI033775 Malaysia
LS02 VI033797 Malaysia
LS03 VI056457 Yugoslavia
LS04 VI039651 Bangladesh
LS05 VI046561 Thailand
LS06 VI047672 Bangladesh
LS07 VI050150 Taiwan
LS08 VI050957 Zambia
LS09 VI050960 Zambia
LS10 VI055110 Malaysia
LS11 VI055119 Myanmar
LS12 VI055219 Malaysia
LS13 VI055220 Malaysia
LS14 VI055421 Viet Nam
LS15 VI056069 Cambodia
LS16 VI056079 Cambodia
LS17 VI056081 Cambodia
LS18 VI056449 United States of America
LS19 VI060131 Mali
LS20 VI060313 Tanzania
LS21 VI060679 India
LS22 VI060803 Turkey
LS23 VI060817 Brazil
LS24 VI060822 Nigeria
LS25 VI060823 Nigeria
LS26 Clemson Spineless South Africa

2.2. DNA Extraction, Purification, and Quantification

Okra seeds were sent to SciCorp Laboratories (SciCorp-lab, SA Pty Ltd., Pietermar-
itzburg, South Africa) for SSR analysis. Genomic DNA was extracted from 20 seeds per
genotype using modified CTAB method [20]. The quantity and quality of total genomic
DNA were determined by 0.7% Tris-Borate-EDTA (TBE) agarose gel electrophoresis and
spectrophotometer, respectively. A working concentration of 20 ng µL−1 was standardized
for all extracted DNA.

2.3. Polymerase Chain Reaction (PCR) and SSR Analysis

Okra seeds were found to be better for DNA sampling and analysis due to the mucilagi-
nous material present in the leaves. Bulked DNA was used for amplification and analysis.
SSR sequences were amplified through PCR using 9 selected diagnostic polymorphic SSR
markers developed for okra (Table 2). These markers were selected based on their high
polymorphic information content (PIC) and that they were developed and recommended
for okra genetic diversity studies [18,21–23]. PCR amplification reaction contained 20 µL of
PCR mix. The mix contained 1x PCR buffer, 3 mM MgCl, 1.25 U Taq polymerase, 0.2 mM
dNTPs, 4pM each primer, and 5 ng genomic DNA (Bioline, Meridian, MI, USA). A PCR
profile of initial denaturation for 2 min at 94 ◦C and 33 cycles of denaturation for 1 min at
94 ◦C, the annealing temperature of 63 ◦C for 2 min, and extension for 2 min at 72 ◦C was
used. PCR products were fluorescently labelled and separated by capillary electrophoresis
on ABI 3130 automatic sequencer (Applied Biosystems, Johannesburg, South Africa) and
analysis was performed using GeneMapper 4.1 (Applied Biosynthesis, Johannesburg, South
Africa). A 36 cm capillary and 3130 POP-7 polymer (Applied Biosystem, Johannesburg,
South Africa) were used.
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Table 2. Description of the SSR primers used for genotyping of 26 okra landrace accessions.

Marker Name Forward Primer Sequence Reverse Primer Sequence PIC

Okra 111 GATGGAATTGAGAAACCAGA TGTGTTCTTCACTCTCGTCA 0.89
Okra 152 GCTCTATTGATGGCGAGTAA AAAGTCATCCAAGGTGACAA 0.81
Okra 166 TTCCAGTTGGAGAGGTAAGA CTTCCATTTCATCGACTTTC 0.82

AVRDC-Okra17 ACGAGAGTGAAGTGGAACTG CTCCTCTTTCCTTTTTCCAT 0.81
AVRDC-Okra70 GTAGCTGAACCCTTTGCTTA CTATCATGGCGGATTCTTTA 0.98
AVRDC-Okra39 TGAGGTGATGATGTGAGAGA TTGTAGATGAGGTTTGAACG 0.99
AVRDC-Okra64 AAGGAGGAGAAAGAGAAGGA ATTTACTTGAGCAGCAGCAG 0.87
AVRDC-Okra9 ACCTTGAACACCAGGTACAG TTGCTCTTATGAAGCAGTGA 0.85

AVRDC-Okra57 CGAGGAGACCATGGAAGAAG ATGAGGAGGACGAGCAAGAA 0.78
Okra137 GAGAGAGATTGCTTCGACTG TAAACTTTAAACTCAGCGGC 0.80

SSR = simple sequence repeats, PIC = polymorphic information content.

2.4. Marker Data Analysis
2.4.1. Computation of Principal Coordinate Analysis (PCoA) and Genetic Parameters

The GenAlex software version 6.5 [24] was used for data analyses and to summarize
PCoA and genetic diversity parameters. Two approaches were adopted to investigate
the genetic diversity and structure among the accessions. The first approach treated
DNA polymorphisms as binary data (presence or absence). To determine the genetic
structure within and among landraces, a second approach was adopted based on the
co-dominant nature of the marker. Genetic parameters such as number of alleles per
locus (Na), number of effective alleles per locus (Ne), allelic richness (Ar), Shannon’s
information index (I), observed heterozygosity (Ho), and expected heterozygosity (He)
were calculated using GenAlex version 6.5 according to Nei and Li [25]. Polymorphic
information content (PIC) was calculated using the formula PIC = 1 − ΣPij2, where Pij
is the frequency of the jth allele of the ith locus [25]. The number of polymorphic loci
was estimated for each pre-determined group based on pedigree information. Online-
based ClustVis (https://biit.cs.ut.ee/clustvis_large/, accessed on 22 May 2022) was used
to visualize the heatmap, and plots of total genetic variation were analysed using pairwise
genetic distance for haploid and co-dominant SSR markers [26].

2.4.2. Cluster Analysis

The binary data were used to obtain a dissimilarity matrix using the Jaccard index. The
matrix was used to perform cluster analysis based on the unweighted pair group method
using the arithmetic mean algorithm (UPGMA) in DARwin 5.0 software [27]. A dendro-
gram was then generated on the dissimilarity matrix to determine genetic relationships
among the tested accessions. Bootstrap analysis was performed for node construction using
10,000 bootstrap values to estimate the reliability of the clustering pattern. A joint hierarchi-
cal cluster was generated to determine the association between genotypic and phenotypic
data for both stressed and non-stressed conditions. The clusters were constructed using the
“Cluster” package in R software [28].

2.5. Phenotyping Okra Accessions
2.5.1. Experimental Design and Crop Establishment

Two seeds of each genotype were grown in 5 L capacity plastic pots filled with com-
posted pine bark growing media. Two plants were established per pot for each genotype.
The day/night temperatures in the greenhouse (GH) were 30 ◦C/20 ◦C and the relative
humidity ranged between 45 and 55% during the study. Inorganic fertilizers consisting
of nitrogen (N), phosphorus (P), and potassium (K) were applied at a rate of 120, 30, and
30 kg ha−1, based on soil fertility recommendations using urea (46-0-0), phosphorus pen-
toxide (P2O5), and potassium oxide (P2O), respectively. The okra accessions were evaluated
using a 13 × 2 alpha lattice design under drought-stressed (DS) and non-stressed (NS)
conditions with two replications. DS was imposed at 50% flowering until physiological
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maturity to mimic terminal drought stress by withholding irrigation until the soil water con-
tent reached 30% field capacity. In addition, plots were irrigated at field capacity to allow
for continued plant growth and development. The NS conditions involved maintaining soil
moisture content at field capacity by supplying water through the dripper irrigation system
until physiological maturity under GH environment. Tensiometers (Spectrum Technologies,
Inc., Aurora, IL, USA) were used to monitor soil moisture status during the experiment.

2.5.2. Phenotypic Data Collection

Data were collected from three randomly selected and tagged plants for each genotype.
At physiological maturity, data were collected on the following phenotypic traits. Plant
height (PH) was measured in cm from the ground level to the apex of the plant on the main
stem. Pods were harvested when 50% of the pods were 3–5 cm long, which is regarded
as a marketable size [9]. Harvesting was conducted every third day by hand. At each
harvest, the number of pods per plant (NPPP) were counted, and fresh pod length (FPL)
was measured in cm. At the end of the experiment, data were computed on the number
of pods per plant (NPPP), fresh pod length (FPL), and pod yield per plant (PYPP). Plants
from the second pots were left until maturity to collect data on dry pod length (DPL) which
was measured in cm, and mature dry pod weight (DPW) was determined by weighing
dry pods harvested per plant and expressed in grams. Yield per plant was determined by
weighing fresh pods harvested per plant and expressed in grams. The plants were cut at
the soil surface to separate shoots and roots biomass. Total above-ground biomass (AGB)
was determined in grams by weighing the stem and the pod of the plants per pot. Root
weight (RW) was determined in grams by weighing all roots. Root to shoot ratio (RSR)
was calculated as the ratio of shoot to root biomass. Harvest index (%) was calculated as
HI = (pod weight/total above − ground biomass) ×100.

2.5.3. Phenotypic Data Analysis

Phenotypic data were subjected to analysis of variance (ANOVA) using a lattice
procedure with GenStat 18th Edition (VSN International, Hempstead, UK). Treatment
means were separated using the least significant difference (LSD) at the 5% significance level.
Pearson’s correlation coefficients were calculated using IBM SPSS Statistics 25.0 (SPSS Inc.,
Chicago, IL, USA, 2008) to determine the magnitude of the relationship among phenotypic
traits. Principal component analysis (PCA) was used to identify influential traits under NS
and DS conditions using R Studio version 4.0, ggplot2(R Core Team, 2020, Vienna, Austria).
Biplots were constructed using R version 4.0, ggplot2 (R Core Team, 2020) to determine
relationships between the accessions and the assessed phenotypic traits. Hierarchical
clusters were generated using phenotypic data based on the Gower method [29], using the
Cluster package in R software [28].

3. Results and Discussion
3.1. Marker Characterization

Understanding the genetic diversity present among diverse okra accessions is useful
for identifying and selecting suitable and contrasting parental genotypes for breeding,
leading to the accelerated development of improved varieties. The estimated genetic
parameters derived using SSR markers are presented in Table 3. The SSR markers amplified
24 putative alleles among the tested okra accessions, ranging from 2 for the markers
AVRDC-OKRA64, Okra 152, Okra 162, Okra 111, and AVRDC-Okra57 to 5 for the marker
AVRDC-Okra 9 with a mean value of 2.70 alleles per locus. Out of 10 selected SSRs used
in this study, 9 SSR primers could amplify successfully. The level of amplification in the
present study was higher compared to the 75% reported in okra by Kumar et al. [30]. This
indicates the suitability of the sampled SSR markers for the analysis of genetic variation
and relationship in okra. A total of 24 alleles were amplified, with an average of 2.70 alleles
per locus (Table 3), and this average number of alleles indicates that this genetic diversity
would be relatively moderate [31]. This was lower than the value of 71 alleles per locus
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reported by Mohammed et al. [18] when assessing 32 okra accessions genotypes with
16 SSR markers. The variability in the number of alleles observed could be attributed to
the genetic differences in the tested lines and the difference in the sampled SSR markers.
Effective allele number (Ne) ranged from 2 for markers AVRDC-OKRA64, Okra 152, Okra
162, Okra 111, and AVRDC-Okra57 to 2.76 for marker AVRDC-Okra9 with a mean of
2.24, indicating that this genetic diversity would be relatively small. However, greater
diversity has been reported [16], indicating a mean number of 4.8 effective alleles after
evaluating 20 okra accessions using SSR markers. This corroborates with the results of two
to seven (mean = four) alleles per locus reported by Kpodo et al. [15]. The mean Shannon
information index value of the test population was 0.83, ranging from 0.69 for markers
AVRDC-OKRA64, Okra 152, Okra 162, Okra 111, and AVRDC-Okra57 to 1.16 for marker
AVRDC-Okra9. The observed heterozygosity value was 1, suggesting that all the accessions
reached 100% heterozygosity. The expected heterozygosity ranged from 0.50 to 0.64 with
a mean value of 0.54. Marker AVRDC-Okra9 had the highest He of 0.64. The inbreeding
coefficient varied from −0.57 to −1.00, with a mean of −0.85. Nine markers (100%) were
highly polymorphic with PIC > 0.50, indicating their high discriminating ability and their
utility for genetic analysis studies in okra. PIC values ranged from 0.50 to 0.64 with a
mean of 0.55, which is relatively higher than the mean PIC value of 0.51 reported by
Kpodo et al. [15] and lower than the PIC value of 0.81 reported by Mohammed et al. [18] in
okra. The average PIC value of 0.55 indicates that these markers are informative for genetic
diversity analysis [22]. High polymorphism values suggest that the selected markers are
suitable for distinguishing the genetic diversity among the tested accessions. The high
polymorphism values observed when using the sampled SSR markers may be due to the
amphipolyploid nature of Abelmoschus species. In addition, there is a higher frequency of
mutations in polyploids, such as in okra, than diploids [21], leading to increased genetic
diversity and genetic plasticity [10].

Table 3. Genetic diversity parameters generated by SSR markers among 26 okra accessions.

Marker
Genetic Parameters

Na Ne I Ho He FIS PIC

AVRDC-Okra70 3 2.47 0.97 1.00 0.60 −0.68 0.60
AVRDC-Okra64 2 2.00 0.69 1.00 0.50 −1.00 0.50

Okra 152 2 2.00 0.69 1.00 0.50 −1.00 0.50
Okra 166 2 2.00 0.69 1.00 0.50 −1.00 0.50

AVRDC-Okra9 5 2.76 1.16 1.00 0.64 −0.57 0.64
AVRDC-Okra39 3 2.31 0.91 1.00 0.57 −0.76 0.57

Okra 111 2 2.00 0.69 1.00 0.50 −1.00 0.50
Okra137 3 2.58 1.01 1.00 0.61 −0.63 0.61

AVRDC-Okra57 2 2.00 0.69 1.00 0.50 −1.00 0.50
Average 2.70 2.24 0.83 1.00 0.54 −0.85 0.55

Standard deviation 1.00 0.30 0.18 0.00 0.06 0.19 0.06
Standard error 0.34 0.15 0.10 0.10 0.06 0.06 0.02

Na = total number of alleles per locus; Ne = number of effective alleles per locus; I = Shannon information index;
Ho = observed heterozygosity; He = expected heterozygosity; FIS = inbreeding coefficient; PIC = polymorphic
information content.

3.2. Principal Coordinate Analysis (PCoA) of 26 Okra Accessions Genotyped Using
9 SSR Markers

The genetic structure of the assessed accessions was inferred with the PCoA based
on the genetic matrix (Figure 1). The first principal coordinate (PC) accounted for 25.19%
of variation present among accessions. The coordinate analysis indicated higher genetic
diversity among the two accessions LS02 and LS11 compared to other genotypes, due
to their inherent genetic variation. The second principal component suggests a further
separation between LS02, LS11, and LS13, accounting for 18.24% of the total variation. The
grouping of LS01, LS03, LS04, LS09, and LS26 into the same cluster may indicate the genetic
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similarity among these accessions. Hence, the genetic information generated can be useful
to design crosses and exploit genetic diversity through selection programs.

Figure 1. Principal coordinate analysis (PCoA) based on 9 polymorphic SSR markers and 26 okra
accessions (coded LS01 to LS26, Table 1). Note PC1 denotes the first principal coordinate and PC2 the
second principal coordinate.

3.3. Heatmap Cluster

A heatmap based on SSR marker transcription was constructed using the hierarchi-
cal clustering method discerning the genetic relationship of 26 okra accessions based on
Jaccard’s coefficient (Figure 2). The assayed okra accessions and SSR markers each were
grouped into two main clusters. The first cluster had one subcluster consisting of eight
accessions, of which four were collected from Malaysia (LS02 and LS10), Myanmar (LS11),
and Cambodia (LS16) in Asia and two from Mali (LS19) and Zambia in Africa (LS08). The
second cluster contained two subclusters with seven accessions, including LS24, LS13, LS07,
LS22, LS23, LS09, and LS20 on the first subcluster, which was dominated by accessions
collected from Nigeria, Malaysia, Taiwan, Turkey, Brazil, Zambia, and Tanzania, respec-
tively, and eleven accessions LS06, LS01, LS26, LS25, LS12, LS17, LS04, LS21, LS15, LS05,
and LS14 on the second subcluster, of which nine were sampled from Asia and one each
from South Africa (LS26) and Nigeria (LS25). The observed genetic dissimilarity indicates
that these accessions are related to different geographic locations and most of the cultivated
accessions in each geographic region were uniquely differentiated. This may be due to the
limited outcrossing rate among the geographic regions of the evaluated okra accessions.
Genetic variability among okra accessions was also reported by Massucato et al. [12]. In-
formation on the genetic grouping of the accessions is essential in selecting contrasting
parents based on the breeding history and genetic relationship of the assessed population
and test environment.
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Figure 2. Heatmap showing the genetic relationship among 26 okra accessions using 9 SSR markers.
Annotations in the heatmap show grouping of accessions and SSR marker clusters.

3.4. Cluster Analysis

Figure 3 summarizes the unweighted pair group method with the arithmetic mean
method using Jaccard’s dissimilarity matrix, showing the genetic inter-relationships among
the studied okra accessions. Clustering is a multivariate technique that assists in indicating
the pattern of genetic relationships among accessions. The accessions were grouped
into three distinct major clusters, namely cluster I, consisting of eight accessions, and
clusters II and III, consisting of nine accessions each, indicating the presence of a wide
genetic variation among the studied okra accessions. This corroborates with the findings of
Reddy et al. [7], Pradip et al. [32], and Ravishankar et al. [33], who presented a dendrogram
that classified the tested accessions into three major groups. Accessions allocated in different
clusters are genetically divergent and may serve as prospective parents for a breeding
programme. Most accessions maintained their positions on the dendrogram compared
to the heatmap cluster analysis, except for the accessions LS01, LS03, and LS06. These
clustering patterns indicate that accessions from different regions were genetically diverse.
The high diversity among the accessions makes the assessed genotypes unique genetic
resources to develop new breeding populations.
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Figure 3. Dendrogram showing genetic relationships among 26 okra accessions assessed via 9 poly-
morphic SSR markers.

3.5. Accession and Environmental Effects on Phenotypic Traits

Analysis of variance indicated significant (p < 0.05) differences among the test acces-
sions under different water treatments and their interactions for the assessed phenotypic
traits (Table 4). Accessions had significant (p < 0.05) difference for PH, DTM, NPPP, PYPP,
AGB, RW, and FPL. The water treatments had a significant (p < 0.05) effect on PH, FPL, and
PYPP. The genotype × water treatment interaction exerted a significant (p < 0.05) effect on
DTM, FPL, and PYPP (Table 4).

Table 4. Analysis of variance showing mean square values and significant tests of 26 okra accessions
assessed for phenotypic responses in glasshouse environment under drought-stressed (DS) and
non-stressed (NS) conditions.

S.O.V. df PH DTM FPL DPL DPW NPPP PYPP AGB HI RW RSR

Replications 1 23.80 ns 11.44 ns 21.61 * 35.41 ns 81.39 * 0.01 ns 55.20 * 1423.50 ** 1153 ns 1.50 ns 1.09 **
Incomplete

blocks 1 2063.50 ** 0.08 ns 9.99 ns 11.22 ns 13.89 ns 3.47 ns 1.11 ns 104.56 ns 790.10 ns 85.87 * 0.09 ns

Genotype
(G) 26 336.40 * 225.57 * 15.15 ** 13.76 ns 7.54 ns 7.92 * 15.97 * 136.00 * 664.10 ns 17.97 * 0.14 ns

Water
regime
(WC)

1 2231.00 ** 75.84 ns 77.13 ** 13.18 ns 10.93 ns 16.56 * 229.47 ** 578.52 ns 4736.10 * 82.41 * 0.04 ns

G × WC 25 234.60 ns 89.58 * 6.82 * 10.15 ns 6.99 ns 4.43 ns 12.01 * 55.27 ns 714.90 ns 8.91 ns 0.07 ns

Residual 49 139.80 48.05 3.96 11.88 8.26 3.98 6.96 75.76 429.40 10.19 0.09

S.O.V.: source of variation, PH: plant height, DTM: days to maturity, FPL: fresh pod length, DPL: dry pod length,
DPW: dry pod weight, NPPP: number of pods per plant, PYPP: pod yield per plant, AGB: above-ground biomass,
HI: harvest index, RW: root weight, RSR: root: shoot ratio, * significant at 5% level of significance, ** significant at
1% level of significance, ns non-significant.
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3.5.1. Performance of Okra Accessions for Phenotypic Traits under Drought-Stressed and
Non-Stressed Conditions

Phenotypic traits provide useful selection criteria for genotype selection and breeding.
Mean values of phenotypic traits recorded among the tested 26 okra accessions evaluated
under DS and NS treatments are presented in Table 5. The present study revealed a
significant genotype × water regime effect interaction for several traits, including days to
maturity, fresh pod length, and fresh pod yield. This allowed the identification and selection
of ideal accessions suited for irrigated and drought-prone environments. Highly significant
genotypic differences (p < 0.001) were observed for PH under NS conditions. Plant height
is an important agronomic trait that reflects the vegetative growth behaviour of crop plants
in response to drought-stressed conditions. In the present study, drought stress reduced
plant height (Table 6), with accessions LS01, LS02, LS08, LS09, LS11, LS13, and LS18 being
the tallest under DS conditions. According to Eshiet and Brisibe [34], the height of an okra
plant can potentially affect yield, as taller plants are more prone to lodging, thus resulting in
a reduced number of pods and yield. Taller plant height was observed for accessions LS01,
LS02, LS08, LS09, LS11, LS13, and LS18 under DS than NS that could be attributed to higher
biomass portioning in okra as a means for higher yield and drought tolerance [35]. Days to
maturity is an important trait in evaluating and selecting drought-tolerant okra genotypes.
Under water-limited conditions, plants synthesize phytohormones, which synchronize
the transition from vegetative to reproductive phases. Hence, the synthesis allows plants
to regulate flowering, reproduction, and maturity periods [36]. Accessions LS01, LS03,
LS06, LS08, and LS13 were early maturing under DS conditions (<85 days to maturity).
Early maturing accessions could be selected as parents when breeding for drought escape
through early maturity. Significant (p < 0.05) genotypic differences were recorded for FPL
under both DS and NS conditions. Accessions LS06, LS07, and LS10 recorded the highest
FPL (>8 cm) under DS conditions, whereas accessions LS10 and LS21 had the highest FLP
(>10 cm) under NS conditions. Dry weight showed a reduction from 2.58 to 1.92 g under
DS conditions. Chaturvedi et al. [9] reported that the reduction in dry weight is associated
with the suppression of cell expansion and cell growth due to lower turgor pressure that
occurs when plants are experiencing water shortages. Another record of reduced plant
dry weight under drought stress was reported by Komolafe et al. [3]. Significant (p < 0.05)
genotypic differences were recorded for NPPP under DS conditions. Accessions LS03, LS04,
LS11, LS12, LS15, LS17, LS18, and LS21 recorded the highest NPPP (≥5), while LS13, LS19,
and LS25 recorded the lowest NPPP (<2) under DS conditions. Drought stress reduced
NPPP in okra accessions due to the disturbance in photosynthesis and low carbohydrate
production caused by limited water availability [37].

Significant (p < 0.05) genotypic differences were recorded for PYPP under DS condi-
tions. Accessions LS05, LS07, LS18 and LS10 recorded the highest PYPP (≥10 g). Under
drought stress conditions, okra plants can accumulate sufficient photo-assimilates, result-
ing in higher YPPP [9]. In addition, Komolafe et al. [3], reported that pod yield could
be improved with selection of a higher number of pods per plant and heavier pods as
breeding parents. Genotypes LS19, LS20, and LS25 recorded the lowest PYPP (<1 g) under
DS conditions. The reduction in PYPP in DS is attributed to low water availability, which
reduces cell division, resulting in lower dry matter and pod yield [37]. Significant (p < 0.05)
genotypic differences were recorded for AGB under both DS and NS conditions. There
were significant (p < 0.05) differences among accessions for HI under NS conditions only.
The highest HI (>70%) was observed for accessions LS12, LS21, and LS26, whereas the
lowest HI (<10%) was recorded for LS08 and LS19 under NS conditions. Non-significant
differences were recorded for RW under both DS and NS conditions. Significant (p < 0.05)
genotypic differences were recorded for RSR under DS condition. Genotype LS19 recorded
the highest RSR (>1) compared to all other test accessions under DS conditions. Under
water-limited conditions, the productivity of a plant depends on some essential processes,
such as temporal biomass distribution and dry matter partitioning [9]. Hence, the high
fresh and dry weight of plants under restricted water supply is desirable and relates to
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high conversion efficiency. In the present study, accessions LS08, LS10, LS17, and LS23
indicated higher biomass production. Selecting parents with high biomass expression can
help improve genetic gains. Based on this study, it can be indicated that reductions in most
studied traits were highly associated with drought stress. These traits can effectively assess
the drought tolerance potential of okra accessions and genotype variability for the studied
traits and can be used to improve okra through selection.

Table 5. Mean values for phenotypic traits among 26 okra accessions evaluated under drought-
stressed (DS) and non-stressed (NS) conditions.

Acces-
sion
Code

PH (cm) DTM FPL (cm) DPL (cm) DPW (g
Per Plant) NPPP PYPP (g

Per Plant)
AGB (g

Per Plant) HI (%) RW (g
Per Plant) RSR

DS NS DS NS DS NS DS NS DS NS DS NS DS NS DS NS DS NS DS NS DS NS

LS01 71.50 64.25 80.25 95.17 3.92 7.96 11.59 7.78 6.50 2.00 3.50 8.00 3.92 7.02 13.92 13.02 17.15 54.91 5.25 7.75 0.58 0.59
LS02 65.37 61.62 101.00 95.67 5.19 7.13 9.13 1.75 4.00 0.00 3.50 3.50 2.58 7.83 7.08 17.83 36.67 44.47 6.00 5.25 0.83 0.30
LS03 60.50 68.38 83.00 83.50 3.03 5.96 5.15 6.83 3.50 3.50 8.00 7.00 2.50 8.79 17.50 17.29 13.96 51.86 5.25 6.25 0.33 0.37
LS04 49.87 52.12 86.25 86.75 6.21 7.50 8.29 8.54 1.00 2.50 6.00 5.50 4.19 6.09 9.19 12.09 47.52 56.69 0.75 3.00 0.09 0.29
LS05 54.50 72.50 89.00 80.25 5.73 7.25 6.50 7.08 2.00 8.00 4.00 5.50 6.17 7.33 16.17 18.33 38.30 44.78 5.25 3.75 0.32 0.27
LS06 61.50 82.88 77.00 77.00 8.23 9.06 4.50 8.85 2.50 5.50 4.00 5.00 5.05 8.00 16.55 29.50 62.42 30.64 4.00 7.50 0.50 0.25
LS07 58.38 70.38 86.25 89.00 8.58 4.96 7.60 9.00 3.00 6.50 4.00 3.50 7.92 2.92 16.92 14.92 65.16 29.01 5.00 4.50 0.34 0.37
LS08 73.50 64.00 77.00 95.00 6.00 1.50 3.50 4.67 1.50 1.00 4.50 2.50 6.58 2.63 21.58 17.12 41.57 8.97 8.75 12.25 0.49 0.96
LS09 82.25 69.75 89.67 83.50 3.80 7.83 7.50 4.21 1.00 1.00 3.00 3.00 4.60 7.17 17.10 16.67 21.83 48.07 10.50 7.75 0.85 0.50
LS10 68.75 88.25 95.17 90.00 10.17 11.50 0.00 8.38 0.00 1.50 3.00 3.50 14.00 13.25 32.00 37.75 43.75 35.80 4.00 7.25 0.13 0.20
LS11 79.00 66.50 95.50 86.00 6.51 9.75 8.33 3.63 3.00 0.00 6.00 4.00 6.76 9.23 16.76 19.23 40.34 47.33 7.75 9.00 0.46 0.47
LS12 65.25 82.38 101.00 83.17 3.99 5.51 3.75 5.08 2.50 4.00 6.50 6.50 2.85 7.68 19.85 21.68 19.12 46.84 5.00 7.25 0.33 0.40
LS13 74.25 49.75 80.25 98.25 2.50 7.46 5.71 6.19 2.50 0.50 1.00 5.50 2.00 6.13 17.00 9.13 10.98 79.55 6.50 4.00 0.40 0.48
LS14 65.50 87.25 86.42 83.17 5.93 8.09 6.44 7.38 0.50 3.00 4.50 6.00 4.48 8.56 18.97 23.06 23.56 60.68 8.00 8.25 0.42 0.49
LS15 52.50 57.88 89.00 92.42 6.71 5.47 6.40 6.40 1.50 1.50 5.00 6.00 4.71 4.82 10.71 8.32 47.71 57.66 3.50 3.75 0.40 0.45
LS16 53.50 78.12 95.17 92.25 3.95 7.75 7.40 6.92 3.50 3.00 2.50 4.50 2.63 11.55 13.62 24.55 18.99 47.05 4.25 8.75 0.29 0.36
LS17 67.00 79.00 98.00 83.50 4.23 3.88 4.75 8.08 1.00 5.00 5.50 3.50 3.69 6.00 21.19 20.00 23.54 30.08 7.00 9.25 0.49 0.46
LS18 83.62 75.00 98.25 86.75 7.21 7.33 7.75 10.38 1.50 1.50 6.00 3.50 5.42 6.10 16.42 25.10 33.94 24.68 10.75 6.25 0.74 0.25
LS19 54.12 72.00 95.50 83.50 1.00 0.00 4.00 5.25 0.50 0.00 1.00 1.00 0.50 0.00 6.50 12.50 16.67 0.00 5.50 9.25 1.43 0.73
LS20 60.25 67.12 95.16 89.67 1.81 8.46 1.88 7.63 0.00 2.50 2.50 4.00 0.75 8.08 11.25 18.08 7.89 48.95 4.50 6.25 0.45 0.42
LS21 54.12 66.25 92.17 92.25 8.50 10.08 7.58 7.58 4.00 1.50 6.00 6.00 4.17 9.58 10.17 12.08 41.96 84.21 2.00 2.75 0.27 0.24
LS22 63.50 119.25 89.67 92.75 5.52 8.04 5.83 7.63 0.00 6.00 3.00 6.00 1.75 11.44 10.75 37.94 12.96 30.57 6.25 11.75 0.62 0.31
LS23 69.75 86.75 92.17 89.50 4.94 7.29 6.13 8.79 2.50 5.00 2.50 7.00 5.88 8.00 20.87 34.50 30.75 23.72 6.50 10.00 0.35 0.28
LS24 59.12 86.25 95.17 77.00 4.83 5.31 1.50 3.38 0.00 0.50 3.00 2.50 4.17 6.88 17.17 25.87 27.86 19.23 1.00 9.50 0.11 0.42
LS25 59.62 83.62 101.00 90.00 0.00 6.92 0.00 3.50 0.00 0.00 1.00 3.50 0.00 7.04 12.50 26.54 0.00 35.18 1.50 10.75 0.04 0.41
LS26 46.12 52.62 86.75 83.50 4.67 5.63 5.45 3.05 2.00 1.50 2.00 6.00 4.00 5.24 6.00 7.24 33.33 82.28 1.75 2.50 0.15 0.22

Mean 63.59 73.23 90.61 87.67 5.12 6.83 5.64 6.46 1.92 2.58 3.90 4.71 4.28 7.21 15.30 20.01 29.92 43.20 5.25 7.10 0.44 0.40
p-value ns ** * ns * * ns ns * * * ns * ns * * ns * ns ns * ns

SED 11.73 12.84 6.29 7.49 1.73 2.13 3.19 3.77 2.41 3.25 1.85 2.17 2.29 2.95 7.63 9.81 21.16 20.58 3.10 3.29 0.37 0.17
LSD
(5%) 34.24 26.44 12.96 15.97 5.05 4.39 9.32 7.77 7.05 6.69 5.41 4.48 6.68 6.08 22.26 20.21 43.67 42.38 9.04 6.77 1.09 0.35

CV
(%) 18.48 17.53 6.94 8.54 34.77 31.22 55.83 58.42 65.12 56.10 47.68 46.12 56.79 40.93 50.20 49.02 69.23 47.63 58.87 46.35 63.74 42.66

PH: plant height, DTM: days to maturity, FPL: fresh pod length, DPL: dry pod length, DPW: dry pod weight, NPPP:
number of pods per plant, PYPP: pod yield per plant, AGB: above-ground biomass, HI: harvest index. RW: root weight,
RSR: root: shoot ratio; NS: non-stressed, DS: drought-stressed, SED: standard deviation, LSD: least significant different,
CV: coefficient of variation, * at 5% level of significance, ** significant at 1% level of significance, ns non-significant.

Table 6. Pearson correlation coefficients showing the magnitude of associations of phenotypic
traits among okra accessions under drought-stressed (upper diagonal) and non-stressed (lower
diagonal) conditions.

Traits PH DTM FPL DPL DPW NPPP PYPP AGB HI RW RSR

PH 0.01 ns 0.06 ns 0.14 ns 0.07 ns 0.10 ns 0.24 ns 0.52 ** −0.19 ns 0.81 ** 0.32 ns

DTM −0.22 ns −0.20 ns −0.24 ns −0.27 ns −0.05 ns 0.52 ** −0.06 ns −0.29 ns −0.05 ns 0.07 ns

FPL 0.16 ns 0.12 ns 0.21 ns 0.12 ns 0.43 * 0.81 ** 0.36 ns 0.85 ** 0.03 ns −0.23 ns

DPL 0.24 ns 0.03 ns 0.26 ns 0.71 ** 0.30 ns −0.03 ns −0.35 ns 0.25 ns 0.29 ns 0.28 ns

DPW 0.41 * −0.29 ns 0.06 ns 0.58 ** 0.27 ns 0.04 ns −0.14 ns 0.17 ns 0.03 ns 0.05 ns

NPPP −0.03 ns 0.15 ns 0.39 ** 0.24 ns 0.38 ns 0.26 ns 0.19 ns 0.34 ns 0.14 ns −0.15 ns

PYPP 0.46 ** 0.08 ns 0.83 ** 0.16 ns 0.15 ns 0.37 ns 0.69 ** 0.67 ** 0.13 ns −0.27 ns

AGB 0.88 ** −0.14 ns 0.36 ns 0.27 ns 0.30 ns −0.06 ns 0.60 ** 0.13 ns 0.34 ns 0.27 ns

HI −0.47 * 0.22 ns 0.50 ** −0.07 ns −0.11 ns 0.61 ** 0.31 ns −0.48 * −0.09 ns −0.13 ns

RW 0.70 ** −0.02 ns −0.24 ns −0.12 ns −0.05 ns −0.32 ns −0.08 ns 0.62 ** −0.69 ** 0.58 **
RSR −0.18 ns 0.20 ns −0.65 ** −0.29 ns −0.33 ns −0.35 ns −0.57 ** −0.31 ns −0.37 ns 0.49 *

PH: plant height, DTM: number of days to maturity, FPL: fresh pod length, DPL: dry pod length, DPW: dry pod
weight, NPPP: number of pods per plant, PYPP: yield per plant, AGB: above-ground biomass, HI: harvest index,
RW: root weight, RSR: root: shoot weight, * significant at 5% level of significance, ** significant at 1% level of
significance, ns non-significant.
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3.5.2. Associations among Phenotypic Traits under Drought-Stressed and
Non-Stressed Conditions

Understanding the associations between phenotypic traits provides a useful guide for
the selection and improvement of desired traits. The levels of associations of the assessed
phenotypic traits among accessions under DS and NS conditions in a GH environment
are presented in Table 6. Correlation analysis provides a measure of associations among
traits for effective selection. The poor associations recorded between DTM with DPL and
NPPP suggest small trade-offs in pod yield. The high correlations between PYPP and DTM
under drought stress suggest large trade-offs in yield responses. Under DS conditions,
significant and positive associations were observed between PYPP with FPL (r = 0.81,
p ≤ 0.001). AGB had higher significant association with PYPP (r = 0.69, p ≤ 0.001). HI
positively and significantly correlated with FPL (r = 0.85, p ≤ 0.001) and PYPP (r = 0.67,
p ≤ 0.001) under DS conditions, indicating that harvest index has a direct influence on
pod yield. According to Kyriakopoulou et al. [10], crops under water-limited conditions
show a significantly reduced harvest index. This is attributable to reduced photosynthesis,
which could change pod yield. Positive and significant correlations were observed between
RW and PH (r = 0.81, p ≤ 0.001). RSR significantly and positively correlated with DPW
(r = 0.58, p ≤ 0.001) under DS conditions.

FPL positively and significantly correlated with PYPP (r = 0.83, p ≤ 0.001) and HI
(r = 0.85, p ≤ 0.001) under NS condition. A positive and significant correlation between
FPL and PYPP has been reported in okra [19,37], indicating that fresh pod length is vital
for direct selection to improve the fresh pod yield in okra. Positive and highly significant
correlations were recorded between AGB with PH (r = 0.88, p ≤ 0.001) and PYPP (r = 0.60,
p ≤ 0.001) under NS conditions. There was a high positive association between above-
ground biomass and plant height under drought stress conditions. This indicates that
drought stress has a maximum impact on plant height due to the declined cell enlargement
and cell growth due to low turgor pressure and more leaf senescence. Hence, more
leaf senescence and reduced photosynthesis result in low biomass production in crops
grown under water-limited conditions [7,12]. A suppression in dry biomass production
in response to abiotic stress has been reported by Kaur et al. [12]. RW was positively and
significantly correlated with PH (r = 0.70, p ≤ 0.001) and AGB (r = 0.62, p ≤ 0.001) and
negatively correlated with HI (r = −0.69, p ≤ 0.001). RSR was negatively and significantly
correlated with FPL (r = −0.56, p ≤ 0.001) and PYPP (r = −0.57, p ≤ 0.001) but positively
and significantly correlated with RW (r = 0.49, p ≤ 0.05). The strong associations between
the assessed phenotypic traits in the present study allow effective genotype selection and
genetic advancement.

3.5.3. Principal Component Analysis (PCA)

PCA showing the loading scores and cumulative variations for phenotypic traits under
DS and NS conditions are presented in Table 7. PCA is the most frequently used multivariate
statistical analysis [21]. Three and four principal components (PCs) were identified for
assessed traits under DS and NS conditions, accounting for a cumulative variance of
70.07% and 85.34%, respectively. Under DS conditions, PC1 was positively correlated
with FPL, NPPP, PYPP, and HI, which accounted for 29.69% of the total variation. The
results indicated that the tested okra accessions were genetically diverse. PH, RW, and RSR
were positively correlated with PC2, accounting for 21.64% of the total variation under DS
conditions. DPL and DPW were negatively correlated while AGB was positively associated
with PC3, which accounted for 19.37% of the total variation. Under NS conditions, PC1 was
positively associated with FPL, DPL, NPPP, and PYPP and negatively correlated with RSR,
which accounted for 32.24% of the total variation. PC2 was positively associated with PH,
AGB, and RW and negatively correlated with HI, which accounted for 28.99% of the total
variation among the test accessions. PC3 was negatively correlated with DPW, while PC4
was positively associated with DTM, accounting for 14.22% and 9.89% of the total variation,
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respectively. The current PCA results successfully identified variables that contribute most
to the response of okra accessions against drought stress.

Table 7. Principal component loading scores explained and cumulative variances of phenotypic traits
among 26 okra accessions under drought-stressed and non-stressed conditions.

Traits
Drought-Stressed Non-Stressed

PC1 PC2 PC3 PC1 PC2 PC3 PC4

PH 0.32 0.74 0.46 0.55 0.76 0.05 0.01
DTM −0.33 −0.03 0.32 −0.09 −0.27 0.48 0.74
FPL 0.89 −0.23 −0.07 0.79 −0.31 0.37 −0.09
DPL 0.29 0.50 −0.73 0.51 0.05 −0.53 0.41
DPW 0.28 0.30 −0.69 0.53 0.17 −0.71 0.17
NPPP 0.53 0.07 −0.22 0.53 −0.49 −0.15 0.37
PYPP 0.87 −0.20 0.30 0.85 −0.01 0.46 −0.05
AGB 0.58 0.01 0.70 0.64 0.71 0.19 −0.02
HI 0.78 −0.29 −0.27 0.24 −0.90 0.16 −0.01
RW 0.26 0.87 0.30 −0.06 0.88 0.31 0.21
RSR −0.20 0.74 −0.07 −0.76 0.30 0.10 0.39

Explained variance (eigenvalue) 3.27 2.38 2.13 3.55 3.19 1.56 1.09
Proportion of total variance (%) 29.69 21.64 19.37 32.24 28.99 14.22 9.89

Cumulative variance (%) 29.69 51.33 70.70 32.24 61.23 75.45 85.34

PH: plant height, DTM: number of days to maturity, FPL: fresh pod length, DPL: dry pod length, DPW: dry pod
weight, NPPP: number of pods per plant, PYPP: pod yield per plant, AGB: above-ground biomass, HI: harvest
index, RW: root weight, RSR: root: shoot ratio, PCs with ≥0.5 loading scores are boldfaced.

The relationship between the accessions and the studied phenotypic traits is illustrated
using principal component biplots (Figure 4). Angles less than 45 ◦C between the dimen-
sions of two variables indicate high trait associations, whereas longer vectors show the
discriminating ability of a particular trait. As a result, accessions excelling in a particular
trait were plotted to the vector line. Accessions LS17 and LS02 were grouped together
based on the high values for RSR under DS conditions. Under NS conditions, accessions
LS14, LS16, LS18, LS23, and LS01 were grouped together based on high values of PH,
FPL, DPW, DPL, NPPP, and PYPP. Accessions LS21, LS01, LS12, LS14, and LS09 were
grouped together based on high values of PH, FPL, DPW, DPL, NPPP, and PYPP under DS
conditions. Accessions LS17, LS12, LS09, LS19, and LS09 were grouped together based on
the high values of PH, FPL, DPW, DPL, NPPP, and PYPP under NS conditions.

Figure 4. Principal component biplot of PC1 vs. PC2 showing groupings of 26 okra accessions based
on phenotypic traits under drought-stressed (A) and non-stressed (B) conditions. PH: plant height,
DTM: number of days to maturity, FPL: fresh pod length, DPL: dry pod length, DPW: dry pod
weight, NPPP: number of pods per plant, PYPP: pod yield per plant, AGB: above-ground biomass,
HI: harvest index, RW: root weight, RSR: root: shoot ratio.
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3.5.4. Phenotypic Hierarchical Clustering

Hierarchical cluster analysis using phenotypic data allocated the okra accessions into
three groups under drought-stressed conditions (Figure 5). The largest cluster (cluster I)
consisted of 11 accessions, followed by cluster III with 8 accessions and cluster I with
7 accessions. High-yielding accessions (e.g., LS05 and LS07) were grouped in cluster II.
Cluster I consisted of accessions which were characterized by taller plant height and with
the highest number of pods per plant. Cluster III contained accessions with low pod
yield. Accessions LS10 and LS18, which were grouped in cluster I under drought-stressed
conditions, can be selected to develop breeding populations for enhanced pod yield. This
cluster also contained taller accessions, which usually have higher biomass than shorter
plants and contribute to carbon sequestration for better soil health [37]. The test accessions
were also grouped into three clusters under non-stressed conditions (Figure 6). The largest
cluster (cluster I) contained 12 accessions, while the second largest cluster (cluster II)
contained 8 accessions, and the smallest cluster III consisted of only 6 accessions. Cluster
I comprised accessions with a higher number of pods, whereas cluster III had accessions
with higher harvest index and early maturity, critical attributes for drought escape due to
accelerated growth and development.

Figure 5. Hierarchical clustering of 26 okra accessions based on phenotypic traits evaluated under
drought-stressed conditions.

Figure 6. Hierarchical clustering of 26 okra accessions based on phenotypic traits under non-
stressed conditions.
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3.6. Comparison of Phenotypic and Genotypic Hierarchical Clusters

Genetic markers have proven to be a powerful tool for assessing genetic variation and
elucidating genetic relationships within and among okra species, while phenotypic traits
are essential indicators of genotypes in a given environment. A comparison of phenotypic
and genotypic clusters was conducted to establish genotype compatibility among differ-
ent dendrograms. None of the accessions maintained their positions when phenotypic
hierarchical clusters were compared to genotypic hierarchical clustering under drought-
stressed conditions (Figure 7). Similarly, under non-stressed conditions (Figure 8), the
phenotypic clustering was opposite to the phenotypic cluster. The tanglegram comparison
indicated that 42% of the accessions under drought-stressed conditions maintained their
cluster membership in the phenotypic and genotypic hierarchical clustering (Figure 7).
Under non-stressed conditions, 69% of the accessions maintained their membership in the
phenotypic and genotypic hierarchical clustering (Figure 8). The phenotype and genotype
clusters under drought and non-stressed conditions were inconsistent due to the genotype-
by-environment interactions, resulting in variation in the phenotypic expression of the
phenotypic traits [36]. Lower consistency in the phenotypic and genotypic clustering under
drought-stressed conditions compared to non-stressed conditions is attributable to the
selection pressure exerted by the drought treatment.

Figure 7. Tanglegram comparison of phenotypic and genotypic hierarchical clusters of 26 okra
accessions based on 9 SSR markers and phenotypic data measured under drought-stressed conditions.

Figure 8. Tanglegram comparison of phenotypic and genotypic hierarchical clusters of 26 okra
accessions based on 9 SSR markers and phenotypic data measured under non-stressed conditions.
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4. Conclusions

The present study evaluated the genetic and phenotypic diversity and relationships
among selected okra accessions as a guide for selecting parental accessions for breeding.
SSR-assisted phenotypic and genotype evaluation and classification in the present study
suggest sufficient genetic diversity in okra accessions to initiate a trait-based pre-breeding
program. Genetically unrelated accessions such as LS04, LS05, LS06, LS07, LS08, LS10, LS11,
LS15, LS18, LS23, LS24, and LS26 were selected based on their high yield potential and
related yield-improving traits under drought stress conditions. The identified accessions
are recommended as suitable breeding parents for hybridization and selection programs to
improve the yield potential of okra under drought-stressed environments.

Author Contributions: Conceptualization, S.S.M., H.S., A.S.G. and J.M.; Formal analysis, S.S.M. and
A.S. Funding acquisition, H.S. and A.S.G.; Investigation, S.S.M.; Methodology, S.S.M., H.S. and J.M.;
Project administration, S.S.M., H.S. and A.S.G.; Resources, H.S. and A.S.G.; Supervision, H.S. and
A.S.G.; Writing—original draft, S.S.M.; Writing—review and editing, S.S.M., H.S., A.S.G. and J.M. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Research Foundation, South Africa, grant number
MND200618533646, the Agricultural Research Council through the PDP program, grant number
10013464, and the Moses Kotane Institute, grant number 8804030907080.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The University of KwaZulu-Natal is acknowledged for the support of the project,
as well as the Agricultural Research Council through the Professional Development Programme for
providing plant material and support. Anthon Wanga is acknowledged for assisting in data analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Düzyaman, E. Phenotypic Diversity within a Collection of Distinct Okra (Abelmoschus esculentus) Cultivars Derived from Turkish

Land Races. Genet. Resour. Crop Evol. 2005, 52, 1019–1030. [CrossRef]
2. Kumar, M.; Sharma, V.R.; Kumar, N.; Sirohi, U.; Naresh, R.; Chaudhary, V. Screening of Microsatellite Markers for Genetic

Diversity Assessment and Conservation of Germplasm in Okra (Abelmoschus esculentus L. Moench). Int. J. Curr. Microbiol. Appl.
Sci. 2017, 6, 509–520. [CrossRef]

3. Komolafe, R.J.; Ariyo, O.J.; Alake, C.O. Correlation and Path Coefficient Analysis of Fruit Yield Attributes in Forty Genotypes of
Okra (Abelmoschus esculentus). Agric. Res. 2021, 11, 15–23. [CrossRef]

4. Abed, M.Y.; Ibrahim, E.A.; El-Shoura, A.M. Development of Okra (Abelmoschus esculentus L. Moench) Hybrids Derived from
Selected Inbreds under Drought Stress. J. Plant Prod. 2020, 11, 61–69. [CrossRef]

5. Saifullah, M.; Rabbani, M.G. Evaluation, and characterization of okra (Abelmoschus esculentus L. Moench) genotypes. SAARC J.
Agric. 2009, 7, 92–99.

6. Mihretu, Y.; Wayessa, G.; Adugna, D. Multivariate analysis among okra (Abelmoschus esculentus (L.) Moench) collection in
South-Western Ethiopia. J. Plant Sci. 2014, 9, 43–50.

7. Reddy, M.T.; Haribabu, K.; Ganesh, M.; Redyy, K.C.; Begum, H. Genetic divergence analysis of indigenous and exotic collections
of okra (Abelmoschus esculentus L. Moench). J. Agric. Technol. 2012, 8, 611–623.

8. Alake, C.O. Genetic variability and diversity in okra landraces using agromorphological traits and seed elemental minerals.
Int. J. Veg. Sci. 2020, 26, 127–149. [CrossRef]

9. Chaturvedi, A.K.; Surendran, U.; Gopinath, G.; Chandran, K.M.; Anjali, N.K.; Ct, M.F. Elucidation of stage specific physiological
sensitivity of okra to drought stress through leaf gas exchange, spectral indices, growth and yield parameters. Agric. Water Manag.
2019, 222, 92–104. [CrossRef]

10. Kyriakopoulou, O.G.; Arens, P.; Pelgrom, K.T.; Karapanos, I.; Bebeli, P.; Passam, H.C. Genetic and morphological diversity of okra
(Abelmoschus esculentus [L.] Moench.) genotypes and their possible relationships, with particular reference to Greek landraces.
Sci. Hortic. 2014, 171, 58–70. [CrossRef]

11. Kaur, K.; Pathak, M.; Kaur, S.; Pathak, D.; Chawla, N. Assessment of morphological and molecular diversity among okra
(Abelmoschus esculentus (L.) Moench.) germplasm. Afr. J. Biotechnol. 2013, 12, 3160–3170.

12. Massucato, L.R.; Nakamura, K.K.; Ruas, P.M.; Zefa, D.M.; Da Silva, D.J.H.; Gonçalves, L.S.A. Genetic diversity among Brazilian
okra landraces detected by morphoagronomic and molecular descriptors. Acta Sci. Agron. 2020, 42, e43426. [CrossRef]

168



Diversity 2022, 14, 747

13. Aladele, S.E.; Ariyo, O.J.; Lapena, R.D.E. Genetic relationships among West African okra (Abelmoschus caillei) and Asian genotypes
(Abelmoschus esculentus) using RAPD. Afr. J. Biotechnol. 2008, 7, 1426–1431.

14. Yuan, C.; Zhang, C.; Wang, P.; Hu, S.; Chang, H.; Xiao, W.; Lu, X.; Jiang, S.; Ye, J.; Guo, X. Genetic diversity analysis of okra
(Abelmoschus esculentus L.) by inter-simple sequence repeat (ISSR) markers. Genet. Mol. Res. 2014, 13, 3165–3175. [CrossRef]
[PubMed]

15. Kpodo, F.; Agbenorhevi, J.; Alba, K.; Bingham, R.; Oduro, I.; Morris, G.; Kontogiorgos, V. Pectin isolation and characterization
from six okra genotypes. Food Hydrocoll. 2017, 72, 323–330. [CrossRef]

16. Salameh, N.M. Genetic diversity of okra (Abelmoschus esculentus L.) genotypes from different agroecological regions revealed by
amplified fragment length polymorphism analysis. Am. J. Appl. Sci. 2014, 11, 1157–1163. [CrossRef]

17. Fougat, R.S.; Purohit, A.R.; Kumar, S.; Parekh, M.J.; Kumar, M. SSR based genetic diversity in Abelmoschus species.
Indian J. Agric. Sci. 2015, 85, 1223–1228.

18. Mohammed, W.; Amelework, B.; Shimelis, H. Simple sequence repeat markers revealed genetic divergence and population
structure of okra [Abelmoschus esculentus] collections of diverse geographic origin. Aust. J. Crop Sci. 2020, 14, 1032–1041. [CrossRef]

19. El-Fattah, B.E.S.A.; Haridy, A.G.; Abbas, H.S. Response to planting date, stress tolerance and genetic diversity analysis among
okra (Abelmoschus esculentus (L.) Moench.) varieties. Genet. Resour. Crop Evol. 2020, 67, 831–851. [CrossRef]

20. Ahmed, Z.G.; El-Sayed, M.A. Influence of drought stress on physiological traits of crossed okra varieties. Jordan J. Biol. Sci. 2021,
14, 253–260.

21. Schafleitner, R.; Kumar, S.; Lin, C.-Y.; Hegde, S.G.; Ebert, A. The okra (Abelmoschus esculentus) transcriptome as a source for gene
sequence information and molecular markers for diversity analysis. Gene 2013, 517, 27–36. [CrossRef] [PubMed]

22. Ouedraogo, M.H.; Sawadogo, N.; Batieno, T.B.J.; Zida, W.M.S.F.; Bougma, A.L.; Barro, A.; Kiebre, Z.; Sawadogo, M. Evaluation of
genetic diversity of okra accessions [Abelmoschus esculentus (L. Moench)] cultivated in Burkina Faso using microsatellite markers.
Afr. J. Biotechnol. 2018, 17, 126–132. [CrossRef]

23. Peakall, R.; Smouse, P.E. GenAlex 6.5: Genetic analysis in Excel. Population software for teaching and research-an update.
Bioinformatics 2012, 28, 2537–2539. [CrossRef] [PubMed]

24. Nei, M.; Li, W.H. Mathematical model for studying genetic variation in terms of restriction endonucleases. Proc. Natl. Acad. Sci.
USA 1979, 76, 5269–5273. [CrossRef]
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Abstract: Understanding the distribution patterns and formation mechanisms of endemic taxa is
essential for effective biodiversity conservation. China is an important distribution and endemic
center for genus Viburnum in Asia. However, the distribution pattern and formation mechanism of
endemic taxa of Viburnum remains unclear in China. In this study, we determined the distribution
information of 61 endemic taxa of Viburnum through specimens’ review and field surveys. Species
distribution models were used to clarify the distribution patterns of the endemic taxa of Viburnum. The
findings shows that the hotspot for overall endemic taxa of Viburnum in China is mainly distributed
in temperate and subtropical mountainous areas, and the highest richness in the mountainous regions
were around the Yunnan-Guizhou Plateau and the Sichuan Basin. About one-third of the endemic
taxa of Viburnum were rare species, whose distribution area was scattered and lacked protection.
The distribution pattern of the endemic taxa of genus Viburnum can be well explained within the
three hypotheses of environmental energy, water availability and climate seasonality. This study
provides additional understanding and explanation of endemic species richness distribution and
their formation mechanisms. In addition, it provides conservation measures for endemic taxa of
genus Viburnum to guide conservationists and policy makers in China.

Keywords: endemic taxa; Viburnum; environmental factors; geographical pattern; conservation

1. Introduction

The heterogeneous distribution patterns of biodiversity and its formation mechanisms
have long been a research topic among ecologists and conservationists [1,2]. Species
richness is an important part of biodiversity and understanding its geographic patterns can
also provide important information for spatial planning conservation, and sustainable use
of biodiversity resources [3,4]. Meanwhile, species richness of endemic, rare or threatened
plants play a central role in identifying the priority sites for plant conservation [5].

Over the past few decades, hundreds of macroecological and biogeographical hy-
potheses have been used to explain the patterns of species richness and the formation
mechanisms [6–8]. In particularly, the synergistic effects between climate and habitat
heterogeneity drive species richness at large scales [9–11]. The water-energy hypothesis
is one of the most widely used of these hypotheses, suggesting that areas with high en-
ergy and water availability will promote high species diversity and richness [12,13]. The
habitat heterogeneity hypothesis suggests that areas of high topographic complexity can
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promote species differentiation through geographical isolation [4,14]. Furthermore, climatic
seasonality (severe winters) and climate change since the Quaternary can also influence
species richness patterns [4,15]. Recent studies suggest that species richness patterns, par-
ticularly those of endemic and rare species with low dispersal ability and narrow ranges,
may be affected by the combined effects of interactions between contemporary climate
and long-term climate stability [16,17]. Furthermore, the interpretation of species richness
patterns and the relative importance of explanatory factors may vary depending on the
study extents, research scale, spatial resolution, and species groups [18–21]. However, the
richness patterns and explanatory hypotheses for woody plants genus with high proportion
of endemism have received less attention and are not well understood.

Viburnum L (Adoxaceae), is a highly ornamental woody flowering genus, and popular
for its horticultural values which are characterized by its showy flowers, brightly colored
fruit, and attractive foliage [22–24]. The genus Viburnum has over 200 species worldwide,
mainly distributed in the subtropical and temperate regions of Asia, South America and
Europe [22,25]. It was first placed in the traditional Caprifoliaceae family and later placed in
the Adoxaceae based on morphological and molecular evidence [26,27], and can be divided
into 10 sections in traditional taxonomy [28]. Among those sections, the Sect. Megalotinus,
Sect. Solenotinus, Sect. Tinus, Sect. Tomentosa, Sect. Viburnum and Sect. Pseudotinus were
mainly distributed in Asia, the Sect. Lentago and Sect. Oreinotinus were mainly distributed
in America, the Sect. Odontotinus was mainly distributed in both Asia and America, with
the Sect. Opulus could be found on all continents in the circumpolar Arctic region [28].
According to the recent molecular phylogenetic findings, the global genus Viburnum could
be broadly divided into 18 sections [29,30]. The genus Viburnum probably originated and
initially diversified in Old World montane tropical forests, and several lineages gradually
migrated to the colder forests in the higher latitudes of Asia. Subsequently, some lineages
extended into Europe, and some lineages may have entered the New World through Belincia
in the Eocene [30,31]. From the Oligocene onward, there was less species formation and
more extinction in the lowland tropical lineages, and increased diversification in temperate
lineages. After the Miocene, it spread again to tropical forests and boreal cold forests [30].
Today, the center of phylogenetic diversity is in Southeast Asia, but the greatest species
diversity is found in central and southern China [32–35].

China has the largest species number of the genus Viburnum in the world and the
distribution center of this genus in Asia [25]. According to the Flora of China and the
latest research of new distribution records and new species, there are 73 species (98 taxa)
of the genus Viburnum in China [25,36], of which 45 are endemic to China [25]. The
Flora Reipublicae Popularis Sinicae describes the genus Viburnum is widespread in all
provinces of China, with the largest number of species in the southwest [37]. However,
the geographical distribution pattern and endemic centers of endemic taxa of the genus
Viburnum in China and their driving factors are unclear, which has hampered research on
the evolution and conservation of endemics of the genus Viburnum.

In this study, we aimed at solving the following problems: (1) what is the geographical
distribution pattern of endemic taxa of Viburnum in China; (2) What are the possible causes
of the pattern of endemic taxa of Viburnum in China? This study will provide a basis for
research on the evolution and conservation of endemic taxa of Viburnum in China.

2. Methods
2.1. Plant Taxa and Distribution Data

The list of plant taxa and taxonomic information in this study was based on the Flora
of China [25]. Information on new species and new distribution of Viburnum in China has
also been recorded through literature review. The distribution data of endemic taxa of
Viburnum in China was mainly obtained from digitized specimens and field surveys. Speci-
mens data were obtained from the Chinese Virtual Herbarium (www.cvh.ac.cn, accessed
on 10 September 2021), the National Specimen Information Infrastructure (www.nsii.org.cn,
accessed on 10 September 2021), and Herbariums from other research institutes, which in-
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clude Shanghai Chenshan Botanical Garden, Hangzhou Botanical Garden, Xishuangbanna
Tropical Botanical Garden of the Chinese Academy of Sciences, South China Botanical
Garden of the Chinese Academy of Sciences, and Wuhan Botanical Garden of the Chinese
Academy of Sciences. From the digitized specimen information, we obtained latitude and
longitude data. For the specimens which just had collection location name, geographi-
cal coordinates were obtained from the Chinese National Geographical Names Database
(www.nfgis.nsdi.gov.cn/, accessed on 10 September 2021) and Google Earth. The field
survey data was obtained from the Wild Flora Introduction Department of Wuhan Botanical
Garden of the Chinese Academy of Sciences from 1980 to 2021, and from Enshi Dongsheng
Plant Development Co., Ltd, Enshi, China. from 2008 to 2021. Finally, a total of 7119 valid
distribution information was obtained after removing doubtful, duplicate records, ambigu-
ous information, and misidentified specimens.

2.2. Species Distribution Model

In this study, Maximum entropy model (MaxEnt) [38] was chosen for predicting the
potential range of endemic species of genus Viburnum. Maxent was specifically developed to
model species distributions with presence-only data, and previous studies have shown that
it performs well with few distributed data and has been less affected when positional errors
occur [39–41]. In this study, Maxent was run according to the following modelling rules:
linear features and quadratic features for ≥5 and <15 collection records, and adding hinge
features for ≥15 records [40,42]. The random test percentage was 25% with 100 replicates.
The prediction accuracy of the model was evaluated by the ROC curve. The ROC curve
is a methodological technique, and the AUC value can qualitatively assess the prediction
accuracy [43,44].

In this case, 19 bioclimatic variables (the average for the years 1970–2000) from the
WorldClim (https://www.worldclim.org/, accessed on 10 September 2021) dataset [45],
and elevation (www.diva-gis.org, accessed on 10 September 2021) with a spatial resolution
of 2.5 min (~5 km) were selected as environmental predictors for the species distribution
model in this study. Since multicollinearity of variables can result overfit species distribu-
tion modeling [40,42,46], in this study we performed Spearman’s rank correlation tests on
19 environmental factors, and eight factors with a Spearman’s correlation of less than 0.8
were selected to participate in the modeling (Table S2).

2.3. Environmental Variables

Four categories of environmental variables were selected for the analysis of the drivers
of species richness patterns. To test the effect of energy on species richness, we selected
mean annual temperature (MAT), annual range of temperature (ART) and mean tempera-
ture of the coldest quarter (MTC). To test the effect of water on species richness, we selected
mean annual precipitation (MAP) and mean precipitation of the driest month (PDM). To test
the effect of climatic seasonality on species richness, we selected precipitation seasonality
(PS) and temperature seasonality (TS). To test the effect of heterogeneity on species richness,
we choose the range in elevation of each grid cell (maximum minus minimum elevation,
REL, www.earthenv.org, accessed on 10 September 2021), terrain ruggedness index (TRI;
http://www.earthenv.org/, accessed on 10 September 2021) and normalized difference
vegetation index (NDVI, www.geodata.cn, accessed on 10 September 2021). We selected
the climate change since the Last Glacial Maximum to track the historic climate change
(MATano and MAPano), which is the absolute value of the difference in MAT and MAP
between the LGM and the present [47]. Climate data were obtained from the WorldClim
(http://www.worldclim.org, accessed on 10 September 2021) with the spatial resolution of
1 arc-min.

2.4. Data Analysis

For this study, the species richness and environmental variables were statistically
analyzed in grid cells at a resolution of 50 × 50 km in ArcGIS 10.2. The potential distribution
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area of each species was rasterized at a resolution of 50 × 50 km and the number of species
in each grid cells was counted as species richness. Rare species were marked as species
listed in the IUCN list and species with small distribution ranges, i.e., species with raster
counts less than 100 (which also almost satisfied with the sample collection data points of
less than 25). The environmental variables were extracted by their respective average values
in each grid cells. All environmental variables and richness data were log-transformed
because of their highly skewed distributions. To analyze the predictive power of these
hypotheses for the endemic richness of Viburnum, we chose standard ordinary least squares
regression (OLS) models that ignored spatial autocorrelation, and regression models that
take spatial autocorrelation into account to assess the variables in these models. The two
most commonly used spatial autoregressive models, the conditional autoregressive (CAR)
and simultaneous autoregressive (SAR) models were chosen for this study. The three
models were calculated in SAM (version 4.0, https://www.ecoevol.ufg.br/sam/, accessed
on 10 September 2021) [48], along with the Akaike Information Criterion (AIC) used to
rank the environmental models [8]. To assess the pattern of spatial autocorrelation in the
residuals of all regression models, we plotted the correlation of Moran’s I. To further explore
the relative importance of environmental factors for endemic species richness in each section
of Viburnum, we used the “calc.relimp” function in the R package “relaimpo” [49] in R
4.0.5 [50].

3. Results
3.1. Endemic Richness of Genus Viburnum in China

Through the examination of specimens and field data, we assessed 61 endemic taxa (in-
cluding 38 species, 15 varieties, 5 subspecies and 3 forma) of Viburnum (Table S1; Figure 1),
accounting for 62% of the taxa (including inner species taxa) of Viburnum in China. The en-
demic taxa belong to seven sections of genus Viburnum in China. Of these, Sect. Odontotinus
is the most diverse with 21 taxa (14 species, 6 varieties and 1 subspecies), Sect. Solenotinus
has 16 taxa (10 species, 4 varieties and 2 subspecies), Sect. Viburnum 10 taxa (6 species,
2 subspecies and 2 forma), Sect. Megalotinus 6 taxa (3 species and 3 varieties), Sect. Tinus
5 species (3 species, 1 variety and 1 forma), Sect. Tomentosa 2 taxa (1 species and 1 variety),
and Sect. Pseudotinus is represented by only 1 species.

3.2. Geographic Patterns of Endemic Richness of Genus Viburnum in China

According to statistics of the results of the species distribution model and its distribu-
tion in 50 × 50 km grid cells. A total of 4162 grid cells were sampled, but only 1764 grid
cells had recorded species occurrence of genus Viburnum hence they were used for analysis.
57.62% of the total grid cells sampled had recorded 0 endemic species. The endemic taxa
richness of this genus varied considerably in China with taxa richness values ranging from
0 to 26 species per grid cell (Figure S1).

The geographic patterns of specimen collection of endemic species of the genus
Viburnum shows a heterogeneous pattern, with its specimen collection mostly from the
southern and southwestern of China (Figure 2A,B). The endemic taxa richness of genus
Viburnum is distributed in 28 provincial administrations in China, of which Yunnan Province
has the highest richness, followed by Guangxi and Sichuan Province. The northernmost
distribution area is in Urumqi city (Xinjiang Uygur Autonomous Region), the southernmost
area is in Ledong County (Hainan Province), the westernmost area in Shigatse City (Tibet
Autonomous Region), and the easternmost area in Taipei City, Taiwan Province (Figure 2C).
Based on the raster statistics of the potential distribution areas of endemic taxa, we found
that the highest richness of endemic taxa of the genus Viburnum in the mountainous areas
around the Sichuan Basin and Yunnan-Guizhou Plateau, such as the Qionglai-Wumeng
Mountains, the Qinling-Daba Mountains and the Wuling Mountains regions. At the same
time, the regions of Wuyi Mountains, the Nanling Mountains and the Central Mountains
of Taiwan in the south-east of China also showed high richness (Figure 2D).
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V. formosanum subsp. leiogynum, 39 V. formosanum var. pubigeru, 40 V. kansuense, 41 V. lanci-
folium, 42 V. melanocarpum, 43 V. sempervirens var. sempervirens, 44 V. sempervirens var. tri-
chophorum, 45 V. setigerum, 46 V. squamulosum. 
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Figure 1. Some endemic taxa of the genus Viburnum in China. 1 V. buddleifolium, 2 V. chinshanense,
3 V. glomeratum subsp. magnificum, 4 V. macrocephalum f. macrocephalum, 5 V. macrocephalum f. keteleeri,
6 V. rhytidophyllum, 7 V. schensianum, 8 V. utile, 9 V. congestum, 10 V. brachybotryum, 11 V. brevitubum,
12 V. chingii var. chingii, 13 V. corymbiflorum subsp. corymbiflorum, 14 V. corymbiflorum subsp. malifolium,
15 V. farreri, 16 V. henryi, 17 V. oliganthum, 18 V. taitoense, 19 V. tengyuehense var. tengyuehense, 20 V. trabecu-
losum, 21 V. amplifolium, 22 V. leiocarpum var. leiocarpum, 24 V. punctatum var. lepidotulum, 24 V. ternatum,
25 V. hanceanum, 26 V. sympodiale, 27 V. cinnamomifolium, 28 V. davidii, 29 V. atrocyaneum f. harryanum,
30 V. propinquum var. mairei, 31 V. triplinerve, 32 V. betulifolium, 33 V. chunii, 34 V. dalzielii, 35 V. foetidum
var. rectangulatum, 36 V. foetidum var. ceanothoides, 37 V. fordiae, 38 V. formosanum subsp. leiogynum,
39 V. formosanum var. pubigeru, 40 V. kansuense, 41 V. lancifolium, 42 V. melanocarpum, 43 V. sempervirens
var. sempervirens, 44 V. sempervirens var. trichophorum, 45 V. setigerum, 46 V. squamulosum.

The distribution pattern of the endemic richness of the sections of genus Viburnum
varied considerably. Of the seven sections, the Sect. Viburnum had a larger distribution
range, with its distribution center in the area surrounding the Sichuan Basin (Figure 3A).
The Sect. Pseudotinus (only 1 species) occurred in the areas between Sichuan and Shanghai
(Figure 3B). The Sect. Tinus mainly occurred in south-western China, with its center of
distribution in the Qionglai-Wumeng Mountains and its extensions into Guangxi Province
(Figure 3C). The distribution area of Sect. Solenotinus was found to be widely spread,
and the distribution hotspots were found to be in the southwest of China, especially in
Yunnan Province and Wuling and Nanling Mountains (Figure 3D). The Sect. Tomentosa
occurs only in the southeastern region of China, with Taiwan Province hosting all the
species of this section (Figure 3E). The Sect. Megalotinus is mainly distributed in the
southwestern and southern coastal areas, and the highest richness areas are Hainan, Taiwan,
and southern Yunnan Provinces (Figure 3F). The Sect. Odontotinus had a wide distribution
range, but the distribution center is in the south-eastern region, especially in the Wuyi and
Nanling Mountains (Figure 3G). The rare species were mainly distributed in the southwest
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and southeast regions, with higher richness in Yunnan and Sichuan, Hainan and Taiwan
Province (Figure 3H).
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3.3. Assessment of Variables on Species Richness

Overall, the endemic richness of genus Viburnum in China tends to increase with
increasing longitude and decrease with increasing latitude, and areas of high richness are
concentrated between 103◦ E and 115◦ E and between 25◦ N and 33◦ N (Figure S3). The
endemic taxa of the genus Viburnum in China are mainly distributed at lower altitudes,
with 50.82% of the taxa distributed at altitudes below 2000 m. Only 36.07% of the taxa are
distributed at the highest altitudes in the region between 2000 m and 3000 m, while only
13.11% of the taxa have a maximum altitude above 3000 m but below 4000 m (Table S1).

The 12 explanatory variables were significant and entered the model in OLS regression
analysis (Figure S3). The ART, MTC, MAP and TS were the most important variables in
the model. MATano was the least important independent variable, followed by MAPano,
REL, NDVI and TRI (Table 1). The OLS model explained 75.4% (p < 0.0001) of the variance
in the transformed data (Figure 4). The Climatic seasonality hypothesis (52.9%) was the
most influential factor for species richness, followed by Water availability (50.5%) and
Environmental energy (49.3%) hypotheses. The least important hypothesis was Historic
climate changes (16.9%). The OLS residuals showed positive spatial autocorrelation within
a distance of approximately 1000 km (Figure 5). In addition, the OLS residuals were
spatially clumped, showing areas of clustering with highly spatially correlated values
(Figure S4).
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Table 1. Relationships between the richness of endemic taxa of Viburnum and explained variables
using simple ordinary least squares (OLS) model, simple conditional autoregressive (CAR) model
and the simultaneous autoregressive in (SAR) model.

OLS Models CAR Models SAR Models

t R2 AIC t R2 AIC t R2 AIC

Environmental energy
MAT 26.498 0.285 913.599 21.825 0.300 875.970 12.282 0.496 295.932
ART −37.480 0.444 467.920 −31.713 0.458 424.184 −28.419 0.679 −497.299
MTC 35.452 0.416 555.496 28.107 0.416 556.969 19.114 0.571 13.626

Water availability
MAP 41.050 0.489 321.442 35.986 0.504 268.409 29.583 0.673 −467.821
PDM 24.220 0.250 998.358 21.927 0.269 953.337 15.860 0.531 168.554

Climatic seasonality
TS −26.890 0.291 898.774 −22.896 0.316 836.727 −24.031 0.639 −289.754
PS −24.840 0.260 975.488 −23.118 0.289 903.153 −13.334 0.501 280.869

Heterogeneity
REL 10.030 0.054 1407.314 13.530 0.109 1300.729 19.866 0.538 143.528
TRI 13.680 0.096 1327.069 16.096 0.146 1226.710 19.768 0.540 135.663

NDVI −10.880 0.063 1390.441 −10.389 0.091 1337.344 −5.611 0.444 468.735

Historic climate change
MATano 9.466 0.048 1417.672 6.257 0.064 1388.166 4.388 0.447 462.120
MAPano 19.650 0.180 1155.614 15.310 0.168 1179.985 14.132 0.519 214.806
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Figure 4. The explanation of endemic richness of genus Viburnum in China by different hypothetical
models.

The most important explanatory factor in the CAR model was MAP, followed by
ART, MTC, and TS. The explanatory rates for factors related to habitat heterogeneity and
historical climate change were both low (<20%). In total, the CAR model accounted for
76.2% of the species richness pattern (Figure 3), with climate seasonality hypothesis alone
explaining the highest rate (50.3%), followed by the environmental energy (49.6%) and the
water availability (49.1%) hypothesis. With only 16.2 percent and 18.0 percent, respectively,
habitat heterogeneity and the historical climate change hypotheses were inadequately
explained (Table 1). The most important explanatory factor in the SAR model was ART,

177



Diversity 2022, 14, 744

followed by MAP, MTC, and TS. The least explained factors were NDVI and MATano
(<50%). SAR models explained 83.3% of the species richness pattern (Figure 4), with the
higher individual explanations being climate seasonality (68.5%) and the environmental
energy hypothesis (68%), followed by the water availability hypothesis (67.3%), habitat
heterogeneity (56.8%) and the historical climate change hypothesis (51.9%) (Table 1).
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Figure 5. Moran’s I correlogram for the residuals of OLS, CAR, and SAR models.

The residual examination of the three models shows that the OLS model has a strong
spatial autocorrelation, with a maximum positive Moran’s I index of 0.54 and a maximum
negative Moran’s I index of −0.28. The residuals of the CAR model had a high similarity to
OLS in terms of positive spatial autocorrelation, but the negative spatial autocorrelation
was much weaker than OLS. Compared to the OLS and CAR models. The residuals of
the SAR model show lower spatial autocorrelation, and although it shows some positive
correlation up to 600 km (the highest positive correlation Moran’s I index is 0.33), the
remaining distance shows less spatial autocorrelation, and the SAR model residuals show
the greatest spatial heterogeneity (Figures 5 and S4).

The relative importance of ART, MTC and MAP in explaining the endemic richness
pattern of genus Viburnum was high. The explanatory variables varied in the interpretation
of endemic richness patterns in the seven sections of the genus Viburnum. The PS and TS
were the best interpreters of the richness patterns in Sect. Viburnum; PS and PDM were the
best interpreters of the richness patterns of Sect. Pseudotinus; ART and MTC being the best
interpreters of the richness patterns of Sect. Tinus. TS and PS were the best interpretations
of the richness pattern of Sect. Solenotinus; MAP and PDM were the best interpretations
of the richness pattern of Sect. Tomentosa; ART and MT were the best interpretations of
the richness pattern of Sect. Megalotinus; PDM and PS were the best interpretations of the
richness pattern of Sect. Odontotinus (Figures 6 and S5).
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endemic taxa of genus Viburnum in China.

4. Discussion

Endemic members of genus Viburnum in China exhibit a very high richness, accounting
for about 62% of all species (including inner species taxa) of the genus in China. They are
widely distributed in China and are absent only in a few northern provinces. According to
our results, China is undoubtedly an important distribution and endemic center for the
genus Viburnum in Asia. However, the centers show inconsistent results at different scales.
When assessed at the provincial scale, the endemic centers are in Yunnan and Sichuan
provinces. When analyzed by raster (50 km × 50 km) processing, endemism centers were
found to be mainly in the mountainous regions of southern China, such as the Qionglai-
Wumeng Mts., the Qinling-Daba Mt, the Wuling Mts., the Nanling Mts., the Wuyi Mts.
and the Central Mts. of Taiwan. Compared to administrative units, the rasterized method
provides a clearer description of species distribution patterns and is more conducive to
species conservation studies.

Our study also supports the climate seasonality hypothesis, with climate seasonality
being the strongest explanation for the richness pattern of endemic taxa of Viburnum
in China. The same findings have been reported in explanatory studies of the plant
richness patterns in China for family Gesneriaceae, Moraceae, genus Rhododendron among
others [4,51,52]. There is large seasonal differences in climate between the north and south
of China. For example, the extreme temperature in winter, when the fluctuations are
most pronounced, are higher in the northern regions than in the southern regions [53].
Such extremes temperatures may be an important reason for the restricted distribution of
genus Viburnum in northern China, while the moderate climatic seasonality of southern
and southwestern China creates stable climatic conditions for the survival and spread of
taxa of this genus endemics [54], which supports the tropical niche conservatism theory
(most lineages originated in tropical climates, and that they colonized extratropical and
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temperate areas more recently) [55,56]. Meanwhile, since many taxa of Viburnum seeds
have dormant properties, such as V. plicatum var. formosanum; V. sargentii; V. betulifolium
and V. parvifolium [18,57,58]. The seasonality of the climate (especially the low temperature
and its duration) may promote the de-dormancy of the seeds, which will also affect the
distribution pattern of endemic species of Viburnum.

Habitat heterogeneity and historical climatic changes have a relatively weak influence
on the geographic pattern of endemic taxa richness of Viburnum compared to the influence
of water-energy synergistic effects. However, it is undeniable that mountainous areas with
high habitat heterogeneity are the regions with the highest endemic taxa richness of Viburnum
spp. These areas of high habitat heterogeneity are mainly due to altitudinal differentiation
and have a wide range of habitats with diverse hydrothermal conditions [53,59]. Many
studies have demonstrated that habitats with high heterogeneity can promote the coexistence
and differentiation of multiple species, and also limit the dispersal of some species which
are more dependent on specific habitats [9,35,60]. These mountains also act as refuges for
species in harsh climatic conditions, for example, the last glaciation affected species richness
through habitat isolation and limited migrations [61]. Moreover, the highly heterogeneous
tropical and subtropical mountain ranges in China have been proved to be the cradle of the
Chinese flora, thus dominating the species richness and concentrations of narrow endemic
species [53,61–63].

The geographic patterns and distribution centers of different sections of endemic taxa
of the genus Viburnum also show inconsistencies. Such divergent patterns can facilitate
the understanding of species evolution and biogeography of genus Viburnum in China.
According to the distribution pattern of the seven sections obtained in this study, and
combined with the phylogenetic tree of Viburnum constructed by Ran [23], we speculate
that the temperate forest in Southwest China may be an important differentiation center of
Viburnum, which gradually spread and evolved to the eastern and southeastern regions of
China. This may be the reason for the frequent niche shifts (especially the multiple and
multi-directional migration between the colder deciduous temperate forest and the warmer
evergreen temperate forest) and the multiple evolutionary shifts of the genus Viburnum
since the Oligocene have been responsible for the species diversification [31,35], while
the southwest mountainous area with diverse terrain provides a natural place for species
preservation and differentiation. In the process of its eastward and southeastern migration,
differences in the geographical pattern of the current differentiation centers of the seven
sections were gradually formed due to the geographical constraints of the mountains as
well as climatic differences. However, more evidence is needed to prove the geographical
distribution and evolutionary history of Viburnum in China.

To date, nine endemic taxa of Viburnum have been listed on the IUCN categories in
China. These species have been categorized as: Vulnerable (2 species), Near Threatened
(3 species), Endangered (2 species) and one species as Critically Endangered (Appendix).
Narrow distribution, small populations and over-harvesting for their high ornamental
value are the main reasons for the endangerment of these endemic species. Actually, in
addition to these species already listed on the IUCN categories, there are many other
endemic species of the genus Viburnum in China that are also threatened by such negative
factors. In particular, the 24 endemic and rare taxa of the genus Viburnum that we have
collated in this study. For example, V. omeiense and V. tengyuehense var. polyneurum have only
type specimen records and no further wild populations have been reported in past recent
decades, and are most likely extinct in the wild. The V. squamulosum, V. fengyangshanense
and V. corymbiflorum subsp. malifolium have an extremely narrow distribution range and
extremely sparse populations in the wild. The V. leiocarpum var. punctatum and V. triplinerve
are less common in the wild due to the severe destruction of their habitat. Despite the
fact that many mountains in China have been classified as protected areas, which greatly
contributing to the conservation of plant diversity. However, the coverage of protected
areas is still incomplete and discontinuous in the distribution hotspots of endemic and rare
species of Viburnum obtained in this study (Figure 3H). What’s more, human activities have
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significantly altered the landscape and will also inhibit the spread of many species. Thus,
endemic taxa of Viburnum face serious challenges in the future of global changes. Here, we
hereby call on conservationist to focus on the following issues in the future to promote the
conservation of Viburnum spp. in China: (a) strengthening field distribution and population
size surveys and reassessing the IUCN categories of all its taxa; (b) strengthen research
on the ecological adaptation mechanisms and reproductive biology of those species with
narrow distributions; (c) strengthen research into the causes of the endangerment and rarity
of some taxa; (d) increase the artificial propagation of endangered and highly ornamental
species to promote the conservation of wild populations; (e) the impact of climate change
on the distribution patterns of endemic species and how to cope with it.
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//www.mdpi.com/article/10.3390/d14090744/s1, Figure S1: Frequency distribution of endemic
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relationships between explanatory variables and endemic richness of genus Viburnum; Figure S4.
Geographic distribution of residuals for the three model tests for endemic richness of genus Viburnum
in China; Figure S5. Magnitude of variation in each of the explanatory factors for the richness of
seven Sections of endemic of genus Viburnum in China; Table S1. Checklist of endemic species of the
genus Viburnum in China, with their endangered status, and AUC values for species distribution
model results; Table S2. Spearman’s rank correlation coefficients for 8 bio-climate predictors.
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Abstract: Trigonobalanus doichangensis is a rare and endangered species with important evolutionary
value and extremely small populations. We investigated the genetic diversity of T. doichangensis
to provide information on its effective preservation. We used genotyping-by-sequencing (GBS)
technology to assess the genetic diversity, genetic structure and gene flow of the six populations
of T. doichangensis. Analysis of SNPs indicated that there was high genetic diversity in the ML and
XSBN populations of T. doichangensis. FST values showed moderate genetic differentiation among the
populations of T. doichangensis. Meanwhile, admixture, principal components and gene flow analyses
indicated that the populations of T. doichangensis are not genetically separated in accordance with
their geographical distributions. Habitat destruction and excessive exploitation may have led to
a low gene flow, which has in turn resulted in the differences in seed and seedling morphological
traits among populations. Based on these findings, we recommend that T. doichangensis be conserved
through in situ approaches and artificial seedlings, including preservation of each extant population.
Particularly, the ML and XSBN populations have high diversity and more ancestral information, so
these two populations should be considered as conservation priorities, and seeds should be collected
to obtain germplasm and increase the genetic diversity.

Keywords: biodiversity; conservation; T. doichangensis; genetic structure; gene flow; conservation
priority

1. Introduction

The arrival of the Anthropocene is bringing an unprecedented challenge to the bio-
diversity that is essential to humans and enhancing the value of many of the benefits
of nature to human beings [1]. Biodiversity is vital to human well-being and an impor-
tant pillar of ecosystem balance [2]. Since the adoption of the Convention on Biological
Diversity (CBD), various countries have made several achievements and contributions
in different areas with the aim of maintaining biodiversity and safeguarding the Earth’s
resources, but biodiversity loss and ecosystem degradation remain important problems [3].
China is rich in biological resources and contains several global biodiversity hotspots. Its
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unique geographical distribution and climatic zones have shaped a wide range of diverse
biotypes and it is considered a major center of origins and diversity [4]. However, with
rapid economic growth and dramatic population increases, conflicts between economic
development and biological conservation have come to the fore, and China is becoming
one of the countries with the most serious threats to biodiversity [5]. An assessment of
over 35,000 species of wild higher plants in China found that approximately 10.84% of
species are in a threatened state [6]. Continued loss of biodiversity and chronic environmen-
tal conflicts suggest that conservation communities, including authorities, institutes and
scholars, need to re-examine the assumptions and practices upon which the conservation
endeavor has been founded, particularly in tropical China, which harbors hyper-diverse
plant species [7,8]. In recent years, the National Implementation Plan for Rescuing and Con-
serving China’s Plant Species with Extremely Small Populations (PSESP) was formulated
following the presentation of the concept of PSESP [9]. In China, it is these species that are
the focus of the PSESP program, species with extremely small populations are precisely
the ones most in need of urgent conservation action [10]. The goal of the PSESP program,
developed and implemented in 2005 in Yunnan Province, is to try to secure a long-term
future for these plants in peril [11]. From then on, some taxa of PSESP have been brought
into focus; e.g., Aristolochia delavayi [12], Camellia huana [13], Cycas panzhihuaensis [14],
Horsfieldia tetratepala [15], Rhododendron meddianum [16], Rhododendron pubicostatum [17],
etc. The introduction of the PSESP program provides a target for the conservation of
endangered plants in China; however, the endangerment mechanism and threat status of
species are important indicators for species conservation [18]. Only by clarifying the actual
threat status, endangerment mechanism and genetic diversity of species can the direction
of conservation be targeted and conservation measures clarified [18].

Genetic diversity is one of the key pillars of biodiversity, and high genetic diversity
increases wild plants ability to survive and reduces the risk of extinction for species, thus
allowing the prediction of the fitness of species through the study of genetic diversity [19,20].
In addition, genetic differentiation and gene flow are important elements in understanding
the evolutionary and adaptive potential of populations. Previous studies have shown that
many endangered plants tend to have low genetic diversity and high genetic differentiation
due to overexploitation and habitat destruction [15,21,22]. Inbreeding can occur between
populations as a result of fewer individuals existing, leading to the gradual accumulation
of deleterious mutations between populations, producing severe geographical isolation
and placing the survival of populations at risk [23]. The loss of endangered species habitats
also disrupts gene flow between populations and leads to population isolation, a negative
effect that seriously threatens the development and diversity structure of species, while
high gene flow reduces the incidence of inbreeding and population differentiation by
increasing the exchange of genetic material between populations [22]. However, there are
some endangered species that exhibit a genetic structure with high genetic diversity and
low genetic differentiation [24,25]. In general, plant genetic diversity is influenced by seed
dispersal, reproductive systems, life history, geographic range and evolutionary history.
Thus, species with long life histories, extensive seed dispersal routes and outcrossing
will likely retain more genetic variation, allowing them to resist environmental change,
but over-exploitation and habitat destruction, as well as limitations within the species
themselves, will lead to population contraction and a dramatic reduction in the number
of individuals. Then, over time, inbreeding and genetic drift will increase population
differentiation and reduce the gene flow between populations, leading again to a high
degree of differentiation between populations [15,20,26]. Therefore, the combination of
various aspects in the exploration of species diversity levels can help us to propose more
accurate conservation strategies [22].

The fields of ecological and conservation genetics have developed significantly in
recent decades thanks to the use of molecular markers to investigate organisms in their natu-
ral habitat and to evaluate the effect of anthropogenic disturbances [27]. However, previous
studies mainly focused on genetic diversity, population structure, genetic characterization
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based on chloroplast DNA sequence, single-copy nuclear genes and microsatellite markers.
Few studies have used next-generation sequencing (NGS) to investigate single nucleotide
polymorphisms (SNPs), which have become the marker of choice for determining popula-
tion structure as they are abundant, stable in the genome and can be accurately scored [28].
Among the NGS methods used in population genetics, the genotyping-by-sequencing (GBS)
approach is suitable for population studies, germplasm characterization, breeding and trait
mapping in diverse organisms [29]. GBS methods offer major advantages for population
genomics thanks to their capacity to screen thousands of polymorphisms throughout the
genome and highlight the full range of evolutionary histories (variation in drift, selection,
recombination, mutation) and consequences for genetic variation [27]. This method is
based on genome-wide sequencing of loci adjacent to conservative restriction sites, which
makes it possible to obtain thousands of homologous loci for a set of species with no prior
genome data [30].

Trigonobalanus shows many ancestral features typical of the Fagus-Quercus taxa [31,32].
Trigonobalanus doichangensis belongs to Trigonobalanus, which includes T. doichangensis,
T. verticillata and T. excelsa. T. doichangensis is restricted to south Yunnan, China—i.e.,
Ximeng, Menglian, Puer, Lancang and Cangyuan—and Chiang Mai in northern Thailand
(Figure 1) [32,33]. T. doichangensis and T. verticillata are distributed across tropical Asia,
while T. excelsa is found in Columbia, Central America, which is important to understand
the phylogeny and biogeography of Fagaceae in relation to continental drifts, climatic shifts
and the past global environment [8].
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Figure 1. Sampling locations of T. doichangensis. (a,b) pistillate inflorescences of T. doichangensis;
(c) leaf of T. doichangensis.

T. doichangensis has been felled for firewood, house building and agricultural tools [34].
Due to this heavy exploitation, along with habitat degradation caused by clearing areas
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for agriculture, T. doichangensis has been pushed to the verge of extinction [35]. Despite
being a scientifically important tree with endangered status, the species is rare in China
and, thus, poorly represented in herbaria; the species has been proposed as the second
ranked endangered plant for national protection in the China Species Red List [36].

For the conservation of the rare and endangered T. doichangensis tree in southwest
China, the extent of the genetic variation in seed and seedling traits suggested seed collec-
tion of this species for ex situ conservation and species restoration [34]. Historically, most
studies on ecological and conservation genetics have relied on a small number of putatively
neutral molecular markers [27]. Similarly, the population genetics of T. doichangensis have
long been assessed using random amplified polymorphic DNA (RAPD), which suggested
that habitat degradation, overexploitation and reproductive barriers are most likely to
be the factors threatening the species [35]. To date, there has been little research on the
population structure and genetic diversity of T. doichangensis based on genome-wide SNP
information, although this information is important for the development of meaningful
conservation management strategies for this species.

In this study, we used GBS to investigate relationships between populations of T.
doichangensis based on 39 samples and determine the genetic diversity, population structure
and genetic distance and gene flow of T. doichangensis in Yunnan, China. Our aim in this
study was to develop meaningful conservation strategies and suggestions for T. doichangen-
sis.

2. Materials and Methods
2.1. Sample Collection and Genotyping-by-Sequencing

We collected 39 individuals from six populations of T. doichangensis from its distri-
bution areas in China (Figure 1; Table 1). The total genomic DNA of T. doichangensis was
extracted using a Plant Genomic DNA Kit (Tiangen Biotech, Beijing, China). A GBS library
was prepared by Shanghai Majorbio Bio-pharm Technology Co., Ltd. Double digestion was
performed using MseI and TaqαI then sequenced on an Illumina Hi-seq sequence platform
with paired-end (PE) 150 sequencing.

Table 1. Sample information for T. doichangensis.

No. Populations No. Locations Longitude Latitude Elevation (m)

1 XSBN 9 Padianliangzi, Xishuangbanna, Yunnan 100◦04′58′′ 22◦02′32′′ 2038
2 LC 6 Donghuixiang, Lancang, Yunnan 99◦48′50′′ 22◦43′20′′ 1400
3 CY1 5 Chengbian, Cangyuan, Yunnan 99◦14′28′′ 23◦10′18′′ 1482
4 CY2 8 Nanbancun, Cangyuan, Yunnan 99◦01′04′′ 23◦19′27′′ 1482
5 PE 5 Dazhaishuiku, Puer, Yunnan 101◦03′43′′ 22◦45′44′′ 1564
6 ML 6 Dengzhanzhai, Menglian, Yunnan 99◦32′30′′ 22◦18′47′′ 1153

2.2. SNP Calling and Quality Filter

We used FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc,
accessed on 14 Qctober 2021) and Fastp (http://github.com/OpenGene/fastp, accessed on
14 Qctober 2021) for quality control of the raw data, which was undertaken by Shanghai Ma-
jorbio Bio-pharm Technology Co., Ltd. skrTools (https://github.com/sharkLoc/skrTools,
accessed on 7 November 2021) was used to calculate the number of reads, the GC content
and the average quality of the data (Q30) for the GBS of T. doichangensis.

We employed the process_radtags module in STACKS v 2.55 [37] to filter low-quality
reads and ambiguous bases. Due to STACKS need for consistent sequence lengths, the
sequence lengths were trimmed to 135 bp to ensure subsequent analysis: -r -c -q -t 135.
Clean reads were aligned to the reference genome of Castanea mollissima [38] with default
parameters in BWA-MEM v 0.7.17 [39] and sorted via SAMtools v 1.8 [40], which provided
the final BAM file for each sample. We built loci from the aligned paired-end data with the
gstacks module in STACKS. Finally, we used the populations module in STACKS for SNP
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calling, specifying a genotyping rate of at least 75% of individuals within populations and
a minimum number of three populations per locus, outputting the first SNP per locus.

To ensure downstream analysis, we conducted sample quality control on the SNPs,
using VCFtools v 0.1.16 [41] to view the missing rates of samples and loci, randomly
identifying samples with a missing rate of more than 70% according to the population
and merging the BAM file to increase the signal of variation sites using SAMtools-merge.
We reran the gstacks module and populations module in STACKS for the SNP calling; the
parameters were the same as before, and randomly sampling was conducted in R v 4.1 [42].

The vcf file was further filtered in VCFtools using the following parameters: SNPs
with missing rates greater than 20% were removed (–max-missing 0.8); SNPs with minor
allele counts lower than 3 (–mac 3) were retained; SNPs with average depths greater than
or equal to 3 were reserved (–minDP 3); minor allele frequencies lower than 0.05 were also
removed (–maf 0.05).

2.3. Calculation of Genetic Diversity Parameter and AMOVA

The parameters of population genetic diversity included private alleles (PAs),
expected heterozygosity (He), observed heterozygosity (Ho), pairwise genetic distance
(FST), inbreeding coefficient (FIS) and nucleotide polymorphism (Pi), which were calculated
using the populations module in STACKS; the FST value was calibrated using the p-value.

In order to determine whether genetic variation was present within the populations,
we used Arlequin v3.5.2 [43] for analysis of molecular variance (AMOVA), where groups
were defined based on the results of the structural clustering. The corresponding file
formats were converted using PGDspider v 2.1.1.5 [44].

2.4. Isolation by Distance

FST was used as the genetic distance between populations. Geographic distances
between populations were calculated according to their geographic coordinate information
using the geosphere package [45]. The relationship and significant differences between
genetic distance and geographic distance were assessed with the Mantel test using the ade4
package [46] in R, and 9999 permutations were performed to determine significance.

2.5. Population Structure and Gene Flow

Population structure was analyzed in terms of the different numbers of ancestors (K) in
Admixture v 1.3 [47], where K was chosen between 1 and 7 (assumed populations + 1) [48].
The most likely number of genetic clusters was computed with a fivefold cross-validation
(CV) error. Finally, population structure was visualized via the pophelper package [49] in
R. Principal components analysis (PCA) clearly showed hierarchical clustering for each
population. Based on the previous results, PLINK v 1.9 [50] was used to generate files for
PCA analysis, and then the ggplot2 package [51] in R software were used for the PCA display.
Discriminant analysis of principal components (DAPC) was used to infer the population
structure by determining the number of clusters observed without prior knowledge, and
the principal components from the PCA obtained from the data dimensionality reduction
were used to perform linear discriminant analysis (LDA) [52]. Since DAPC is more robust
than PCA [53,54], we added DAPC to verify the results from Admixture and the PCA. We
used the adegenet package [55] in R to plot DAPC results. TreeMix v 1.12 [56] was used
to infer splitting and mixture patterns among populations of T. doichangensis. Migration
events (m) from 0 to 6 were specified between populations, and 10 iterations per event
were tested. For this analysis, “-global” and “-se” options were used to calculated the
standard errors, the “-noss” parameter prevented overcorrection of the sample size and
the “-bootstrap -k 1000” parameter was used to build a maximum likelihood tree (ML) by
resampling blocks of 1000 SNPs [57]. The OptM package [58] in R was used to determine
the optimal number of migration edges using the output file from the TreeMix, and the R
script plotting_funcs.R (https://github.com/joepickrell/pophistory-tutorial/blob/master/
example2/plotting_funcs.R, accessed on 6 March 2022) was used to visualize the migration
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results. Then, we ran the threepop module and fourpop module in TreeMix to analyze the f3-
statistics and f4-statistics with -k 1000. In the f3-statistics (C; A, B), a significantly negative
statistic for the f3 score (Z-score < −3) indicated that C was a mixture of A and B. In the
f4-statistics (A, B; C, D), a significantly negative statistic for the f4 score (Z-score < −3)
indicated gene flow between populations related to A and D or B and C, and a significantly
positive statistic for the f4 score (Z-score > 3) indicated gene flow between populations
related to A and C or B and D [59].

3. Results
3.1. Genotyping-by-Sequencing and Quality Control

All 39 samples of T. doichangensis were sequenced using GBS, which produced 412,410,372
clean reads and the average value for the quality scores of the reads (Q30) was 88.52%, while
the GC content was 41.74%. After running the process_radtags module, a total 377,488,916
clean reads were obtained, in which the GC content was 41.66% and the Q30 was 89.06%.

SNP calling was conducted according to the method described in Section 2.2. Since
the missing rates in the sampling locations XSBN and ML were relatively high (Figure 2),
the XSBN and ML populations were randomly sampled and merged as new BAM files for
SNP calling. A total of 38,182 variant sites were obtained, and 7591 filtered SNPs were used
for downstream analysis.
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3.2. Genetic Diversity and Genetic Differentiation

The results for the genetic diversity parameters of T. doichangensis are summarized in
Table 2 and Figure 3. The observed heterozygosity (Ho) ranged from 0.3129 to 0.5571; the
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expected heterozygosity (He) ranged from 0.2232 to 0.3059; nucleotide diversity (Pi) ranged
from 0.2504 to 0.3343; the inbreeding coefficient (FIS) ranged from −0.4213 to −0.0879
(Table 2). The ML population showed the highest genetic diversity (Ho = 0.5571; He = 0.3059;
Pi = 0.3343; Table 2) followed by the XSBN population, and the PE population showed
the lowest genetic diversity (Ho = 0.3129; He = 0.2232; Pi = 0.2504; Table 2). Furthermore,
the XSBN population had the most private alleles, and the CY1 population had the fewest
private alleles, while the FIS values of the six populations were negative, indicating that
there was no inbreeding within the six populations.

Table 2. Genetic diversity parameters for T. doichangensis populations based on GBS.

Populations PA Ho He Pi FIS

XSBN 642 0.5410 0.3044 0.3235 −0.4213
LC 10 0.3169 0.2383 0.2621 −0.1022

CY1 3 0.3129 0.2335 0.2637 −0.0879
CY2 48 0.3150 0.2430 0.2598 −0.1033
PE 32 0.3129 0.2232 0.2504 −0.1151
ML 284 0.5571 0.3059 0.3343 −0.4166

Notes: PA, private allele; Ho, observed heterozygosity; He, expected heterozygosity; Pi, nucleotide diversity; FIS,
inbreeding coefficient.
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Figure 3. The results for the diversity parameters of T. doichangensis populations. (a) Expected
heterozygosity (He), observed heterozygosity (Ho), inbreeding coefficient (FIS) and nucleotide poly-
morphism (Pi); (b) number of private alleles (PAs).

The values of FST ranged from 0.0462 to 0.1402 (Table 3, Figure 4a) with an average
of 0.0921, and the average Nm = (1 − FST)/4 ∗ FST = 2.7194. The results showed that there
was genetic differentiation and gene flow between populations. In addition, the CY1 and
CY2 populations showed the lowest FST (FST = 0.0462) and the ML and XSBN populations
showed the largest FST (FST = 0.1402), indicating that only 4.62% of the variation occurred
between the CY1 and CY2 populations and most (95.38%) occurred within populations.
CY1 and CY2 were geographically closest and in the same region (Figure 1; Table 3), which
may also have been the reason for the low genetic differentiation between CY1 and CY2.
However, after we analyzed the correlation between genetic distance and geographic
distance, we found that there was no significant correlation between genetic distance and
geographic distance (Figure 4b). The AMOVA results also indicated that variation occurred
within populations rather than among populations (Table 4).

190



Diversity 2022, 14, 666

Table 3. Genetic distance and geographic distance between populations of T. doichangensis. Below
diagonal: genetic distance among populations (FST). Above diagonal: geographic distance between
populations (km).

Populations XSBN LC CY1 CY2 PE ML

XSBN - 80.5984 152.6067 179.8030 128.7604 63.4062
LC 0.0980 - 77.1407 105.5585 128.2083 53.4627

CY1 0.1014 0.0573 - 28.4602 192.1101 100.4373
CY2 0.1121 0.0561 0.0462 - 218.5402 124.7333
PE 0.1210 0.0779 0.0829 0.0779 - 164.1128
ML 0.1402 0.0957 0.1004 0.1013 0.1133 -
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Table 4. Analysis of molecular variance (AMOVA) of the genetic variation in T. doichangensis.

Source of Variation d.f. Sum of Squares Variance
Components

Percentage of
Variation

Among groups 2 3210.467 49.1535 9.97
Among populations

within groups 3 1617.129 8.8010 1.79

Within populations 72 31312.635 434.8977 88.24
Total 77 36140.231 492.8522 -

Notes: Groups are optimal results of genetic structure. d.f., degree of freedom.

3.3. Genetic Structure of T. doichangensis

We performed PCA, DAPC and genetic structure analysis to understand the genetic
structure of each population. Fivefold cross-validation (CV) was chosen for the genetic
structure analysis, and the results showed that the optimal number of ancestral components
for the T. doichangensis populations was 3 (Figure S1). When K = 3, XSBN and ML popula-
tions formed cluster 1 (red) and cluster 3 (purple), respectively, except for a few admixed
individuals. The LC, CY1, CY2 and PE populations formed a mixed-component cluster
(cluster 2, green) (Figure 5c). Moreover, the results of the PCA analysis also confirmed the
results from Admixture (Figure 5a). The PCA results based on 7591 SNPs showed that
principal components (PC1, PC2) represented 45.3% and 29.4% of all variation, respectively
(Figure 5a). The XSBN and ML populations from Xishuangbanna and Menglian each
formed a single cluster, while the LC, CY1, CY2 and PE populations formed close clusters
(Figure 5a). In addition, we increased the number of principal components and further
analyzed the first three principal components. We found that, with three principal compo-
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nents, the PE population was further separated (Figure S2). The PE population is located in
Puer city, Yunnan, China, and is separated from the XSBN, LC, CY1 and CY2 populations
on both sides of the Lancang River. Therefore, we assumed that the geographical barrier
was the reason for the separation of the PE population. We used the first three PC axes
and two discriminant axes to perform DAPC, using the Bayesian information criterion
(BIC) to define the best cluster (Figure S3). The first eigenvalue was 369.2 and the second
eigenvalue was 151.3. The results are the same as in the genetic structure analysis and the
first two principal components of the PCA (Figure 5b).
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Figure 5. (a) Principal components analysis (PCA) plot generated for T. doichangensis. (b) Discriminant
analysis of principal components (DAPC) plot generated for T. doichangensis. (c) Genetic structure
bar plots at K = 3 from clustering analysis among six populations using Admixture. (d) Unrooted
maximum likelihood phylogenies from ten iterations of three migration events. The variance of
relatedness explained by this model was estimated to be 99.98%. The line represents gene flow; the
direction of the arrow is the direction of gene flow; the color bar shows the migration weight, with
red representing strong gene flow and yellow representing weak gene flow. The direction of gene
flow was PE into ML, LC into CY1 and ML into CY2. (e) Residuals matrix for migration model.

3.4. Gene Flow Analysis

In order to infer the split pattern and mixtures among populations of T. doichangensis,
we used allele frequencies from six populations to infer admixture events. Supplementary
Figure S4 shows the maximum likelihood value and variance explained for each event based
on OptM package analysis in TreeMix, which was used to choose migration events varying
from 0 to 6. The model without migration events explained 99.71% of the variance, with the
highest score for the variance (99.98%) being achieved when m = 3; adding more migration
events did not explain more variance. Figure 5d shows the optimal “migrate” result for
the last iterations. The result indicated that the direction of gene flow was PE into ML,
LC into CY1 and ML into CY2. Although TreeMix detected no strong signal of migration
between CY1 and CY2, the residues showed moderate gene flow between CY1 and CY2
(Figure 5e). The ML into CY2 inferred migration event did not match geographical patterns,
indicating a special flow channel between the populations, which affected the introgression.
We then used the three-population and four-population test (f3-statistic/f4-statistic) to
evaluate the statistical significance of the mixtures (Tables S1 and S2). The three-population
test indicated that a mixture existed between populations, in which CY1 was the mixing
result of multiple populations (Table S1). The four-population test confirmed that there was
greater gene flow between the two populations CY1 and CY2 in Cangyuan county with a
relatively high mixing degree (Table S2), which also suggested low genetic differentiation
between CY1 and CY2. Meanwhile, the TreeMix results were corroborated by the four-
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population tests. Furthermore, the f4-statistic results showed that there was lower gene
flow between most populations, and it has been suggested that the existence of gene flow
can maintain the stability of small populations [60]. Although we did not add outgroups to
the analysis, the results can still be used as a reference for relations of populations.

4. Discussion
4.1. Genetic Diversity

The genetic variation of species is the premise of local adaptation and evolution,
and it is also considered an important parameter to determine the priority of population
conservation in the protection of endangered plants [12,61]. According to the CBD, genetic
diversity is one of the three basic elements of biodiversity, and it is the focus of many
conservation genetics studies [62]. Therefore, genetic diversity is one of the most important
values in assessing biodiversity for conservation.

When studying the genetics of wild populations, it is desirable to sample tens, hun-
dreds or even thousands of individuals. However, there are some rare and endangered
taxa with narrow distributions. The genetic diversity of narrowly distributed species is
likely to be lower than widespread plant species because of inbreeding depression and
genetic drift [16,63]. A previous study on the genetic diversity of T. doichangensis based on
random amplified polymorphic DNA indicated high genetic differentiation, a low level
of genetic diversity and a poor gene flow [35]. Ramanatha and Hodgkin [64] stated that
different molecular markers show different levels of genetic diversity and, unexpectedly,
GBS indicated that the nucleotide genetic diversity of T. doichangensis is high (Figure 3;
Table 2). In all populations, the results for the diversity parameters for T. doichangensis
populations utilizing the expected heterozygosity (He), observed heterozygosity (Ho) and
nucleotide polymorphism (Pi) indicated that ML and XSBN had higher genetic diversity
(Figure 3). Moreover, the number of private alleles was the highest in XSBN (Table 2). The
genetic diversity of species is generally influenced by their distribution range, life history,
breeding system, seed dispersal mechanism and evolutionary history [16]. According
to previous studies, T. doichangensis has a low germination rate and low fruiting rate in
nature, thus limiting the development of the population [65]. Furthermore, T. doichangensis
is distributed in evergreen broad-leaved forests where sunlight cannot reach the ground
through the tree layer, and the dense trees increase the mortality of young T. doichangensis
seedlings competing for sunlight and space to survive [66]. This is one of the reasons for the
lower genetic diversity (He = 0.2232–0.3059; Table 2) compared to other genera in the family;
e.g., Castanopsis (EST-SSR, He = 0.644; [67]) or Quercus castanea (nSSR, He = 0.762; [68]).
T. doichangensis is also facing the dual impact of biological invasion and human activities,
and its habitat has also suffered serious damage. Shrinking habitats, lower population sizes,
and fewer individuals in species seriously affect genetic diversity [35]. In this study, the
populations of T. doichangensis still retained a certain degree of genetic diversity (Table 2;
Figure 3), which showed that populations of T. doichangensis still have a certain ability to
resist external risks. However, in species protection, only relying on the species itself to
resist the adverse environment is not desirable. Accelerated habitat fragmentation and
population size reduction can exacerbate genetic drift and inbreeding, resulting in rapid
loss of genetic diversity.

In addition, genetic diversity is usually higher in outcrossing species than in selfing
species [69,70]. Notably, inbreeding coefficients (FIS) of all populations were negative
(Table 2; Figure 3a), implying that there is no inbreeding in the populations of T. doichangen-
sis, thus increasing the genetic diversity. We assume that, in the past few decades, with the
rapid reduction of the population size, the genetic drift effects have not yet accumulated,
and the species are not strongly affected by genetic drift or inbreeding and retain relatively
high heterozygosity and genetic variation in limited populations.
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4.2. Genetic Differentiation, Genetic Structure and Gene Flow

Genetic differentiation is often strongly influenced by selection pressure, gene flow
and life history [71]. For endangered populations, isolated populations and broken habi-
tats are highly susceptible to producing high genetic differentiation [72]. The FST values
of T. doichangensis ranged from 0.0462 to 0.1402, with an average FST value of 0.0921
(Table 3), revealing that moderate genetic differentiation among the populations occurred
according to Wright’s theory (Wright, 1965). However, it is generally accepted that gene
flow can block genetic differentiation due to genetic drift when Nm > 1 [73]. We cal-
culated that Nm = (1 − FST)/4 ∗ FST =2.7194 in the T. doichangensis populations, which
implied that there was gene flow among the populations counteracting genetic differentia-
tion [73,74]. Furthermore, AMOVA showed that 88.24% of the genetic variation occurred
within T. doichangensis populations but not among populations (Table 4), while the FIS
results showed that the inbreeding coefficients of all the populations of T. doichangensis
were negative (Table 2), indicating that there was no inbreeding within populations and,
thus, genetic differentiation was lower [23]. For rare and endangered plants, population
genetic differentiation is usually affected by large geographical distances between sam-
pled populations [69,70]. However, the genetic distance and geographic distance between
populations of T. doichangensis, the Admixture analyses, the PCA and the gene flow demon-
strated that the populations of T. doichangensis are not genetically separated in accordance
with their geographical distributions (Figures 4b and 5). The previous finding that pairwise
genetic distances between populations were not correlated with geographical distances
was supported by the observation that one of the Chinese populations is most similar to
the Thai population [75].

The distance among the populations in this study was about 50 km, which hardly
allows gene flow (pollen or seeds) between populations. However, there were three gene
flow events among the six populations in TreeMix; i.e., PE to ML, LC to CY1 and ML to
CY2 (Figure 5d). Three-population and four-population tests also indicated partial gene
flow between populations (Tables S1 and S2). Admixture, PCA and DAPC showed that
the optimal cluster of populations was 3, and the genetic structure of some populations
was mixed (Figure 5). All the above results indicated that there was some gene flow
among the populations of T. doichangensis and that their genetic structure is not strongly
geographically heterogeneous. At the same time, we found that Admixture, PCA and
DAPC all pointed to the possibility that the more independent genetic components for
XSBN and ML populations may retain more ancestral information, while the PE populations
may have gradually separated due to river barriers after dispersal.

Previous studies found that most of the seed and seedling traits of T. doichangensis
showed significant differences among populations [75], confirming the hypothesis that
T. doichangensis possesses very strong genetic differentiation within its populations. In
addition, in line with our observations, seedlings grow sporadically around the parent
tree. Meanwhile, Sun [35] noted the presence of small beetles in the male flowers of
T. doichangensis, so it can be presumed that pollinator beetles may be active. However, the
flowers of T. doichangensis are small and dull in color, so they cannot attract more pollinating
insects, and pollination by beetles will cause T. doichangensis pollen to spread over a short
distance and make the gene flow between populations difficult, leading to differences
between populations. Hence, the differentiation among the populations could be attributed
to distance-limited pollen flow and short-distance seed dispersal. We suggest that habitat
destruction and excessive exploitation may have led to low gene flow, which in turn
resulted in the differences in seed and seedling morphological traits among populations.

4.3. Conservation Significance

Trigonobalanus doichangensis is a rare and endangered fagaceous plant with evolution-
ary significance for the understanding of the phylogeny and biogeography of Fagaceae
and even Chinese flora more generally. It is currently restricted to a few sites in Yunnan
province in southwestern China, as well as one in northern Thailand [35,75]. T. doichangensis
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was placed on the national Rare and Endangered Species List of China in 1984 because of its
limited distribution and the destruction of its habitat within China [66,76]. T. doichangensis
is China’s second-ranked taxon for priority of national protection [36] because of its endan-
gered status and its scientific value. However, the rare and endangered T. doichangensis is
exposed to the risk of extinction due to the destruction and degradation of forest habitats,
agriculture, silviculture and the harvesting of wood for fuel and tool making [75].

The disappearance of rare plants prevents the tracking of the evolutionary and bio-
geographic history of plants, which not only has consequences for medicinal and other
economic uses but also limits the potential resources about past climate change and future
implications [77]. In addition, although only a small number of plant species have been
exploited by humans, many others play important roles in natural ecosystems, and rare
species may also have novel traits that could be useful in the future. Thus, the impacts
of economic development on rare plants and their habitats need to be recognized and
addressed before these potential resources are lost forever.

The genetic diversity of T. doichangensis obtained through GBS has important con-
servation significance for narrowly distributed species. The most effective approach to
conserving endangered species is in situ conservation [25]. A previous study based on
RAPD suggested that conservation of this species should include preservation of each
extant population [75]. Seedlings and saplings are rarely found in wild populations of
T. doichangensis, and its habitat has been disturbed and destroyed as a result of various
factors, including insects and low seed-germination percentages [34,35]. Therefore, it is
imperative to establish conservation plots to protect its natural habitat. In accordance with
its genetic diversity and structure, we suggested that ML and XSBN should be protected as
in situ conservation priorities as soon as possible so they can be used as germplasms with
high diversity. Moreover, because moderate genetic differentiation and certain genetic struc-
ture were revealed among populations—particularly, the gene flow in the ML and XSBN
populations—germplasm resources from each population should be not mixed and instead
should be used separately to avoid the risk of outbreeding depression. Considering that the
habitats of T. doichangensis have been devastated and fragmented by human activity, and
that the seed setting percentage is low and seedling growth is limited, artificial seedlings
should also be raised and transplanted to areas with similar habitats in order to expand
the population size and protect the gene pool of the species. In addition, conservation
campaigns should be conducted in towns and villages around the distribution area of T.
doichangensis to protect the original habitat and restore the function of the surrounding
plant community.

5. Conclusions

In summary, we used the high density of SNP loci generated by GBS for population
genomic analysis of T. doichangensis with 39 individuals from 6 populations. Our data
indicated that there was high genetic diversity and moderate genetic differentiation in
the six populations of T. doichangensis. At the same time, most of the genetic variation
in T. doichangensis occurred among populations, and there was some gene flow among
populations to counteract the genetic differentiation caused by genetic drift. Based on these
results, we propose a strategy for in situ conservation of the ML and XSBN populations of
T. doichangensis with high genetic diversity and highlight the importance of germplasm col-
lection, artificial seedlings and conservation promotion, providing an important reference
and guidance for the conservation of T. doichangensis populations and similarly endangered
species.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14080666/s1, Figure S1: The results of cross-validation error
(a) and ancestry composition when K = 2 to K = 6 in Admixture analysis (b); Figure S2: The results
of PCA based principal component 1 to principal component 3 (PC1 and PC2 and PC3); Figure S3:
Variance explained by PCA eigenvalues (a) and optimal K-value results based on BIC (b) in DAPC

195



Diversity 2022, 14, 666

analysis; Figure S4: OptM results for TreeMix when run from 0 - 6 migration event(s); Table S1:
Three-population test for T. doichangensis; Table S2: Four-population test for T. doichangensis.
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Abstract: Paris polyphylla is an important medicinal plant that can biosynthesize polyphyllins with
multiple effective therapies, ranging from anti-inflammation to antitumor; however, the genetic diver-
sity of Paris polyphylla is still unclear. To explore the genetic characteristics of cultivation populations
in primary planting areas, we developed 10 expressed sequence tag simple sequence repeat (EST-SSR)
markers related to polyphyllin backbone biosynthesis and utilized them in 136 individuals from
10 cultivated populations of P. polyphylla var. yunnanensis. The genetic diversity index showed that
ten loci had relatively high genetic polymorphism levels. Shannon information of loci suggested that
more information occurred within population and less information occurred among population. In
addition, the overall populations exhibited a low degree of differentiation among populations, but
maintained a high degree of genetic diversity among individuals, resulting in high gene flow and
general hybridization. The genetic structure analysis revealed that 10 populations possibly derived
from two ancestral groups and all individuals were found with different levels of admixture. The two
groups were different from the cultivation groups at population level, suggesting the cross-pollination
among cultivars. These findings will provide insights into the genetic diversity of the germplasm
resources and facilitate marker-assisted breeding for this medicinal herb.

Keywords: Paris polyphylla; transcriptome; polyphyllin; EST-SSR markers; genetic diversity

1. Introduction

Paris polyphylla Smith is an important medicinal perennial herb, mainly distributed
from Southwest China to the pan-Himalayan region [1]. P. polyphylla is the most in demand
of the genus, and has dominated the industrialization and utilization of medicinal plants
in Southwest China. Due to the remarkable effects on hemostasis, anti-inflammation,
and anti-cancer, its dried rhizome becomes the key raw material for about 80 kinds of
famous patented medicines [2]. According to previous phytochemical studies, polyphyllins
are regarded as the chief active ingredients in this plant, and 174 different polyphyllins
have been identified so far, which account for 54% (323) of the total number of known
bioactive compounds [3]. Notably, there has been a 300-fold increase in the market price
paid for the rhizomes during the past nearly forty years and approximately 1000 t of
the rhizomes are sold annually [4]. However, the scarcity of P. polyphylla becomes the
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bottleneck of the related pharmaceutical industry in recent years, mainly because of its
long growth cycles (ca. 7–10 years), long-term seed dormancy, and the sharp increase in
the demand for rhizomes by the pharmaceutical industry. In addition, wild resources are
threatened by long-term over-exploration and habitat fragmentation, and natural resources
of P. polyphylla become increasingly endangered. Therefore, it is necessary to investigate the
germplasm resources and understand the differentiation for genetic resource conservation
and sustainable utilization.

The genetic information of plants plays an essential part in formulating conserva-
tion strategies. Molecular markers become useful tools to study the genetic diversity
and population structure of germplasm resources in non-model plants with no reference
genomes [5]. A variety of molecular markers, including amplified restriction fragment
length polymorphism (ARFLP), random amplified of polymorphic DNA (RAPD), restric-
tion site amplified polymorphism (RSAP), start codon-targeted polymorphism (SCoT),
sequence-related amplified polymorphism (SRAP), inter simple sequence repeat (ISSR),
and simple sequence repeat (SSR) have extensively been used in plant source conservation
and genetic breeding [6]. Among the different classes of molecular markers, SSR markers
have become a particularly important tool because they are co-dominant, polymorphic,
low-cost, and high efficiency; the putative function of SSR markers can often be deduced by
a homology search [7]. Compared to SSR, expressed sequence tag simple sequences repeat
(EST-SSR) has the advantage of offering more transferability among plant species and is
widely used in plant genetic mapping [8,9]. To date, there are only a few reports about
the genetic diversity of P. polyphylla by the aforementioned molecular markers. Previously,
genetic diversity of the three cultivated populations of P. polyphylla var. yunnanensis was
slightly higher than that of the three wild populations (0.153 vs. 0.151) through ISSR mark-
ers, suggesting the introduction and artificial selection of cultivars from comparatively
wide areas of origin and subsequent gene flow among populations in cultivation [10].
Only 1.35% of genetic variations existed between 15 wild and 17 cultivated populations
of P. polyphylla var. yunnanensis using AFLP markers, which indicates that there is no
obvious genetic differentiation between wild and cultivated populations as result of the
relatively short history of the domestication of cultivated populations [11]. SCoTs and
SRAPs were developed to investigate genetic diversity using 33 P. polyphylla samples in the
Dabie Mountains, which found that the polymorphisms and marker efficiency of SCoTs
were higher than those of SRAPs [12]. Nine random EST-SSRs were detected based on a
root transcriptome of P. polyphylla var. yunnanensis. Maker efficiency was then validated in
55 samples [13]. However, the lack of marker information for molecular phylogeny and
genetic structure limited P. polyphylla collection, conservation, and utilization. P. polyphylla
and other Paris species possess giant genomes, and none of their complete genomes have
been sequenced so far [14]. There are, as of yet, few available EST sequences of Paris L. in
the GenBank database. In addition, few studies have explored SSRs related to polyphyllin
biosynthesis based high quality transcriptome.

In the present study, we identified a large number of EST-SSRs based on the transcrip-
tome sequencing data of 36 tissue samples from our previous studies. The aims of this
study were to: (1) develop SSR markers related to polyphyllin biosynthesis and validate
their polymorphism levels; (2) explore the genetic background between germplasms from
the primary planting areas of P. polyphylla. This study will provide novel insights into the
genetic diversity of the germplasms from the major planting areas of P. polyphylla and aid
in the conservation and utilization of this important medicinal plant.

2. Materials and Methods
2.1. Plant Material and DNA Extraction

In this study, healthy whole plants of 7-year-old P. polyphylla var. yunnanensis during
the fruiting stage were widely sampled from the main grow areas in Yunnan Province,
Southwest China. A total of 136 individuals from 10 populations of P. polyphylla var. yunna-
nensis were collected from major production areas, and all individuals were transplanted in
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the green house of Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences
(Kunming, China). The samples collected covered the central, northwest, southwest, and
west of Yunnan (Figure 1 and Table 1), and the samples collected included two kinds of
widely grown varieties, namely short-stalked variety and long-stalked variety. The two
varieties have obvious differences in stalk length, size of rhizome and leaf, fruit yield, etc.
The characteristics of stalk are usually used to distinguish the two varieties. The detailed
information for each population is shown in Figure 1 and Table 1. The fresh leaves were
sampled and stored at −80 ◦C. The genomic DNA was extracted using CTAB method [15].
The DNA concentration was estimated with a NanoDrop-1000 spectrophotometer (Nano
Drop Technologies, Wilmington, DE, USA) and normalized to 30 ng/µL for polymerase
chain reaction (PCR).
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Figure 1. Sampling locations of 10 populations of P. polyphylla var. yunnanensis in the present study.
The varieties with different stem heights represent the long-stalked variety and the short-stalked
variety, respectively. The population size is also denoted.

Table 1. Sampling locations and number of samples analyzed in the present study.

Population Sampling Location City Population Size Varieties Longitude (◦) Latitude (◦) Altitude (m)

Coll1_LS Lushui Nujiang 15 long stalk 98.78 (E) 25.91 (N) 1446
Coll2_DL Xiangyun Dali 17 short stalk 100.84 (E) 25.74 (N) 1775
Coll3_KM Xishan Kunming 15 short stalk 102.50 (E) 24.78 (N) 2008
Coll4_QJL Zhanyi Qujing 15 long stalk 103.83 (E) 25.73 (N) 2204
Coll5_QJS Zhanyi Qujing 15 short stalk 103.83 (E) 25.73 (N) 2204
Coll6_ML Mile Honghe 15 short stalk 103.41(E) 24.41 (N) 1711
Coll7_JD Jingdong Puer 16 long stalk 100.88 (E) 24.62 (N) 2237
Coll8_TC Tengchong Baoshan 9 short stalk 98.65(E) 25.42 (N) 1850
Coll9_YX Yimen Yuxi 8 long stalk 102.06 (E) 24.69 (N) 1873

Coll10_CX Chuxiong Chuxiong 11 long stalk 101.49 (E) 24.95 (N) 1857
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2.2. EST-SSR Identification and Marker Development

All types of SSRs were identified through transcriptome analysis of P. polyphylla
var. yunnanensis. A total of 36 tissues transcriptome sequencing data were from our
previous study (12 tissue samples) [16] and subsequent transcriptome sequencing data
(24 tissues samples, unpublished). The data are available in NCBI (PRJNA682903 and
PRJNA630028). SSRs were ascertained using the microsatellite identification tool MISA
1.0 (Thiel Thomas, Seeland, Germany) [17]. The SSRs were considered to contain mono-,
di-, tri-, tetra-, penta-, and hexa-nucleotides with minimum repeat numbers of 10, 5, 4,
3, 3, and 3, respectively. The distance between adjacent SSRs ≤ 100 bp was defined as
compound SSR. The functional annotation of the gene contained SSRs were obtained
through homology by searching against the public database GO, KEGG, Swiss-Prot, and
Pfam using BLAST with an E-value cutoff of 10−5. The non-redundancy gene sequences
associated with polyphyllin biosynthesis contained SSRs were filtered for primer design by
Primer 3.0 (Andreas Untergasser, Heidelberg, Germany) [18]. Flank sequence length of SSR
< 20 bp and sequence contained mononucleotide repeats were removed according to SSR
locus. The primer length ranged 16–26 bp, production of PCR was 100–450 bp, optimum
Tm was 55–57 ◦C, GC content was 40–60%, and oligonucleotides were synthesized at
Shanghai Sangon Biological Engineering Technology (Shanghai, China).

2.3. Marker Validation

SSR-PCR amplification for all designed markers was initially carried out using 30 random
individuals from 10 populations. The PCR reaction system: 2.5 µL 10× Tag buffer, 2 µL
of 2.5 mmol·L−1 dNTPs, 1 µL of 10 µmol·L−1 for each of forward and reverse primer
of DNA, 0.25 µL 2.5 Taq Plus DNA polymerase, 1 µL DNA template. The PCR reaction
conditions and procedures were performed as follows: initial denaturation step of 95 ◦C for
3 min, followed by denaturation at 94 ◦C for 30 s, annealing temperature at 60 ◦C for 30 s,
extension at 72 ◦C for 30 s, 10 cycles; denaturation at 94 ◦C for 30 s, annealing temperature
at 55 ◦C for 30 s, extension at 72 ◦C for 30 s, 10 cycles. The final extension was performed
at 72 ◦C for 7 min. the amplified PCR products were detected by 8% non-denaturing
polyacrylamide gels and stained by nucleic acid dye. The selected PCR products labelled
with TAMRA, FAM, and HEX were pooled before separation in ABI 3730XL (Applied
Biosystems). The PCR products were separated using a 96-capillary 3730XL DNA Analyzer
(Thermo Fisher Scientific, Waltham, MA, USA) and the peak patterns were sized by Gen-
emapper 4.0 (Thermo Fisher Scientific, Waltham, MA, USA). The primer pairs and marker
were evaluated and determined, which yielded clear, reproducible, and polymorphic bands
with an expected size and clear fluorescence signal that were selected for subsequent allele
identification of all individuals.

2.4. Data Analysis

The artificial proofreading for raw data was implemented by checking the capillary
electrophoresis (CE) peak diagram. The bands with the same base size were represented by
a similar peak at the same locus. The EST-SSRs were tested for selective neutrality by means
of an FST outlier method using LOSITAN [19,20]. After the preliminary runs to estimate the
mean neutral FST, 20,000 simulations with the infinite allele model (IAM) were performed,
according to parameter settings set by Ohtani et al. [21]. Outlier loci under positive or
balancing selection were determined based on 99.5% confidence intervals. The clustering
pattern of individuals and populations were revealed by neutral loci. The loci with FST
outliers were excluded from the following analyses. The EST-SSR loci data was formatted
for subsequent analyses using GenAlEx 6.5b2 (Peakall Rod, Canberra, Australia) [22].
The number of observed alleles (Na), the number of efficient alleles (Ne), the observed
heterozygosity (Ho), the expected heterozygosity (He), Nei’s genetic diversity index (h),
Shannon diversity index (I), polymorphic information content (PIC), major allele frequency
(MP), etc., were calculated using POPGENE 1.32 (Naoko Takezaki, Kagawa, Japan) and
Powermaker 3.25 (Kejun Liu, Raleigh, USA) [23,24]. The genetic differentiation coefficient
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among populations (FST), intraspecific inbreeding coefficient (FIS), population inbreeding
coefficient (FIT), and gene flow (Nm) were calculated using Arlequin 3.5 (Laurent Excoffier,
Lausanne, Switzerland) [25]. Nm was calculated followed Nm = 0.25(1 − FST)/FST [26].
The Hardy–Weinberg equilibrium (HWE) with the chi-squared test for each population
and loci was analyzed using POPGENE 1.32 (Naoko Takezaki, Kagawa, Japan), which was
adjusted using Bonferroni for multiple tests [27]. The principal coordinate analysis (PCoA)
via covariance matrix with data standardization was conducted using GenAlEx 6.50b (Rod
Peakall, Canberra, Australia) [22].

The Nei’s (1983) standard genetic distance among populations, individuals, and clus-
tering trees based on the unweighted pair group method with arithmetic means (UPGMA)
algorithm (bootstrap: 1000) were calculated and analyzed using PowerMarker 3.25 (Kejun
Liu, Raleigh, NC, USA) [24]. The consensus tree was generated, edited, and visualized
using Phylip 3.68 (Jacques D. Retief, Totowa, NJ, USA), MEGA 5.10 (Sudhir Kumar, Tokyo,
Japan), and FigTree 1.4.2 (A. Rambaut, Edinburgh, UK), respectively [28–30]. The popu-
lation genetic structure was determined by utilizing a Bayesian clustering analysis using
SRUCTURE 2.3.4 (K Pritchard Jonathan, Oxford, UK) [31]. A total of ten independent
simulations for each K ranging from 1 to 10 were performed with a burn-in period of
100,000 steps followed by 100,000 Markov Chain Monte Carlo (MCMC) iterations using
the Admixture Model. The most probable number of population groups (K) was deter-
mined with delta K(∆K) through web-based STRUCTURE HARVESTER [32,33]. Repeated
sampling analysis and genetic structural plots were analyzed by CLUMPP 1.1.2 (Mattias
Jakobsson, Ann Arbor, MI, USA) and visualized by DISTRUCT 1.1 (Noah A. Rosenberg,
Los Angeles, CA, USA) [34,35].

3. Results
3.1. EST-SSR Identification

Novel EST-SSR markers were developed based on the transcriptome assembled from
different tissues during developmental stages [16]. In total, 102,472 different EST-SSRs
were identified from 341,191 unigenes, distributed in 73,770 sequences, with an average of
0.22 SSR per unigene and a distribution density of one SSR per 2.61 kb. The repeated motifs
of SSRs were diverse; mononucleotide (34.32%) and dinucleotide (37.91%) were the most
common repeated motif types. Among these, A/T repeat motif was the most abundant type
(91.74% of total mononucleotide repeats), followed by AG(24.66%)/CT(15.45%)/TC(18.17%)
(Supplementary Material Figure S1). The compound SSRs were also identified, and the
number of this type of SSR was approximately 13,630. The copy number of repeat motifs
was unevenly distributed in different unit types. The most frequent copy number of
mononucleotide repeats was 91, whereas the most frequent copy number of hexanucleotide
was 16. The copy number of repeat motifs significantly decreased with the increasing length
of repeat unit, particularly from dinucleotide to hexanucleotide. The genes that contained
SSRs were functionally annotated by the public database GO, SwissProt, Pfam, and KEGG.
The annotation result showed that 12,723 unigenes containing SSRs have similarities to
the homologs of GO terms. 4568 were by KEGG pathways, 8365 were by Swiss-Prot, and
7950 were by Pfam domains. A total of 244 unigenes related to polyphyllin biosynthesis
were identified after length filtering and redundancy removing. Among these, 64 unigenes
contained different SSRs. Similar to the distribution of SSR motif types in the transcriptome,
mononucleotide and dinucleotide accounted for the larger proportion (55%), which was
followed by compound SSRs, accounting for 15% (Figure 2).
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Figure 2. Statistics of EST-SSR based on the transcriptomic data. (a) number of different SSR types
identified in the transcriptome: Mono-, Di-, Tri-, Tetra-, Penta-, Hexa-, and compound represent
mononucleotide, dinucleotide, trinucleotide, pentanucleotide, hexanucleotide, and compound nu-
cleotide, respectively; (b) number of different SSR related to polyphyllin biosynthesis.

3.2. Development of EST-SSR Makers

A total of 34 SSR primers related to polyphyllin biosynthetic genes were designed
based on the conserved sequences at the 5′ or 3′ ends of SSR, taking into account of Tm
values, hairpin structure, length of PCR product, etc. 34 pairs of SSR-PCR primers were
firstly validated in 30 samples in the preliminary experiment, and their PCR products
were evaluated by the results of agarose gel electrophoresis and capillary electrophoresis
(CE). Finally, 12 primer pairs (35%) were determined and were applied in SSR-PCR and
the genotype analysis of 136 samples (Table 2). All of the products successfully yielded
clear, reproducible, and polymorphic bands with an expected size and clear fluorescence
signal. As shown in Table 2, products from 6 primer pairs contained dinucleotide repeats,
products from 3 primer pairs contained trinucleotide repeats, products from one primer
pair contained tetranucleotide repeats, products from 2 primer pairs contained compound
nucleotide repeats.

Table 2. Primers associated with polyphyllin biosynthetic gene designed in this study.

Primers Sequence (5’ to 3’) Tm
(◦C) SSR Type

Expected
Product

Size (bp)
5’Modification Gene

Candidate

Polyphyllin
Backbone

Biosynthesis

STR1035-9F CTATCGGAGAGTCTGACCCTAC 55 (GT)6 130 5’HEX STE24 downstream
STR1035-9R GTAACCATTGATTTCCAGCTG
STR1035-11F CAGAATAAAGACGGTGAATTAAAAT 56 (CGC)4 115 5’HEX SMT2 downstream
STR1035-11R CCCATGCATATGATCCTCTG
STR1035-13F AAGCTGGAATCAACCATAAACT 55 (AG)5 124 5’HEX SQLE downstream
STR1035-13R AGAGCAGGAGAAACCCTAGAA
STR1035-14F TGCTAAAAAGGCTGGTGATATC 57 (AG)11*(A)10 111 5’HEX DXS upstream
STR1035-14R CGGCTTTCACTGTTTCACATA
STR1035-15F CAAATAATATGATCCCTACAGAAGA 56 (TTA)4 191 5’6-FAM HMGS upstream
STR1035-15R TAATAATAGCAGTTCCACATTCAGT
STR1035-18F GCAGAAACTGTACCATGAGGAG 57 (CAAA)3 268 5’6-FAM FNTA downstream
STR1035-18R CGTCTTGCTTGATTAACTAGGATT
STR1035-22F CGATCCGAATCCTCTGTTAAA 56 (CT)5 191 5’6-FAM MVD upstream
STR1035-22R GTCACCATTAGGATCCATTTCT
STR1150-1F CAAGCTATTCGCCGTCCT 56 (CGC)4*(ACG)4 427 5’6-FAM HMGR upstream
STR1150-1R CTGCCCCAGAATCGAGC
STR1150-3F ATCTCCACGCCTTCCCTT 57 (CCA)4 170 5’6-FAM ispD upstream
STR1150-3R CTCTGCTTCTCTTTTCGCAAT
STR1150-4F AGGATAACTAACAAAAGAGAGGATG 56 (TC)5 190 5’6-FAM ispE upstream
STR1150-4R TCTTCCTATAGAGGTTGAGTGCT
STR1150-7F TGCCCCCCCTCATCTC 56 (TC)5 140 5’6-FAM TGL4 downstream
STR1150-7R GGAAATTCTTGAGCTTGCAGT
STR1150-9F GTGCCCGTTCCATTCAAG 57 (GA)10 119 5’6-FAM MVK upstream
STR1150-9R TGCTCGCCGGAGAGTATG
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3.3. Polymorphism Analysis of SSR Loci

The EST-SSR markers in this study were developed based on expressed sequence
tags derived from the transcriptome data. Firstly, the SSR loci were tested for selective
neutrality, and the SSRs with FST outliers were filtered from the following analyses. The
LOSITAN analysis detected two FST outliers, indicating that the loci 1035P11 and 1035P14
were probably under positive selection (Figure 3); these two outlier loci were excluded
from all subsequent analyses; the remaining loci under neutral selection were reserved for
the subsequent genetic variation analyses.
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The genetic variation analysis of these loci was implemented based on 136 individuals
from 10 populations. As shown in Table 3, Na was 99 alleles in total, and it ranged from 5
to 13, with an average of 9.90 alleles per locus. Ne was 27.92 in total, ranging from 1.1018 to
4.9541. Ho ranged from 0.3088 to 0.9599. He ranged from 0.0927 to 0.8011. h ranged from
0.0924 to 0.7981. PIC can detect and reflect the genetic variation level [36]. PIC value is
grouped into highly polymorphic (PIC > 0.5), moderate polymorphic (0.5 > PIC > 0.25),
and low polymorphic (PIC < 0.25) categories. PIC of 10 SSR loci ranged from 0.0842 to
0.7684. According to the Bostein theory, PIC values of 9 loci were over 0.25 and they were
relatively high polymorphic loci, except locus 1150P7. Locus 1035P22 has the highest PIC
value (0.7684), and the Shannon’s information index of this locus is 1.8423. PIC values of
the loci were consistent with He values of the corresponding loci. In general, the average
Ne, He, and PIC were 2.7920, 0.5600, 0.5225, indicating that 10 screened EST-SSR loci had
relatively high genetic polymorphism levels. Among the 10 loci, 1150P7 had the lowest
level of genetic diversity and 1035P22 had the highest level of genetic diversity.

Table 3. The genetic diversity and genetic variation of EST-SSR loci. ** represent deviating from
Hardy-Weinberg equilibrium (HWE) at the level of p < 0.01.

Loci Na Ne I PIC Ho He Nei (h) HWE FIS FST FIT Nm

1035P9 9 3.0711 1.3396 0.6202 0.5515 0.6769 0.6744 0.11 −0.0311 0.1983 0.1734 1.0105
1035P13 5 1.5449 0.5833 0.3102 0.2132 0.354 0.3527 ** 0.3055 0.1281 0.3945 1.7010
1035P15 7 3.1617 1.3559 0.6505 0.1544 0.6862 0.6837 ** 0.7419 0.1781 0.7879 1.1533
1035P18 11 1.4961 0.821 0.3207 0.1103 0.3328 0.3316 ** 0.5952 0.1091 0.6393 2.0421
1035P22 13 4.9541 1.8423 0.7684 0.3235 0.8011 0.7981 ** 0.5045 0.1131 0.5605 1.9598
1150P1 12 2.5313 1.4029 0.5785 0.1838 0.6072 0.6049 ** 0.6646 0.1145 0.7030 1.9332
1150P3 12 3.3544 1.4452 0.6559 0.5368 0.7045 0.7019 ** 0.1581 0.0866 0.2310 2.6380
1150P4 5 2.3126 0.9829 0.4781 0.1691 0.5697 0.5676 ** 0.6610 0.1720 0.7193 1.2035
1150P7 5 1.1018 0.2441 0.0842 0.0441 0.0927 0.0924 ** 0.4801 0.0855 0.5246 2.6727
1150P9 20 4.3902 2.1041 0.7585 0.6912 0.7751 0.7722 0.02 −0.0132 0.1182 0.1065 1.8653

F-statistic estimates for 10 SSR loci of 10 populations showed the genetic differentiation
and inbreeding coefficients. FST values for these loci were estimated 0.0855–0.1983, with an
average of 0.1304, which indicated that there was little genetic variation among the popu-
lations and 86.96% of the genetic variation was within populations. The low FST implied
a low level of differentiation among the populations of P. polyphylla var. yunnanensis. FIS
values of 5 loci were over 0.50, and the high FIS implied a considerable degree of inbreeding.
Whereas, FIS values of locus 1035P9 and 1150P9 showed the excess heterozygosity with
negative FIS values (−0.0311, −0.0312), suggesting outbreeding. FIT values ranged from
0.1065 to 0.7879, with an average value of 0.4840. In this study, Nm values were estimated
to be ranged from 1.0105 to 2.6727. The average Nm value of the loci was 1.82 (Nm > 1).
Two loci (locus 1035P9 and locus 1150P9) were in accordance with the Hardy–Weinberg
equilibrium (HWE), but eight loci showed significant departures from HWE after Bon-
ferroni correction, apparently due to heterozygote deficiency. According to the Shannon
informational diversity statistics portioned by population and total for codominant data
averaged across loci, 25% of total information occurred among populations, 75% of total
information occurred within population (Figure S2a).

3.4. Genetic Diversity and Genetic Variation of Populations

The genetic diversity parameters of 10 populations were also estimated and the
populations displayed abundant genetic diversity (Table 4). The Na ranged from 2.4 to
4.9 with an average value of 3.79. Ne ranged from 1.69 to 2.78 with an average value of
2.32. Ho value ranged from 0.2182 to 0.3800 with average value of 0.29. Population QJL,
QJS, and LS had high Ho values. He values ranged from 0.35 to 0.57 with average value
of 0.49. Population QJL and QJS had high He values. Shannon diversity index (I) ranged
from 0.53 to 1.09, and the maximum and the minimum of I were from population QJS and
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TC, respectively. The values of h can reflect the population variations, which ranged from
0.33 to 0.56 with average value of 0.47. The h values and the ranks were in accordance with
results of He values. Populations QJL, QJS, and LS had higher genetic diversity (h > 0.50,
Ne > 2.3), the population from TC had lowest genetic diversity (h = 0.33, Ne = 1.69). Based
on the above, population QJS, LS had higher genetic diversity than other populations,
whereas population TC had the lowest genetic diversity. AMOVA was carried out to assess
the overall distribution of diversity within and among populations (Figure S2b). Of the
total genetic diversity, 1% of the variation occurred among populations, 69% occurred
among individuals, and 30% occurred within individual; thus, AMOVA supported the
results of Nei’s genetic statistics and the Shannon diversity estimation that there is a low
degree of population differentiation.

Table 4. The genetic diversity and genetic differentiation of cultivated populations.

Pop Major Allele
Frequency

Genotype
Number Na Ne Gene

Diversity PIC I Ho He Nei (h)

LS 0.58 4.9 4.4 2.7809 0.5531 0.5078 1.0689 0.3000 0.5685 0.5496
DL 0.61 4.1 3.2 2.2729 0.4635 0.4124 0.8135 0.2353 0.4718 0.4580
KM 0.66 5.3 4.7 2.4983 0.4593 0.4315 0.9585 0.3200 0.4759 0.4600
QJL 0.56 5.5 4.9 2.7692 0.5553 0.5073 1.0883 0.3733 0.5740 0.5549
QJS 0.59 6.0 5.0 2.4917 0.5489 0.5092 1.0906 0.3800 0.5678 0.5489
ML 0.58 4.3 3.4 2.3365 0.5087 0.4419 0.8852 0.3133 0.5262 0.5087
JD 0.63 4.9 4.4 2.2769 0.4801 0.4343 0.9317 0.2687 0.5016 0.4859
TC 0.75 2.3 2.2 1.6859 0.3278 0.2782 0.5346 0.2889 0.3471 0.3278
YX 0.69 2.6 2.4 1.9034 0.4094 0.3509 0.671 0.2375 0.4367 0.4094
CX 0.67 4.0 3.3 2.1356 0.4343 0.3905 0.7938 0.2182 0.4550 0.4343

3.5. Genetic Structure and Population Clustering

To infer the genetic structure, the coancestry relationships of the populations were
analyzed based on a Bayesian module using the STRUCTURE program. The results showed
that when K = 2, ∆K reached the maximum value, which indicates that 10 populations
mainly came from two ancestral groups (Figure 4a,b). The individuals in the groups were
composed with admixed populations. In addition, UPGMA clustering of populations was
constructed based on Nei’s (1983) genetic distance among populations. The unrooted tree
of populations revealed that the populations were clustered into two groups, which was
broadly consistent with the genetic population structure results (Figure 4c). Following the
same analysis procedure, the tree of individuals was conducted subsequently (Figure 5).
The clustering results showed that individuals of different populations clustered together
and the populations with higher genetic diversity index were inclined to have individuals
admixing with other populations. The PCoA results showed that the first and second prin-
cipal components accounted for 36.8% and 33.0% of the total genetic variation, respectively
(Figure 4d); it also showed that populations from two cultivated groups got close to each
other, such as population JD and QJS. Most individuals were roughly clustered according
to their corresponding populations (Figure S3).

208



Diversity 2022, 14, 589 Diversity 2022, 14, x FOR PEER REVIEW 11 of 17 
 

 

 

Figure 4. The population genetic structure of P. polyphylla var. yunnanensis individuals. (a) Rela-

tionships between the number of clusters (K) and the corresponding log probability of the data 

L(ΔK); (b) Assignment of individuals to K = 2 genetically distinguishable group. (c) Genetic diver-

gence of P. polyphylla var. yunnanensis based on UPGMA cluster analysis. The two cultivated pop-

Figure 4. The population genetic structure of P. polyphylla var. yunnanensis. (a) relationships between
the number of clusters (K) and the corresponding log probability of the data L(∆K); (b) assignment of
individuals to K = 2 genetically distinguishable group. (c) genetic divergence of 10 populations based
on UPGMA cluster analysis. The two cultivated populations are denoted with dark green and light
green. (d) principal coordinate analysis (PCoA) of 10 populations.

209



Diversity 2022, 14, 589

Diversity 2022, 14, x FOR PEER REVIEW 12 of 17 
 

 

ulations are denoted with dark green and light green. (d) Principal coordinate analysis (PCoA) of 

10 populations. 

 

Figure 5. Genetic divergence of 136 individuals based on UPGMA cluster analysis. The 

long-stalked variety and the short-stalked variety are denoted with dark green and light green. 

4. Discussion 

4.1. SSR Frequency and Distribution 

SSR holds a great promise for exploiting genetic diversity, characterizing accumu-

lated phenotypic variation, and associating markers with traits in plant germplasm [37]. 

Unigene derived microsatellite markers overcome the problem of redundancy in the EST 

database and have the advantage of assaying variation in the transcribed regions with 

their unique identities and positions [38]. The majority of SSRs in this study were dinu-

cleotide repeats (38,848, 37.91%) based on the transcriptomic data of P. polyphylla var. 

yunnanensis. Another previous study of P. polyphylla var. yunnanensis transcriptome 

showed different conclusions that suggested that the monucleotide repeat type (56.3%) 

was the most abundant [39]. Nevertheless, distribution results in the present study are 

consistent with the frequencies of microsatellites among the gene indices of 24 plants in 

the previous study, which indicates that dinucleotide repeats are the majority of SSRs 

[40]. In addition, A/T repeat motif accounted for the largest proportion (91.74% of total 

mononucleotide repeats) in this study, which confirmed that the plant is rich in AT re-

peats [37]. The distribution density was estimated as one SSR per every 2.61 kb in this 

study. SSR loci in Glycine was proved to be three times more likely to occur in translated 

regions when derived from transcriptomic data than genomic data [41]. The density ap-

pears to vary significantly across plants through SSR density analyses based on tran-

scriptomic data, i.e., Populus wulianensis (2.64 kb) [42], Fagopyrum esculentum (8.21 kb) 

[43], and arrowhead (9.13 kb) [44]. In contrast to microsatellite markers developed from 

genomic library, EST–SSRs can contribute to direct allele selection because they have 

Figure 5. Genetic divergence of 136 individuals based on UPGMA cluster analysis. The long-stalked
variety and the short-stalked variety are denoted with dark green and light green.

4. Discussion
4.1. SSR Frequency and Distribution

SSR holds a great promise for exploiting genetic diversity, characterizing accumu-
lated phenotypic variation, and associating markers with traits in plant germplasm [37].
Unigenes derived microsatellite markers overcome the problem of redundancy in the EST
database and have the advantage of assaying variation in the transcribed regions with their
unique identities and positions [38]. The majority of SSRs in this study were dinucleotide
repeats (38,848, 37.91%) based on the transcriptomic data of P. polyphylla var. yunnanensis.
Another previous study of P. polyphylla var. yunnanensis transcriptome showed different
conclusions that suggested that the monucleotide repeat type (56.3%) was the most abun-
dant [39]. Nevertheless, distribution results in the present study are consistent with the
frequencies of microsatellites among the gene indices of 24 plants in the previous study,
which indicates that dinucleotide repeats are the majority of SSRs [40]. In addition, A/T
repeat motif accounted for the largest proportion (91.74% of total mononucleotide repeats)
in this study, which confirmed that the plant is rich in AT repeats [37]. The distribution
density was estimated as one SSR per every 2.61 kb in this study. SSR loci in Glycine was
proved to be three times more likely to occur in translated regions when derived from
transcriptomic data than genomic data [41]. The density appears to vary significantly across
plants through SSR density analyses based on transcriptomic data, i.e., Populus wulianensis
(2.64 kb) [42], Fagopyrum esculentum (8.21 kb) [43], and arrowhead (9.13 kb) [44]. In contrast
to microsatellite markers developed from genomic library, EST–SSRs can contribute to
direct allele selection because they have known or putative functions and may be associated
with the targeted trait [8]. Previous research has shown that SSRs have many important
functions in terms of development, gene regulation, evolution, etc. [45]. The locations of
SSRs appear to determine the types of functional role SSRs might play, and changes in SSRs
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in different genetic locations can lead to changes in the phenotypes of an organism [46]. As
polyphyllins are the main bioactive ingredients of the Paris species, this study developed
EST-SSR markers based on the unigenes related to polyphyllin biosynthesis for the first
time. SSRs scattered in the gene candidates were involved in the upstream and downstream
of polyphyllin backbone biosynthesis. SSRs in coding regions can determine whether or not
a gene gets activated or whether the protein product is truncated [46]. The most common
SSR motif types related to polyphyllin (mononucleotide and dinucleotide) were in the
accordance with those of the transcriptome.

4.2. Marker Polymorphism

A total of 10 SSR markers developed here are the first set of microsatellites related to
the bioactive ingredient biosynthesis for Paris species. For all loci analyzed, the average
Ho was obviously lower than the average He, indicating that self-pollination may be more
common than is usually assumed in P. polyphylla; however, an excess of homozygotes may
also result from sub-population (Wahlund effect). The average He is similar to that of the
makers (0.5251) from isolating microsatellites from a (CT)n-enriched genomic library of P.
poyphylla var. chinensis [47] and the average PIC is similar to that of random SSR makers
(0.5355) from the root transcriptome of P. polyphylla [13]. As a whole, the average Ne (2.792),
He (0.5600), and PIC (0.5225) showed the relatively high genetic polymorphism levels of
these 10 loci [34]. Among the loci, locus 1150P7 had the lowest level of genetic diversity,
whereas locus 1035P22 had the highest level of genetic diversity. The Shannon information
of the loci showed that less information occurred among population, and more information
occurred within population. In addition, locus 1035P9 and locus 1150P9 were in accordance
with HWE, but the rest showed significant departures from HWE after Bonferroni correc-
tion, apparently due to heterozygote deficiency. HWE departures can be caused by intrinsic
factors in the studied sample and by specific marker characteristics like mutation rates [48].
To clarify, the high number of loci deviating from HWE could partly be a result of sampling,
the presence of null alleles, or might arise from selective pressure on the coding regions [49].
Null alleles can occur due to mutations in primer binding sites and lead to the overesti-
mation of homozygosity [50]. Low levels of Ho here partly support the latter hypothesis.
According to previous studies, there are approximately 30 microsatellites developed with
small samples (10–60 samples) using a (CT)n-enriched genomic library, a magnetic bead
enrichment strategy, or the transcriptome of a root [13,47,51]. However, all of these random
markers without functional data were subsequently applied in 115 samples for a genetic
diversity study of P. polyphylla var. yunnanensis and only 7 of them were validated to
be efficient [52]. In this study, 10 markers of EST-SSR were derived from SSR related to
the polyphyllin backbone biosynthesis; they were screened from 34 candidate markers
after conducting experimental evaluation multiple times. Although the study was based
on a limited number of markers, the results should be considered in future germplasm
utilization and molecular-assisted breeding for P. polyphylla. The steady progress in mi-
crosatellite markers will benefit the genetic diversity and molecular breeding of P. polyphylla
and ultimately help increase yields for this medicinal herb and other Paris plants.

4.3. Relationships in the Germplasm Diversity

To preserve the natural population and ensure a steady and renewable source of P. poly-
phylla for ethnomedical purposes, thriving cultivation of seedlings and planting has become
essential in recent years [53]. The wild P. polyphylla and its varieties are rather rare; thus,
populations collected in this study are cultivars of P. polyphylla var. yunnanensis from the
representative growing areas, including the short-stalked variety and the long-stalked vari-
ety widely planted. The genetic diversity analysis of populations showed that populations
QJS and LS had the higher genetic diversity than other populations, whereas population TC
had the lowest genetic diversity. Population has a high level of genetic diversity, suggesting
that it has strong capability to adapt to stressful environmental conditions [54]. The overall
populations exhibited a low degree of differentiation among populations, but maintained a
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high degree of genetic diversity among individuals, which were revealed by the results of
AMOVA and genetic diversity estimation. A considerable degree of differentiation among
individuals can be explained by cross-pollination and hybridization, since P. polyphylla is
an insect-pollinated plant [55]. Although the high FIS of 5 loci suggested a high degree of
inbreeding, the self-pollination rate is found to be low in the agricultural cultivation [1,36].
This situation is even more striking when the different cultivars are introduced and grown
simultaneously in the plant base. The low FST also implied a low level of differentiation
among the populations. As the high average Nm (>1.82) was detected, gene flow played
a role in homogenization for populations and effectively suppressed the genetic differ-
entiation that resulted from gene drift [56]. The considerably high gene flow might be
indicative of an earlier period of more pronounced gene flow when the species had a more
continuous distribution [57]. The genetic structure revealed that 10 populations probably
derived from two ancestral groups and all germplasms were found to be have different
levels of admixture. However, the two groups did not quite tally with the two cultivation
groups at population level and the samples from the two cultivation groups from different
populations were mixed with one another at the individual level. Moreover, cultivated pop-
ulations also showed high genetic variation, consisting of the genetic diversity investigation
of wild and cultivated populations of P. polyphylla using ISSR [10]. It can be speculated that
they have originated from mixed provenances; thus, screening for superior provenances
should be carried out as soon as possible [11]. Most populations of endangered species are
commonly subdivided into different breeding groups, such as different breeds in the case
of domestic plants, which are, in turn, subdivided into smaller reproductive units more or
less interconnected [58]. Hence, the populations with higher genetic diversity have more
utilization potential for resource conservation and selection of breeding materials.

5. Conclusions

In this study, a total of 10 EST-SSR makers related to polyphyllin backbone biosynthesis
were developed based on the transcriptome of P. polyphylla var. yunnanensis. The novel
SSR loci showed relatively high genetic polymorphism levels. The overall populations
exhibited a low degree of differentiation among populations, but maintained abundant
genetic diversity among individuals. The clustering groups of populations were different
from cultivated groups, resulting in interspecific and intervarietal hybridization. The ten
novel markers of EST-SSR provide an important tool for exploring the genetic diversity
of P. polyphylla, and they will assist in developing efficient strategies for the germplasm
resource management and conservation of this medicinal plant. The findings of this study
may facilitate maker-assisted breeding and genetic engineering schemes involving this
species, and other medicinal plants of the genus Paris.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14080589/s1, Figure S1: The distribution of six SSR motifs
identified in the transcriptome. (a) number of mononucleotide repeats; (b) number of dinucleotide
repeats; (c) number of trinucleotide repeats (display the top 50% of total number); (d) number of
tetranucleotide repeats (display repeat number > 23); (e) number of pentanucleotide repeats (display
repeat number > 10); (f) number of hexanucleotide repeats (display repeat number > 5). (c–f) only
display the repeats with high occurrence frequency; Figure S2: The diversity and variation analysis
within populations and among populations. (a) Shannon informational diversity statistics partitioned
by population and total for codominant data (b) analysis of molecular variance using allelic distance
matrix for F-statistics. Figure S3: PCoA of 136 individuals. The ten populations are denoted with
different color.
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Abstract: Elaeagnus moorcroftii Wall. (Elaeagnaceae) is an important tree species naturally growing in
arid Northwest China that has great economic and ecological values in drylands. In this study, we de
novo assembled a chromosome-level genome for E. moorcroftii by using PacBio’s high-fidelity (HiFi)
sequencing and Hi-C-assisted assembly technology. The assembled genome size was 529.56 Mb, of
which 94.56% was anchored to 14 pseudochromosomes with a contig N50 up to 28.21 Mb. In total,
29,243 protein-coding genes were annotated, and 98.5% of the Benchmarking Universal Single-Copy
Orthologs (BUSCOs) were captured in the genome. Evolutionary genomic analysis showed that
E. moorcroftii split with Elaeagnus mollis 9.38 million years ago (Ma), and contrasted evolutionary
trajectories of gene family expansion and contraction were observed for these two closely related
species. Furthermore, we identified two successive whole genome duplication (WGD) events occurred
in the genome of E. moorcroftii, in addition to the ancient gamma hexaploidization event shared by core
eudicots. Together, the chromosome-level genome assembly for E. moorcroftii decoded here provides
valuable genomic information for the further genetic improvement and molecular breeding of this
indigenous species in drylands.

Keywords: Elaeagnus moorcroftii Wall.; PacBio’s high-fidelity sequencing; Hi-C-assisted assembly;
whole genome duplication; xerophyte; drylands

1. Introduction

Land degradation and desertification constitute one of the most serious environmental
problems facing the world. Drylands cover about 41% of the global land area and are
home to more than 38% of the world’s population [1,2]. Ecosystems in drylands are fragile
and vulnerable to climate change and human activities [3]. The degree of desertification
in these drylands is likely to increase rapidly, the areas of drylands will continue to ex-
pand, and the risk of ecological degradation will be further exacerbated [2]. Desert plants
play an important role in maintaining the stability of dryland ecosystems and provide
ecological services for the production and life of people in drylands. Therefore, it is very
meaningful to conduct scientific research on desert plants. With the rapid development
of sequencing technologies, the genomes of some important desert plants have been de-
ciphered recently, such as the sea buckthorn (Hippophae rhamnoides) with medicinal and
edible value [4,5], wild and perennial legume forage Medicago ruthenica [6], and xerophytic
plant Haloxylon ammodendron [7].

E. moorcroftii is a kind of deciduous tree of the Elaeagnaceae family, up to 10 m tall,
mainly distributed in the desert areas of Northwest China, including the Xinjiang, Gansu,
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and Inner Mongolia provinces. It has excellent characteristics of drought resistance and salt
tolerance and is an important tree species for windbreaks, sand fixation, and soil and water
conservation in Northwest China [8]. This species is a non-leguminous nitrogen-fixing
plant, its roots are symbiotic with Frankia actinomycetes, which can play the role of biologi-
cal nitrogen fixation and soil improvement [4,9], and its rhizosphere arbuscular mycorrhizal
fungi can improve their resistance to salt stress [10]. Therefore, E. moorcroftii can be intro-
duced to barren desert and saline-alkali land for soil improvement and afforestation, which
has important ecological value. In addition, this species has high economic value because
of its edible fruits, medicinal whole plants, and ornamental flowers. The species exhibits
a high fruit yield; the fruit can be eaten directly and used in jam, vinegar, wine, pastries,
livestock feed, etc. [11]. The branches, leaves, and flowers of the species have remarkable
observed biological activities and are widely used to treat many health issues like aging,
burns, dyspepsia, diarrheal, pain, bronchitis, and neurasthenia [11,12]. The flowers are
attractive and aromatic and are also used for extracting aromatic oil [11]. However, the
molecular-level study of E. moorcroftii is limited to taxonomic relationships [8]. The lack of
genomic information hinders a comprehensive understanding of the evolutionary history
and unique biology of E. moorcroftii.

In this study, we first report a chromosomal-level genome assembly of E. moorcroftii
(2n = 2x = 28) with PacBio’s long-read single molecule high-fidelity (HiFi) reads and high-
throughput chromosome conformation capture (Hi-C) data, and then we used it to explore
the evolutionary trajectories of E. moorcroftii and other Elaeagnaceae species, including
H. rhamnoides [4,5] and E. mollis [13] as recently published, by comparative genomic analy-
sis. The genome sequence of E. moorcroftii presented here will provide valuable genomic
resources for further in-depth study and utilization of this indigenous species in drylands.

2. Materials and Methods
2.1. Plant Materials and Sequencing

The fresh young leaves used for genomic DNA sequencing were collected from an
adult plant of E. moorcroftii growing in Minqin Desert Botanical Garden, Gansu Province,
China. The total genomic DNA was extracted using a modified trimethylammonium
bromide (CTAB) method [14]. For PacBio’s HiFi sequencing, SMRTbell libraries were
constructed using the protocol of Pacific Biosciences with 20 kb inserts and sequenced
using circular consensus sequencing (CCS) mode on a PacBio Sequel II platform, generating
a total of more than 28 Gb high-quality CCS reads. For Hi-C sequencing, cross-linked
chromatin was first digested with Dpn II, end-labeled with biotin-14-dATP, and then
used for in situ DNA ligation. The ligated DNA was sheared into 300–600 bp fragments,
blunt-end repaired, purified through biotin–streptavidin-mediated pull-down, and then
sequenced on the Illumina HiSeq 2500 platform, generating a total of more than 52 Gb raw
sequencing data.

2.2. Genome Assembly and Assessment

The high-quality HiFi reads were assembled into contigs using hifiasm v0.14 [15] with
default parameters. The Hi-C data were aligned to the contig assembly using JUICER
v.1.5 [16]. The contigs of the E. moorcroftii assembly were further clustered, ordered, and
oriented onto chromosomes based on the contact frequency calculated from the mapped Hi–
C read pairs by 3d-DNA pipeline [17] with parameters of ‘-m haploid –r 2’. Orientation and
placement errors were manually corrected via Juicebox Assembly Tools (https://github.
com/aidenlab/Juicebox (accessed on 17 November 2021)).

The completeness of the genome assembly of E. moorcroftii was assessed by transcript
alignment and Benchmarking Universal Single-Copy Orthologs (BUSCO) analysis [18].
RNA-seq reads were assembled and mapped to the genome by HISAT2 v2.1.0 [19]. BUSCO
analysis of the final assembly and annotation was performed using BUSCO v4 [18] with
the Embryophyta obd10 database to evaluate the completeness of the reference genome of
E. moorcroftii.
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2.3. Genome Annotation

Tandem repeats in the E. moorcroftii genome were annotated using GMATA v2.2 [20]
and Tandem Repeats Finder v4.09 [21]. The transposable elements (TEs) in the genome
were predicted using a combination of homology-based and de novo approaches. In the
homology-based approach, we used RepeatMasker v.4.1.0 [22] with the known repeat
database Repbase v.21.01 [23] to search for the TEs in the E. moorcroftii genome. For the de
novo approach, we used MITE-Hunter [24] and RepeatModeler v.2.0 [25] to construct a de
novo repeat sequence database for E. moorcroftii and then used RepeatMasker v.4.1.0 [22] to
search for repeats in the genome. After removing overlapping repeats, the repeats identified
by different methods were combined into the final repeat annotation.

Protein-coding genes were predicted based on the repeat masked genome using
three approaches, including homology search, de novo prediction, and estimation from
transcriptome evidence. Homology-based prediction was performed using GeMoMa
v1.3.1 [26] with the protein sequences of four closely related species in eudicots, E. mollis [13],
Ziziphus jujuba [27], Arabidopsis thaliana [28], and Vitis vinifera [29]. The de novo prediction
was conducted using Augustus v3.2.3 [30] with default parameters. RNA-seq based
gene prediction was performed using STAR v2.7.3a [31], Stringtie v2.0.1 [32], and PASA
v2.0.2 [33], and the public available RNA-seq data for mixed tissue samples including the
leaf, root, stem, and fruit were downloaded from the National Center for Biotechnology
Information (NCBI) under the accession numbers of SRR12569922, SRR12569923, and
SRR12569924. Finally, the outputs from the above three approaches were integrated into a
final gene set by EvidenceModeler (EVM) v1.1.1 [34].

For gene function annotation, the predicted gene models were blasted against the
SwissProt v5.3 (https://www.expasy.org/resources/uniprotkb-swiss-prot (accessed on
29 July 2021)), NCBI non-redundant (NR) (https://www.ncbi.nlm.nih.gov/refseq/about/
nonredundantproteins/ (accessed on 29 July 2021)), and Clusters of Orthologous Groups for
Eukaryotic complete Genomes (KOG) v5.3 (http://genome.jgi-psf.org/help/kogbrowser.
jsf (accessed on 29 July 2021)) databases for the best matches using BLASTP with an
E-value cut-off of 1e-5. The protein motifs and domains were annotated using InterProScan
v5.31 [35]. The Gene Ontology (GO) entries were searched using Blast2GO v2.5 [36].
Pathway information for each gene was assigned using the Kyoto Encyclopedia of Genes
and Genomes (KEGG) v5.24 database [37].

In addition, the non-coding RNA genes were annotated. tRNAs were predicted by
tRNAscan-SE v1.3.1 [38] with eukaryote parameters. MicroRNA, small nuclear RNA, and
small nucleolar RNA were predicted using INFERNAL v1.1.2 [39] based on the Rfam [40]
and miRbase databases [41]. The rRNAs and their subunits were predicted using RNAm-
mer v1.2 [42].

2.4. Comparative and Evolutionary Genomic Analysis

The protein sequences of E. moorcroftii and ten other sequenced plant species, H. rhamnoides,
E. mollis, Malus domestica, Prunus persica, Z. jujuba, Morus notabilis, Cannabis sativa, Populus
trichocarpa, A. thaliana, V. vinifera, were used for the phylogenetic analysis (see Table S1 for
the summary of genomic information of these species). Single-copy orthogroups among
the 11 species were identified using OrthoFinder v2.3.11 [43]. The amino acid alignments of
each single-copy orthogroup were aligned by MAFFT v.7 [44], and nucleotide alignments
were generated according to the corresponding amino acid alignments using PAL2NAL [45].
A maximum likelihood phylogeny was constructed based on the concatenated alignments
of all single-copy genes using IQ-TREE v.1.6.12 [46]. The species divergence time was
estimated using the program MCMCTREE in the PAMLv.4.9 package [47]. We selected three
fossil calibration points from the TimeTree database (http://www.timetree.org (accessed on
1 March 2022)) for the split of: (1) Malus-Prunus at 30–61 million years ago (Ma); (2) Morus-
Cannabis at 53–97 Ma; (3) Populus-Arabidopsis at 98–117 Ma. In addition, the time calibration
of family Rhamnaceae (that is the split of Ziziphus with three Elaeagnaceae species) was set
to >99 Ma based on an old fossil in the extant genus Phylica of Rhamnaceae [48]. The gene
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family expansion and contraction of 11 species were analyzed using CAFE v3.1 [49], and the
expanded and contracted gene families in E. moorcroftii were subjected to GO enrichment
to analyze their functions. The different modes of gene duplications were identified by
DupGen_finder software [50].

2.5. Whole Genome Duplication Analysis

The protein-coding sequences of E. moorcroftii, H. rhamnoides, and E. mollis were self-
aligned and aligned with each other using BLASTP with an E-value cut-off of 1e-5. Syntenic
blocks within a genome or between genomes were identified using MCScanX [51] with
default parameters based on the above protein-sequence alignments. For each syntenic
gene pair, the synonymous substitution rate (Ks) was calculated using the Nei-Gojobori
method [52] by yn00 program of the PAML package [47]. The macro-syntenic relation-
ships among the three species were visualized by the python version of MCScan soft-
ware (https://github.com/tanghaibao/jcvi/wiki/MCscan-(Python-version) (accessed on
29 July 2021)).

3. Results
3.1. Genome Assembly of E. Moorcroftii

To obtain a high-quality reference genome of E. moorcroftii, we used a combination of
HiFi long reads and Hi-C data to construct a chromosome-level assembly. We generated
a total of 28 Gb high-quality HiFi long reads, with a maximum and average read length
of 64.20 and 14.78 kb, respectively (Table S2 and Figure S1, distribution of PacBio’s HiFi
sequencing data). De novo assembly of these HiFi reads with hifiasm v0.14 [16] yielded
a preliminary assembly comprising 168 contigs with contig N50 size of 28.21 Mb, and
the total length of the assembled genome was 529.56 Mb (Table 1). A total of 52 Gb Hi-C
reads were generated to refine the assembly, resulting in 500.73 Mb (94.56%) of the contig
sequences anchored onto 14 chromosomes (Figure 1, Table 1).
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Figure 1. The genome features of E. moorcroftii. (a) Heatmap of Hi-C interactions for 14 pseudochro-
mosomes. (b) Circos plot showing the genomic landscape of E. moorcroftii. The tracks from outer to
inner circles indicate the following: a: 4 pseudochromosomes in megabases; b: GC content; c: gene
density; d: density of Gypsy LTR retrotransposons; e: density of Copia LTR retrotransposons; f: LTR
retrotransposons density. The center of the circos plot shows the fruits of E. moorcroftii (photo by X.F.).
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Table 1. Assembly and annotation statistics of E. moorcroftii genome.

Assembly

Length of genome assembly (Mb) 529.56
Anchored to chromosome (Mb) 500.73

Contig N50 (Mb) 28.21
Longest contig (Mb) 101.76

BUSCO score of assembly (%) 96.7%

Annotation

GC content 30.39%
Percentage of repeat sequences (%) 60.95%
Number of protein-coding gene (%) 29243

Average gene length (bp) 4318.92
Average exon length (bp) 220.21

BUSCO score of annotation (%) 98.5%

To assess the quality and completeness of this assembled genome, we first mapped
RNA-seq reads to the assembled genome, more than 93% of which were properly mapped
(Table S3). Furthermore, BUSCO analysis for the genome assembly showed that 96.7%
of the 1614 core plant genes was captured, including 95.8% complete BUSCOs and 0.9%
fragmented BUSCOs (Table S4). These evidences together indicated that the E. moorcroftii
assembly has high quality and completeness.

3.2. Annotation of the E. Moorcroftii Genome

We identified 322.78 Mb of non-redundant repetitive sequences in the E. moorcroftii
genome, representing 60.95% of the genome assembly (Table S5). Long terminal repeat
(LTR) retrotransposons were the most abundant type, accounting for 31.95% of the whole
genome, of which Copia and Gypsy were the two most frequent LTR types, accounting for
about 16.02% and 13.30% of the genome, respectively (Table S5).

Using genomic and transcriptomic data, we predicted 29,243 protein-coding gene mod-
els in the E. moorcroftii genome, with an average gene length of 4318.92 bp and an average
exon length of 220.21 bp (Table 1). Among the predicted protein-coding genes, 95.10% were
annotated through at least one of the following protein-related databases: the NCBI NR
database (94.75%), the SwissProt protein database (81.38%), the KOG database (91.24), the
InterProScan database (86.10), the GO database (64.91%), and the KEGG database (3.87%)
(Table S6). In total, 95.10% of the protein-coding genes were functionally annotated by
various databases. In addition, our annotation captured 98.5% of BUSCOs, including 97.4%
complete gene models plus 1.1% fragmented gene models (Table S7).

We also predicted 183 micro RNAs (miRNAs), 2461 small-nuclear RNAs (snRNAs),
1636 transfer RNAs (tRNAs), and 20,568 ribosomal RNAs (rRNAs), with calculated average
lengths of 124.86, 107.52, 75.21, and 238.47 bp, respectively (Table S8).

3.3. Evolutionary History of E. Moorcroftii

To investigate the evolutionary history of E. moorcroftii, we performed a gene family
clustering using E. moorcroftii and ten other representative angiosperm species, including
two related species of the Elaeagnaceae family (E. mollis, H. rhamnoides), five species of the
same order Rosales (Rosaceae: M. domestica, P. persica, Rhamnaceae: Z. jujuba; Moraceae:
M. notabilis; Cannabaceae: C. sativa), and three outgroup species of eudicot clade (A. thaliana,
P. trichocarpa, and V. vinifera) (Table S1). We identified 175 single-copy orthogroups and
used them to reconstruct the phylogenetic tree of E. moorcroftii and ten other plant species
(Figure 2). The results showed that E. moorcroftii clustered a monophyletic group with
its related species E. mollis and H. rhamnoides, which in turn formed sister to Z. jujuba of
Rhamnaceae. The divergence time between E. moorcroftii and E. mollis was estimated to be
around 9.38 million years ago (Ma), and the most recent common ancestor of two Elaeagnus
species split with H. rhamnoides occurred at about 30.52 Ma (Figure 2).
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A phylogenetic tree among 11 species was reconstructed based on 175 single-copy genes, and their
divergence times were also estimated. The numbers of expansion (blue) and contraction (red) gene
families are shown above the branches.

Furthermore, to explore lineage-specific dynamic changes in gene families, the expan-
sion and contraction of gene families based on the birth-and-death model were identified
by CAFE v3.1 [49]. We detected 842 expansion and 2019 contraction gene families in
E. moorcroftii genome, relative to the most recent common ancestor of E. moorcroftii and
E. mollis (Figure 2), whereas an opposite trend was observed in its close relative E. mollis,
which included more expanded (2088) than contracted (817) gene families. This difference
might be partly resulted from the different levels of contribution from various modes of
gene duplications. For example, dispersed duplications contributed to more in E. mollis
than in E. moorcroftii with relation to the expanded gene families (16.45% versus 7.64%). In
contrast, tandem duplications contributed to a higher percentage of expanded genes in
E. moorcroftii than in E. mollis (14.34% versus 6.40%) (Figure S2). GO enrichment analysis
revealed that the expanded gene families in E. moorcroftii were mainly involved in multiple
biosynthetic processes (e.g., diterpenoid biosynthetic process and ATP biosynthetic process)
and various metabolic process (e.g., ATP metabolic process, diterpenoid metabolic process,
and purine-containing compound metabolic process), as well as immune responses (innate
immune response and immune system process) (Figure S3), while contracted gene families
were mainly related to protein depolymerization biological process and their enriched
molecular function including ADP binding, ion channel activity, hormone binding, etc.
(Figure S4).

A detailed comparative analysis among E. moorcroftii, E. mollis, H. rhamnoides, and
Z. jujuba identified 12,118 common gene families shared by these four species, and 278 gene
families uniquely appeared in E. moorcroftii (Figure S5). This number is comparable with
the unique gene families in E. mollis (388) and H. rhamnoides (396), but it is much fewer
than the unique gene families in Z. jujuba (2083) (Figure S5). The unique gene families are
mainly involved in cellular respiration and oxidative phosphorylation biological processes
(Figure S6).

3.4. Whole-Genome Duplication Events in E. Moorcroftii

The distributions of synonymous substitutions per synonymous site (KS) of paralo-
gous gene pairs in E. moorcroftii genome showed two recent clear peaks around 0.38 and
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0.45 (Figure 3a). Similar KS peaks also were identified in the genomes of its two closely
related species, E. mollis and H. rhamnoides (Figure 3a). Moreover, the large-scale gene
duplications in three species occurred earlier than the time of their divergence (Figure 3a).
Therefore, these two closely occurring peaks might reflect two successive whole-genome
duplication (WGD) events shared by three Elaeagnaceae species. To further confirm this, an
intragenomic synteny analysis of E. moorcroftii identified one syntenic block corresponding
to three homologous syntenic blocks (Figure S7), again supporting two relatively recent
WGD events that occurred in E. moorcroftii. In addition, syntenic analysis among the
genomes of E. moorcroftii and the most closely related species (E. mollis and H. rhamnoides)
was performed to explore WGD history that occurred in the Elaeagnaceae family. By using
a Vitis vinifera, a basal core eudicot lineage lacking any further WGD event after the ancient
gamma event shared by core eudicots [53], genome as a reference, the intergenomic synteny
comparisons between V. vinifera and E. moorcroftii revealed a clearly syntenic depth ratios
of 1:4, indicating two WGD events occurred after the split of the two species (Figure 3b).
Furthermore, the genomes of E. moorcroftii and E. mollis present highly conservative synteny,
and consistent syntenic depth ratios were found for E. mollis and H. rhamnoides (Figure 3b).
Thus, the integrated evidence showed that two successive WGD events might have oc-
curred in the common ancestor of E. moorcroftii, E. mollis, and H. rhamnoides.
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Figure 3. Integrating Ks and synteny analyses reveal two successive WGD events in E. moorcroftii.
(a) The distributions of KS of paralogous gene pairs of E. mollis (pink line), E. moorcroftii (green line),
H. rhamnoides (blue line), and V. vinifera (purple line). The dashed lines represent KS distributions
related to the species divergence of the corresponding species pairs. (b) Macro-syntenic comparisons
among three Elaeagnaceae species and V. vinifera.

4. Discussion
4.1. A High-Quality Dryland Tree Species Genome

Land degradation and desertification is an ongoing environmental problem that
threatens the sustainable development of human beings, and this is particularly serious
for lives in drylands [1–3]. A native or indigenous species naturally growing in drylands,
to some extent, might hold the key to solve this problem. Recently, a growing number
of studies have focused on decoding the genomic information of typical arid plants, for
example, Populus euphratica [54], H. rhamnoides [4,5], H. ammodendron [7], etc. To our
knowledge, besides the well-known desert poplar P.euphratica, our genome assembly for
E. moorcroftii represents the second genome for high-tree species naturally growing in arid
northwest China. Meanwhile, the chromosome-level genome of E. moorcroftii is of high
quality, with contig N50 up to approximately 30 Mb (Table 1), which is much higher than
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that of its two closest relatives (H. rhamnoides with N50 of 3.56 Mb in [4] and 2.15 Mb in [5],
and E. mollis with N50 of 18.40 Mb) of Elaeagnaceae with published genomes.

4.2. Differential Evolutionary Dynamics of Gene Families between E. Moorcroftii and E. Mollis

Our phylogenomic and molecular dating analyses showed that the divergence time
between E. moorcroftii and its close relative E. mollis was about 9.38 Ma. After the split from
their most recent common ancestor (MRCA), these two species experienced independent
gene family evolutionary dynamics, which can be observed by the contrasted expansion
and contraction trend (Figure 2). The number of contracted gene families is more than twice
the expanded gene families in E. moorcroftii, while this trend is opposite in E. mollis, which
have more expanded than contracted gene families (Figure 2). A detailed analysis suggested
that these differential evolutionary dynamics of gene families between E. moorcroftii and
E. mollis might partly result from contribution levels of different modes of gene duplications
(Figure S2). Nevertheless, the opposite evolutionary trend of gene families might reflect
their unique biology of these two species.

4.3. The Potential Evolutionary Significance of two Successive WGD Events in E. Moorcroftii

For Elaeagnaceae plants, a recent genome study of H. rhamnoides revealed it experi-
enced a recent whole-genome duplication after the divergence between H. rhamnoides and
the most closely related species jujube, with a signature Ks peak at c. 0.38 [4]. However,
almost simultaneously, another study of H. rhamnoides genome indicated that it experienced
two rounds of WGDs, one recent WGD (Ks peak at ~0.38) and one older WGD (Ks peak at
~0.45) [5]. In this study, our integrated Ks and synteny analyses provide strong evidence
for the occurrence of two successive WGD events in E. moorcroftii genome (similar with
the report by [5]), in addition, these two events possibly being shared by E. moorcroftii
and its two close relatives (E. mollis and H. rhamnoides). It has been well-acknowledged
that the frequent occurrence of WGD events has played an important role on the plant’s
adaptive evolution and diversification [55–59]. For example, the co-retained duplicated
genes, after multiple independent WGDs in different angiosperms lineages were selected by
environmental stresses during the Cretaceous–Paleocene (K-Pg) mass extinction, possibly
enhanced the plant’s survival and adaptation [59]. Furthermore, it was demonstrated that
not only did the MRCA of angiosperms experience an ancient WGD event, but the MRCA
of all extant Gymnosperms also shared an ancient WGD event, as revealed by a recent
report of the Cycas genome, which may have contributed to seed-related morphology inno-
vation [60]. Considering the evolutionary significance of the recognized WGD, it should be
postulated that these two successive WGD events might have contributed to the evolution
and adaptation of E. moorcroftii, although it needs to be further investigated.

5. Conclusions

As an indigenous species naturally growing in arid Northwest China, E. moorcroftii
presents ideal tree species with great economic and ecological values that can be widely
cultured in drylands for economic development and ecological restoration. In this study,
the high-quality genome sequence of E. moorcroftii decoded here represents a small but
essential step forward to understanding the evolution and adaptation of this species in
drylands. Our results not only provided new insights into the genomic evolution of
Elaeagnaceae species but also revealed clear evidence for two successive WGD events that
occurred in the common ancestor of E. moorcroftii, E. mollis, and H. rhamnoides. Further,
by using the E. moorcroftii genome as reference, more studies should be encouraged to
investigate the unique biology of this species. For example, how could this species respond
to long-term drought and salt stresses? Moreover, whole-genome resequencing analysis of
samples with certain properties (such as resistance to abiotic factors) is helpful to screen
for better germplasm resources and breed new varieties. In total, the genomic resource of
E. moorcroftii paves ways for the further genetic improvement and widespread cultivation
of this indigenous species in drylands.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/d14060468/s1, Figure S1: The distribution frequency of PacBio’s
HiFi sequencing data; Figure S2: The different modes of gene duplications related to expanded and
contracted gene families in E. moorcroftii and E. mollis; Figure S3: The enriched GO terms for the
expanded gene families of E. moorcroftii; Figure S4: The enriched GO terms for the contracted gene
families of E. moorcroftii; Figure S5: Venn diagram showing the shared and specific gene families
among E. moorcroftii, E. mollis, H. rhamnoides, and Z. jujube; Figure S6: The enriched GO terms for
the unique gene families of E. moorcroftii; Figure S7: Syntenic dot plot of the self-comparison of
E. moorcroftii; Table S1: Information of plant genomes used in this study; Table S2: Basic statistics of
PacBio’s HiFi sequencing data; Table S3: Mapping rates of RNA-seq reads onto the assembly genome;
Table S4: Genome assembly completeness evaluated based on BUSCO; Table S5: Information of
different classes of repetitive sequences in E. moorcroftii genome; Table S6: Functional annotation
of the predicted genes in E. moorcroftii; Table S7: E. moorcroftii genome annotation completeness
evaluated based on BUSCO; Table S8: List of non-coding RNA genes in E. moorcroftii genome.
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Abstract: The diversification of Tiliacoreae and the speciation of Eleutharrhena are closely linked to
Southeast Asia’s most northerly rainforests which originate from the Himalayan uplift. Migration routes
across biogeographical zones within the Asian clade, including those of Eleutharrhena, Pycnarrhena, and
Macrococculus, and their population structures are still unexplored. We combine endocarp morphology,
phylogenetic analyses, divergence time estimation, ancestral area reconstruction, as well as SCoT method
to reconstruct the past diversification of Eleutharrhena macrocarpa and to understand their current distribu-
tion, rarity, and evolutionary distinctiveness. The disjunct, monospecific, and geographically restricted
genera Eleutharrhena and Macrococculus both have a dry aril, a unique feature in Menispermaceae en-
docarps that further confirms their close relationship. Pycnarrhena and Eleutharrhena appeared during
the end of the Oligocene c. 23.10 million years ago (Mya) in Indochina. Eleutharrhena speciation may be
linked to climate change during this time, when humid forests became restricted to the northern range
due to the Himalayan uplift. Differentiation across the Thai–Burmese range could have contributed to the
isolation of the Dehong populations during the Miocene c. 15.88 Mya, when exchange between India and
continental Asia ceased. Dispersal to the Lanping–Simao block and further differentiation in southeastern
and southern Yunnan occurred during the Miocene, c. 6.82 Mya. The specific habitat requirements that
led to the biogeographic patterns observed in E. macrocarpa contributed to a low genetic diversity overall.
Population 1 from Dehong, 16 from Pu’er, and 20 from Honghe on the East of the Hua line have a higher
genetic diversity and differentiation; therefore, we suggest that their conservation be prioritized.

Keywords: aril; conservation genetics; Eleutharrhena macrocarpa; evolutionary distinctiveness;
Himalayan uplift; Menispermaceae; southern Yunnan rainforests; Tiliacoreae

1. Introduction

Eleutharrhena macrocarpa (Diels) Forman is a woody liana belonging to the Tiliacoreae
tribe in the Menispermaceae or moonseed family. It is primarily distributed across China
(southern Yunnan), Laos, Myanmar, and India [1] (Figure 1). Like many species of the
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moon-seed family, members of the Tiliacoreae are typically dioecious lianas inhabiting
tropical rainforests and monsoon forests in South America, Africa, Asia, and Oceania [2].
Tiliacoreae Miers sensu Ortiz [2] includes 16 genera and 111 species, among which 6 genera
are monospecific, including Eleutharrhena [2–4]. Although the sister relationships within the
Tiliacoreae are weakly supported, the monophyly of the tribe is well established (24 species,
10 genera, and 3 plastid regions were used in analyses by Ortiz, Wang, Jacques and Chen [2],
whereas 26 species, 11 genera, and 7 plastid plus 2 nuclear regions were used in the analyses
by Lian, et al. [5]). The tribe is morphologically characterized by male flowers with more
than four whorls of sepals, longitudinally grooved seed endocarps that are ribbed or rugose
abaxially, hippocrepiform seeds without endosperm, and subcylindrical embryos [2]. Seeds
play an important part in the classification of Menispermaceae and are highly diagnostic [6].
Fruits of Menispermaceae have woody endocarps and the seeds are often curved around
an invagination of the lateral sides, termed the condyle [7]. The origin of the condyle is
described by Ortiz [7] as resulting from the development of the ovary wall. Two main types
of condyle were identified. Only the Menispermum condyle type occurs in Tiliacoreae, which
have deeply curved seeds resulting from a bilaterally compressed, laminiform condyle.
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Figure 1. Distribution map of Eleutharrhena and sister genera Macrococculus, Pycnarrhena, Pleogyne,
and Carronia. Distribution records downloaded from GBIF except for Eleutharrhena macrocarpa records.

Eleutharrhena is a sister to Pycnarrhena [5] and is morphologically similar to Macrococcu-
lus [8]. Their ranges overlap, but E. macrocarpa morphologically differs by its free stamens,
stipitate drupelets, and grouped stomata on the abaxial leaf surface. It can become a large
woody vine reaching the canopy and produces very large drupelets, although these are not
as large as those of Macrococculus, which are said to be dispersed by flightless cassowary
birds (Casuarius) [9]. Eleutharrhena macrocarpa was assessed to be a critically endangered
species [10] and a plant species with extremely small populations (PSESP) in China [11].
Hou et al. [12] reported approximately 40 plants surviving in Yunnan, China, and Lang
et al. [1] estimated that 60 individuals occurred in Yunnan and we sampled 48 individuals
in our study (Figure 2).
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Figure 2. Distribution map of Eleutharrhena macrocarpa populations used for genetic diversity and
structure analysis.

The origin of Menispermaceae has been evaluated to be c. 109 Mya in the Indo-
Malayan region and it was suggested that the radiation of the family is linked to the
simultaneous appearance of modern neotropical and paleotropical forests around the world
following the mass extinction at the Cretaceous–Paleogene boundary [13]. The tropical
rainforests in southern China may have appeared during the late Tertiary accompanied
by the uplift of the Himalayan mountains and the development of a monsoon climate [14].
The structure of these forests is similar to that of SE Asian lowland rainforests, but they
have a deciduous tree layer, fewer megaphanerophytes and epiphytes, and more abundant
lianas [14].

Several distinct floristic regions and biogeographical areas can be recognized in tropical
southern China: Taiwan, Hainan, part of Guangxi, southeastern Yunnan, and southern Yun-
nan [14]. The movement of the Indochina geoblock and the Lanping–Simao block together
with the Himalayan uplift has profoundly influenced the flora of southern Yunnan [15].
The floras of southern and southeastern Yunnan have a high proportion of tropical Asian
elements, but the southern part is more closely related to the Indo-Malaysian flora, sug-
gesting that a boundary exists between these two parts [15]. Eleutharrhena is a typical
Indo-Malaysian element and its distribution may closely correspond to the biogeographical
events that led to the formation of southern Yunnan flora. Several lines have been proposed
to explain floral boundaries in Yunnan; the Hua line [15] between southern and southeast-
ern Yunnan floras; the Tanaka line [16] which was used to describe the difference between
the Sino Himalayan forests to the west and the Sino Japanese forests to the east; and the
Salween–Mekong divide, separating the east Himalayan from the Hengduan mountains
during glacial periods [17]. However, the influence of these different lines and the period
of occurrence may not all apply to the tropical flora of southern Yunnan or may only be
valid for a part of it.

Although Menispermaceae are closely linked to the expansion of tropical rainforests
and their speciation could be linked to interglacial periods as well as distinct biogeographic
events, few studies have reported genetic structures at the species level. Examples include
the distribution of Sinomenium acutum (Thumb.) Rehd. et Wils. in subtropical China using
chloroplast marker haplotypes [18], the genetic structure of Stephania yunnanensis H.S.Lo
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using DALP [19], and the link between Chasmanthera dependens Hochst. climatic refugia
and genetic diversity in West Africa using AFLP and plastid markers [20].

In this study, we combine phylogenetics, time-measured phylogenies, ancestral area
reconstruction, and population genetics based on the Start Codon Targeted (SCoT) polymor-
phism methods to answer questions about the phylogeography and the population history
of Eleutharrhena macrocarpa. Specifically, we investigate how the genetic diversity is linked to
the diversification of the southern Yunnan flora, the Himalayan mountain uplift, interglacial
periods, and the occurrence of distinct population partitions. Furthermore, we focus on
the seed morphology and its evolution within Tiliacoreae. Finally, we provide data on the
populations’ genetic structure that can be used to prioritize populations for conservation.

2. Materials and Methods
2.1. Morphological Observations and Analysis

One fruiting specimen of Eleutharrhena macrocarpa was selected and fruits were boiled
for three hours and then left to soak overnight. Endocarps were then dissected and
observed under a stereomicroscope (Nikon corporation). For comparison with other seeds
having a strongly curved embryo, a conspicuous condyle and intrusive tissue such as
the raphe, we also dissected the fresh fruits of Haematocarpus validus (Miers) Bakh.f. ex
Forman (Pachygoneae). Haematocarpus is often misidentified as E. macrocarpa in the field
but markedly differs in its seed morphology [5]. The specimens were collected in Menglun
forest reserve in Xishuangbanna, Yunnan. For description and terminology, we followed
Wefferling, Hoot and Neves [6]. Endocarp characteristics were mapped on the Bayesian
phylogenetic tree (see 2.3) using Mesquite v. 3.70 (https://www.mesquiteproject.org/
accessed on 5 May 2022) to observe the changes in character states. A maximum likelihood
(ML) analysis was performed to determine the ancestral character states. Trees were
visualized using the ball and stick method, with pie charts at each node indicating the
proportional likelihood of ancestral characteristics. A heuristic search with Maxtrees set to
100 and a majority rule consensus tree based on 17 morphological characters [3] (Table A1)
was also performed for all the genera in Tiliacoreae using Mesquite v. 3.70.

2.2. Sampling, DNA Extraction, PCR, and Electrophoresis

Thirty-three genetic sequences and one outgroup [21] from Tiliacoreae were down-
loaded from the National Center for Biotechnology Information (NCBI) for the phylogenetic
study. Seven plastid regions (matK, ndhF, rbcL, atpB, trnL-F, trnH-psbA, and rps16) and two
nuclear regions (26S rDNA and ITS) were selected according to several recently published
Menispermaceae phylogenetic studies [2,5,22] (see Table A2). One additional DNA sample
collected in Xishuangbanna was extracted and its whole chloroplast was sequenced using
NGS, aligned, assembled, and annotated by us (GenBank: MZ502223, detailed methods
not shown here). The regions of interest were then extracted using Geneious v. 8.1.3 and
added to our matrix. The sequences were aligned using the Muscle Algorithm [23] and the
resulting sequences were edited with Geneious v. 8.1.3.

Silica-dried leaves of 48 individuals were collected in China for the SCoT analysis.
Each population (from Dehong to Honghe) was more than 4 km apart. DNA was extracted
using the Geneon Plant Genomic DNA Kit (Geneon, Inc. Changchun, China) and five
geographically distant samples were selected to test 36 universal SCoT primer pairs [24].
PCR amplifications were conducted in a 50 µL volume, including 45 µL Tsingke master
mix, 4 µL primers (10 µM), and 1 µL DNA extract. A C1000 Touch thermocycler (Bio-Rad
Laboratories, Inc. China) was used to perform amplifications with the following program:
95 °C for 5 min; 35 cycles at 98 °C for 30 s, 52 °C for 30 s, 72 °C for 1 min, and 72 °C for
5 min, and finally held at 4 °C. An ABI-3730xl Sequencer (Applied Biosystems, Ltd. UK)
was used to perform the capillary electrophoresis using 5′-labeled fluorescent primers.
Electrophoresis results were transferred to a 0–1 matrix for further analysis.
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2.3. Phylogenetic Analysis, Dating, and Ancestral Area Reconstruction

Phylogenetic trees were inferred with maximum likelihood (ML) and Bayesian infer-
ence (BI). ML analyses were performed using RAxML-HPC v. 8 on XSEDE [25] using the
CIPRES Science Gateway v. 3.3 portal [26] based on GTR-CAT model with 1000 replications.
The Bayesian analysis was implemented with MrBayes v. 3.2.3 [27] in PhyloSuite v. 1.2.2
platform [28] specifying the DNA substitution model selected by partitionFinder2 [29]. We
performed four runs using 10 million generations with four chains, sampling trees every
1000 generations. The first 20% of trees were discarded and a 50% majority rule consen-
sus tree was reconstructed from the remaining post-burn-in trees. The average standard
deviation of the split frequency was used to verify that all runs reached stationarity and
converged on the same distribution. To estimate the divergence time in Menispermaceae
and Tiliacoreae, we ran a Bayesian relaxed molecular clock analysis with the plastid and
nuclear combined dataset in BEAST v. 2.6.6 [30]. Our partitions were set in BEAUTi part of
the BEAST package, and one fossil calibration point was inserted following Lian et al. [21]
(Triclisia inflata 17.7 Mya can be assigned to extant Triclisia [31]). The parameters were the
relaxed clock with a lognormal distribution and the Yule model. The maximum age of the
Tiliacoreae root was set to 49.3 Mya [13] with a normal distribution and standard deviation
of three. One run with 100 million generations and sampling every 5000 generations was
conducted in BEAST. The first 10% of trees were discarded as burn-in. We used Tracer
v. 1.7 [32] to assess the convergence and effective sample size. Tree Annotator v. 1.8.0
(part of the BEAST package) was used to summarize the set of post-burn-in trees and
their parameters. FigTree v. 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/ accessed
on 1 February 2021) was used to visualize the tree and divergence times. Tiliacoreae
clade (2), including Eleutharrhena and its sister genera, was extracted from the maximum
clade credibility tree inferred with BEAST, and input in BioGeoBEARS [33] implemented
in RStudio v. 1.4.1717 [34]. Four major geographical ranges were designed: Indochina,
southern Yunnan, Sundaland including Wallacea and Australasia including New Guinea.
Six models were tested, namely DEC, DEC + J, DIVALIKE, DIVALIKE + J, BAYAREALIKE,
and BAYAREALIKE + J [33], and the most fitting model was selected by calculating the
best value for the Likelihood Ratio Test (LRT). The resulting probabilities of the ancestral
states were drawn as pie charts at the node on the provided tree.

2.4. Population Genetic Analysis

POPGENE v. 3.2 [35] was used to analyze the observed number of alleles (Na), the
effective number of alleles (Ne), Shannon’s information index (I), the percentage of poly-
morphic loci (PPL), and Nei’s genetic diversity index (H). Genetic distance was visualized
and interpreted using a PCoA analysis in GenAIEx v. 6.1 [36]. STRUCTURE v. 2.3.4 [37]
was used to infer population structure following the Falush, et al. [38] input method,
with a burn-in period of 100,000 iterations, 1,000,000 Markov Chain Monte Carlo (MCMC)
repetitions, 1–5 K ranges, and 10 independent runs. Evanno’s method [39] was used to
determine the best number of subpopulations in the Structure Harvester v. 0.6.94 [40].
CLUMPP v. 1.1.2 [41] was used to align clusters and Distruct v. 1.1 [42] was used to visual-
ize the results. Populations including more than one individual were used to infer genetic
differentiation using phiPT (Φpt), a measure that allows intra-individual variation to be
suppressed and is therefore ideal for comparing codominant binary data [43,44] and gene
flow (Nm = [(1/Φpt) −1]). An analysis of molecular variance (AMOVA) was performed
among populations and within populations. Mantel’s test was performed to determine the
relationship between genetic and geographic distances in GenAIEx v. 6.51.

3. Results
3.1. Endocarps

The druplets of both Eleutharrhena macrocarpa and Haematocarpus validus are very simi-
lar in terms of size, number, and the stipitate base. The exocarps of H. validus (Figure 3)
differ by their deep red and fleshy cells, as well as the position of the style scar, which
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is basal and not subapical as in E. macrocarpa (Figure 3). Endocarps have a deep dorsal
longitudinal groove as well as several lateral grooves in H. validus, whereas only a ventral
ridge and faint transversal ridge can be seen on the lateral side of E. macrocarpa endocarps.
Two large extruded funicle apertures can be observed at the base of the ventral part in
E. macrocarpa. The endocarp of H. validus is clearly deeply curved with a pronounced bilat-
erally compressed condyle, which is absent in E. macrocarpa, and the raphe is clearly visible
and intrusive inside the condyle in H. validus. Both genera have seeds without endosperm
and fleshy cotyledons, although E. macrocarpa cotyledons are unequal. E. macrocarpa’s endo-
carps are more similar to Pycnarrhena’s but markedly differ by the presence of two basal and
ventral funicle apertures and the presence of a well-developed bilobed aril surrounding
the cotyledons (Figure 3). We could not obtain the fruit of Macrococculus, but Forman [8]
observed that the seed is covered with a reticulate membrane as well as two basal and
ventral funicle apertures and is thus very similar to Eleutharrhena.
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Figure 3. Fruits morphology of Haematocarpus validus and Eleutharrhena macrocarpa (sagittal and
transverse sections).

The node at the base of the Tiliacoreae indicates a 99% maximum likelihood (ML)
that the common ancestor had endocarps with deeply curved embryo and a conspicuous
condyle. The node at the base of clade (2) had a 95% ML for a deeply curved embryo
with intrusive condyle. Additionally, the node at the base of Pycnarrhena and Eleutharrhena
had a 45% ML for weakly curved embryo and weak condyle and a 43% ML for a straight
embryo with an intrusive aril (Figure 4). Based on 17 morphological characters (Table A1),
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the heuristic search produced an incongruent tree with the molecular data (Figure A1).
However, Macrococculus and Eleutharrhena had a 98% support for their sister relationship.
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Figure 4. Endocarp characteristics mapped on the Bayesian phylogenetic tree of Tiliacoreae using
mesquite. All nodes have more than 0.9 posterior probabilities (PP) support except when noted with
*, meaning less than 0.8 PP. Endocarp illustrations: A. Pycnarrhena pleniflora; B. Pycnarrhena ozantha;
C. Eleutharrhena macrocarpa; D. Pleogyne cunninghamii; E. Carronia thyrsiflora; F. Tiliacora triandra; G. Alber-
tisia scandens; H. Anisocycla jollyana; I. Beirnaertia cabindensis; J. Syrrheonema fasciculatum; K. Curarea sp.;
L. Chondrodendron platyphyllum; M. Sciadotenia pubistaminea. D and J were not sampled and added to the
analysis because only a few DNA regions were available and their branches had no support.

3.2. Phylogenetic Analyses

The matrix was 10657 bp-long, including 469 parsimony-informative characters. The
ML and Bayesian analyses of the plastid and nuclear-combined dataset were mostly congru-
ent (see Figure A2). Three groups within Tiliacoreae can be identified: (1) the neotropical
genera Curarea, Sciadotenia, and Chondrodendron (BS = 100%, PP = 1); (2) the Asian and
Australasian genera Carronia, Eleutharrhena, and Pycnarrhena (BS = 95%, PP = 0.99); and
(3) the remaining paleotropical and Australasian genera Tiliacora, Albertisia, Anisocycla,
Triclisia, and Beirnaertia (BS = 80%, PP = 0.99).

3.3. Dating Analyses

The maximum clade credibility tree of the plastid and nuclear combined alignment
using the Yule model is displayed in Figure 5. The neotropical clade (1) crown speciated
during the Oligocene c. 31.19 Mya (95% highest posterior density interval (HPD): 23.13–
39.73 Mya). The mostly African clade (3) diverged from clade (2) during the Eocene c.
40.06 Mya (95% HPD: 33.28–46.67 Mya). The differentiation between Pycnarrhena and
Eleutharrhena occurred during the Oligocene c. 23.10 Mya (95% HPD: 17.45–29.57 Mya),
whereas one individual of Eleutharrhena macrocarpa from Dehong diverged much earlier
than the other individuals during the Miocene c. 15.88 Mya (95% HPD: 10.43–22.01 Mya).
Carronia diverged from Eleutharrhena and Pycnarrhena during the Eocene c. 35.87 Mya (95%
HPD: 27.93–43.57 Mya).

3.4. Ancestral Area Reconstruction of Eleutharrhena and Pycnarrhena

BAYAREALIKE + J model (Bayesian approach with a large number of areas under
ML) had higher statistical support (see Table A3). The ancestral range of Eleutharrhena
and Pycnarrhena was Indochina c. 23.10 Mya. The ancestral range of Eleutharrhena was
Indochina c. 15.88 Mya and it dispersed to southern Yunnan c. 6.82 Mya (Figure 5). The
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ancestral area of Pycnarrhena was Indochina with a dispersal to Australasia c. 15.51 Mya
and finally Sundaland c. 2.16 Mya.
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Figure 5. Chronogram of tribe Tiliacoreae resulting from the analysis of the plastid and nuclear com-
bined dataset using the Yule model in BEAST 2. Nodes with black circles have posterior probabilities
(PPs) between 0.9 and 1; grey circles have a PP between 0.6 and 0.8. Blue bars correspond to the
95% highest posterior density intervals (HPD) for the corresponding node. Fossils: 1. Triclisia inflata
17.7 Mya. Ancestral range reconstruction of tribe Tiliacoreae using the package BioGeoBEARS in
R. The best model for clade (2) was BAYAREALIKE + J with 4 areas max, d = 0.003, e = 0, j = 0.074
and LnL = −21.97. Arrows indicate a dispersal event. Areas for Eleutharrhena and Pycnarrhena—red:
Australasia; blue: Indochina; yellow: Sundaland; green: southern Yunnan; orange: Australasia + Sun-
daland. Areas for the remaining genera in Tiliacoreae: S: South America; A: Australasia; I: Indochina;
O: Australasia.

3.5. Population Genetic Diversity

SCoT primers 7, 8, and 23 were the most polymorphic, producing unambiguous clear
bands and were subsequently selected for amplification and analysis. Forty-eight indi-
viduals generated 536 bands in total. Genetic diversity indices for populations including
more than one individual are presented in Table 1. Nei’s genetic diversity index (H) ranged
from 0.228 to 0.3120, and Shannon’s information index (I) ranged from 0.335 to 0.4715.
Populations 20, 1 and 16, located in Honghe, Dehong and Pu’er, respectively, had the
highest genetic diversity (H = 0.3120, I = 0.4715; H = 0.3062, I = 0.4567 and H = 0.297,
I = 0.4506, respectively). The mean genetic diversity value (H = 0.2705, I = 0.4106) is low,
the gene flow (Nm = 0.6983) is medium according to the standard used in [45] and the
coefficient of gene differentiation GST (among populations) = 0.4173. All these values show
a high population differentiation [46]. The genetic diversity was H = 0.169 and I = 0.2873
for all 48 individuals.
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Table 1. Genetic diversity of Eleutharrhena macrocarpa populations.

Populations Individuals Na Ne H I PPL

P1 3 1.8217 1.5187 0.3062 0.4567 82.2%
P4 2 1.5539 1.3917 0.2294 0.335 55.4%
P5 2 1.6201 1.4385 0.2568 0.375 62.0%
P7 3 1.8267 1.4623 0.2866 0.4363 82.7%
P9 7 1.9349 1.4148 0.2612 0.4115 93.5%
P13 6 1.9487 1.4140 0.2618 0.4144 94.9%
P16 3 1.8468 1.483 0.297 0.4506 84.7%
P18 7 1.8968 1.3546 0.228 0.3663 89.7%
P19 2 1.6425 1.4543 0.2661 0.3885 64.3%
P20 3 1.8779 1.512 0.312 0.4715 87.8%

Na = observed number of alleles; Ne = effective number of alleles; H = Nei’s gene diversity; I = Shannon’s
information index; PPL = the percentage of polymorphic loci.

3.6. Cluster Analysis and Population Structure

The principal coordinate analysis (PCoA) including all samples shows that three
subpopulations can be observed (Figure 6a). Subpopulation 1 has two individuals from
Dehong. Individuals from Lincang are all in subpopulation 2. Subpopulations 2 and 3
are mixed between Xishuangbanna, Dehong, Honghe, Lincang, and Pu’er individuals.
PCoA results indicate that subpopulations 2 and 3 are distinct, although some individuals
from Xishuangbanna belong to subpopulation 2 or 3. Most individuals from southeastern
Yunnan, eastern Xishuangbanna and Pu’er are grouped in subpopulation 3 and most indi-
viduals from western southern Yunnan and western Xishuangbanna are in subpopulation
2. No natural geographical barriers exist between subpopulations 2 and 3 except for the
Lancang river. Structure analyses and Evanno’s methods also indicated the best K = 3, and
Honghe individuals have a similar admixture to that of the Xishuangbanna, Pu’er, and
Lincang populations, whereas two individuals from subpopulation 1 in Dehong have more
private alleles, as also reflected in the plastid phylogenetic analysis (Figure 6b).
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3.7. Analysis of Molecular Variance and Mantel’s Test

The AMOVA results show that most of the genetic variation occurred within popula-
tions (83%) whereas only 17% of the variance occurred among populations (see Table A4).
The Mantel test shows no correlation between the geographical and genetic distance
(R2 = 0.2299), (see Figure A3).

4. Discussion
4.1. Endocarp Morphology

Tiliacoreae is characterized by male flowers with more than four whorls of sepals,
longitudinally grooved seed endocarp that are ribbed or abaxially rugose, hippocrepiform
seeds without endosperm and subcylindrical embryos [2]. A lack of morphological data,
especially for the flowers of both sexes and the fruit has resulted in the patchy morphologi-
cal data analyses of Menispermaceae tribes [6]. Using the morphological characteristics
listed in the synopsis of the family [3], very few morphological characters could be used to
produce a tree congruent with the phylogenetic analyses based on seven plastid and two
nuclear regions (Figure A1). However, hippocrepiform seeds without endosperm and a
conspicuous condyle seem to be a shared primitive characteristic of the tribe, except within
Eleutharrhena, Pycnarrhena, and Albertisia (Figure 4). In Eleutharrhena (as well as Macrococcu-
lus, not sampled in our phylogenetic analysis), the condyle has completely disappeared,
and instead, an aril-like tissue is present (Figure 3). We hypothesize that the bilobed aril is
derived from the aborted ovule and could represent the dry cotyledons that now enclose
the remaining fertile ovule [47]. This character may also be linked to the intrusion of organs
within the condyle, as shown by the raphe in Haematocarpus validus (Figure 3) and does not
seem to have an ecological function. Further apomorphies include the perforate condyle in
Syrrheonema, the straight endocarp and reduced condyle in Albertisia as well as the ruminate
endosperm in Tiliacora. The later ruminate endosperm is said to be of secondary origin, as
some Tiliacora species have no endosperm.

4.2. Tiliacoreae and Eleutharrhena Biogeography

Our phylogenetic results based on seven plastid and two nuclear regions are similar
to previously obtained phylogenies [2,5] and confirm three clades within the tribe. The
distribution of the tribe Tiliacoreae includes South America, Africa, Asia, and Australasia
and resembles groups that have experienced western Gondwana vicariance, c. 105 Mya [48].

Pycnarrhena and Eleutharrhena appeared during the Oligocene c. 23.10 Mya in In-
dochina. During the late Eocene and Oligocene, the climate for much of Southeast Asia was
seasonal and humid forests became isolated [49]. We can infer that this climatic change may
have favored the speciation of Eleutharrhena in its northern range due to the Himalayan
uplift and the apparition of a monsoon climate. Pycnarrhena dispersal to Australasia and
Sundaland followed a distinctive pattern that can also be observed in Tiliacora—firstly that
of a dispersal from Indochina to Australasia during the Miocene c. 15.51 Mya and then back
to Sundaland c. 2.16 Mya. The main change at the beginning of the Miocene is the change
in Sundaland from a seasonally wet to humid climate. This corresponds to the closure of
the Indonesian throughflow, and the Australian plate collision with Southeast Asia [49].
Dispersal from Asia to Australia may have occurred when the sea level is known to have
been lower, allowing for some migrations to happen across the Wallace line [50,51]. The
Wallace line is a well-known biogeographical barrier between New Guinea/Australia and
Sundaland [52], a deep trench that separated both floras and which could have separated
earlier lineages. The disjunction of Eleutharrhena + Macrococculus (based on morphological
data only) across the Wallace line may be explained by the narrow habitat requirements of
these genera and is linked to the distribution of humid rainforests.

Eleutharrhena macrocarpa samples from Xishuangbanna diverged very early from the
individuals from Dehong during the Miocene c. 15.88 Mya (Figure 5). Differentiation
across the Thai–Burmese border range (Tenasserim Hills, Dawna Range, and Karen Hills)
was proposed to explain the diversity in several bird and mammal species [53]. Molecular
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data [54] suggest that exchanges between the Indian subcontinent and mainland Asia
peaked from 44 Mya in the Eocene to the mid Miocene, and then decreased after 14 Mya
due to the drier conditions developing in northern India. It is therefore possible that the
Dehong population may represent a separate refugium across the Thai–Burmese range that
was previously connected to northern India and later became separated.

4.3. Eleutharrhena Macrocarpa Population Structure

A relatively high number of bands was obtained from the SCoT analysis, although
between 53712 and 78921 unigenes were detected in Menispermum canadense and M. dau-
ricum [55]. Our total bands therefore represent between 0.7% and 1% of the total number of
unigenes, which may be due to the use of fluorescent primers and capillary electrophoresis.

Menispermaceae species are known to be outbreeding species which should result
in reduced population differentiation. Sinomenium acutum populations were shown to
have a high gene flow and low population differentiation, although refugia populations
were identified by their higher genetic diversity (HT = 0.828, HS = 0.710, NST < GST,
AMOVA within populations 83.62%, among populations 16.38% Nm = 2.552) [18]. Tinospora
cordifolia had relatively low genetic diversity but this study was only based on five indi-
viduals (H = 0.2114) [56]. Menispermum canadense and M. dauricum were found to have a
relatively high inbreeding coefficient and low genetic diversity (inbreeding coefficient of
0.198, Ho = 0.377, and He = 0.342 and no significant deviation from the Hardy–Weinberg
equilibrium) [55]. The genetic diversity of Chasmanthera dependens showed opposite results
from the cpDNA haplotypes and AFLP results (high population differentiation and weak
geographical correlation for cpDNA, with FST = 0.797 and low population differentiation
and strong geographical correlation for AFLP, with FST = 0.064) [20]. Stephania yunna-
nensis showed high population differentiation and relatively low gene flow (Na = 1.6192;
Ne = 1.4001; H = 0.2298; I = 0.43401) [19]. The view that most Menispermaceae species are
outbreeding species with weak population differentiation contrasts with these previous
and recent studies and could also show that the differentiation may be due to refugia, the
founder effect, geographical isolation, and selection pressure [57].

Eleutharrhena macrocarpa shows low genetic diversity but high population differenti-
ation and medium gene flow. The low level of genetic diversity and medium gene flow
among populations but high population differentiation might be due to mixed forces involv-
ing (1) small population sizes and specific habitat requirements along with (2) sympatric
barriers such as mountain ranges or rivers and (3) pollinator specificity [58]. Fragmentation
and small population sizes could explain the relatively low differentiation of the popula-
tions from Honghe at the eastern limit of the range across the Hua line. The Hua line [15]
was used to describe the different flora composition between southern and southeastern
Yunnan. It has been suggested that this could correspond to the movement of the Indochina
geoblock as well as the Lanping–Simao block together with the Himalayan uplift [15].
However, this line does not seem to have strongly affected the dispersal of E. macrocarpa to
southeastern China.

Finally, Eleutharrhena has highly specific habitat requirements [59] which may be
reflected by the higher population differentiation despite its low genetic diversity.

4.4. Evolutionary Distinctiveness

Our results suggest low genetic diversity and high population differentiation in E.
macrocarpa and indicate that populations p1, p16, and p20 should be prioritized for con-
servation because of their higher genetic diversity and differentiation. The conservation
value can be assessed using several methods and priorities such as threats, economic ben-
efits, environment quality, and phylogenetic distinctiveness [60]. Our results show that
Eleutharrhena has a high phylogenetic distinctiveness value because it is morphologically
related to Macrococculus both having an unusual aril-like structure surrounding the seed.
It has a high biogeographic value, as shown by the disjunction between these two genera
as well as the isolation of the Dehong population. This is the first time that we have
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documented differentiation across the Thai–Burmese border range for any plant species in
southern Yunnan. Eleutharrhena macrocarpa is a relict plant of the mighty rainforests that has
colonized and persisted in the northern range of the Southeast Asian biodiversity hotspot.

5. Conclusions

Eleutharrhena and Macrococculus are morphologically similar and Eleutharrhena is a
sister to Pycnarrhena. Eleutharrhena may have evolved during the Himalayan uplift during
the Miocene c. 15.88 Mya and its speciation may be linked to changes in climate during
this time, when humid forests became restricted to the northern range. Dispersal to
the Lanping–Simao block and further differentiation between southeastern and southern
Yunnan occurred during the Miocene c. 6.82 Mya. The conservation of species with
rich evolutionary histories and that are linked to major biogeographic events such as the
Himalayan uplift should be prioritized.

Further studies involving the sampling of Macrococculus, the remaining genera within
tribe Tiliacoreae, and the use of codominant genetic markers would improve our under-
standing of such complex biogeographical patterns.
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Appendix A

Table A1. Morphological characters and character states used in this study.

No. Morphological
Characters State 1 State 2 State 3 State 4 State 5

1 Number of male sepals 6 9 12 >15 -
2 Number of male petals 0 3 6 - -
3 Number of stamens 3 6 9 >12 -
4 Stamen fusion Free Basally fused Fused - -
5 Anthers dehiscence Transverse/oblique Longitudinal - - -
6 Connective Absent Present - - -
7 Number of staminodes 0 3 6 - -
8 Number of carpels 3 6 9 >12 -

9 Condyle/seed
Absent/embryo

straight or
slightly curved

Absent/aril
present, embryo

straight

Weak/embryo
slightly curved

double lameli-
form/embryo

strongly curved

Perforate/embryo
strongly curved

10 Endosperm Absent Present - - -
11 Cauliflory Yes No - - -
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Table A1. Cont.

No. Morphological
Characters State 1 State 2 State 3 State 4 State 5

12 Pseudocorolla Yes No - - -
13 Clustered stomata Yes No - - -
14 Petals in female flower Yes No - - -
15 Inflorescence Cymose/fasciculate Capituliform Flowers single - -
16 Glands on petals Yes No - - -
17 Coroniform sepals Yes No - - -

Table A2. DNA sequences used for maximum likelihood and Bayesian phylogenetic analyses (new
sequences are labeled with an asterisk *.

Taxon, voucher, locality, rbcL, atpB, matK, ndhF, trnL-F, trnH-psbA, rps16, 26S rDNA, and ITS.

Albertisia laurifolia, Hong Y.P. 99371 (PE), Hainan, FJ626590, HQ260813, EF143849, JN051700,
MW633412, MW633442, MW621979, EF143841; Albertisia porcata, McPherson 16678 (MO),
Gabon, HQ260758, HQ260814, KX384047, EF624261, KX384110, MW633413, MW633443,
MW621980, -; Anisocycla linearis, Hong-Wa et al. 466 (MO), Madagascar, HQ260759, HQ260816,
JN051805, EF624263, JN051739, MW633414, MW633444, MW621981, MW621214; Beirnaertia
cabindensis, Walters and Niangadouma 1267 (MO), Gabon, HQ260766, HQ260822, JN051811,
EF624270, JN051745, MW633415, MW633445, MW621982, MW621215; Carronia protensa, van der
Werff and Gray 17049 (MO), Australia, HQ260769, HQ260825, JN051815, EF624274, JN051749,
MW633416, MW633446, MW621983, MW621216; Chondrodendron tomentosum, Ortiz et Vásquez
217 (AMAZ, MO), Peru, HQ260771, HQ260828, JN051818, EF624278, JN051752, MW633417,
MW633447, KM364844, -; Curarea candicans, Torke 310 (MO), Guyana, HQ260776, HQ260832,
JN051824, EF624288, JN051758, MW633418, MW633448, -, MW621217; Curarea cuatrecasasii,
Ortiz and Aguilar 324 (INB, MO), Costa Rica, MW633353, MW633367, KX384061, EF624289,
KX384124, MW633419, MW633449, -, MW621218; Curarea tecunarum, Ortiz and Vásquez 214
(AMAZ, MO), Peru, MW633354, MW633368, KX384062, EF624290, KX384125, MW633420,
MW633450, -, MW621219; Curarea toxicofera, Ortiz 184 (AMAZ, MO), Peru, FJ026480, FJ026420,
KX384063, EF624291, KX384126, -, -, -, -; Eleutharrhena macrocarpa CPG29442, CPG29442 (PE),
Yunnan, MW633358, MW633371, MW633383, MW633394, MW633404, MW633424, MW633454,
MW621986, MW621223; Eleutharrhena macrocarpa Shen J.Y. 201901, Shen J.Y. 201901 (HITBC),
Yunnan, MW633357, MW633370, MW633382, MW633393, MW633403, MW633423, MW633453,
MW621985, MW621222; Eleutharrhena macrocarpa SSJ, SSJ (HITBC), Yunnan, MZ502223 *,
MZ502223 *, MZ502223 *, MZ502223 *, MZ502223 *, MZ502223 *, MZ502223 *, -, -; Eleutharrhena
macrocarpa Zhou H.S. 4534, Zhou H.S. 4534 (HITBC, PE), Yunnan, MW633355, MW633369,
MW633380, MW633391, MW633401, MW633421, MW633451, -, MW621220; Eleutharrhena
macrocarpa Zhou H.S. 8505, Zhou H.S. 8505 (HITBC, PE), Yunnan, MW633356, -, MW633381,
MW633392, MW633402, MW633422, MW633452, MW621984, MW621221; Limacia blumei, F.
Jacques 07 (P), cult. West Java, JN051683, JN051879, JN051836, EF624309, JN051770, -, -, -, -;
Pycnarrhena celebica, F. Jacques 014 (P), cult. Bogor, FJ026503, FJ026443, JN051846, -, -, -, -, -, -;
Pycnarrhena longiflora, F. Jacques 015 (P), cult. Bogor, EU526993, EU526965, JN051845, JN051716,
JN051780, MW633425, MW633455, MW621987, MW621224; Pycnarrhena lucida, A.F.G. Kerr
17887 (P), Thailand, MW633359, MW633372, MW633384, MW633395, MW633405, -, MW633456,
MW621988, MW621225; Pycnarrhena novoguineensis, Gray 8794 (MO), Australia, HQ260795,
HQ260851, JN051847, EF624326, JN051782, MW633426, MW633457, MW621989, MW621226;
Pycnarrhena ozantha, T. Haevermans 418 (P), New Caledonia, MW633360, MW633373,
MW633385, MW633396, MW633406, -, MW633458, MW621990, MW621227; Pycnarrhena
pleniflora H.S. 1961, Zhou H.S. 1961 (PE), cult. Xishuangbanna, MW633361, MW633374,
MW633386, MW633397, MW633407, MW633427, MW633459, MW621991, MW621228;
Pycnarrhena pleniflora Shen J.Y. 201801, Shen J.Y. 201801(HITBC), Yunnan, MW633362,
MW633375, MW633387, MW633398, MW633408, MW633428, MW633460, MW621992, MW621229;
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Table A2. Cont.

Pycnarrhena pleniflora Shen J.Y. 201802, Shen J.Y. 201802 (HITBC), Yunnan, MW633363,
MW633376, MW633388, MW633399, MW633409, MW633429, MW633461, MW621993, MW621230;
Pycnarrhena tumefacta, CPG33074 (PE), Bogor, Indonesia, MW633365, MW633378, MW633390,
MW633400, MW633411, MW633432, MW633464, MW621995, MW621232; Sciadotenia
amazonica, Ortiz and Zárate 264 (AMAZ, MO), Peru, HQ260799, HQ260855, JN051851, EF624330,
JN051786, MW633433, MW633465, MW621996, MW621233; Sciadotenia brachypoda, Ortiz and
Farroñay 222 (AMAZ, MO), Peru, -, -, -, EF624331, -, -, -, -, -; Sciadotenia mathiasiana, Ortiz and
al. 259 (AMAZ, MO), Peru, MW633366, MW633379, KX384078, EF624332, KX384142, MW633434,
MW633466, -, MW621234; Sciadotenia toxifera, Ortiz and al. 231 (AMAZ, MO), Peru, HQ260800,
HQ260856, KX384079, EF624333, KX384143, MW633435, MW633467, -, MW621235; Tiliacora
acuminata, F. Jacques 11 (P), cult. West Java, JN051696, JN051895, JN051861, JN051730, JN051796,
MW633436, MW633468, MW621997, MW621236; Tiliacora australiana, Gray 9132 (QRS),
Australia, JN051697, JN051896, JN051862, JN051731, JN051797, MW633437, MW633469,
MW621998, MW621237; Tiliacora funifera, D. Kenfack 2100 (MO), Ghana, FJ026512, FJ026452,
JN051863, EF624340, JN051798, MW633438, MW633470, KM364880, MK288774; Tiliacora
gabonensis, Walters and Niangadouma 1159 (MO), Gabon, JN051698, -, JN051864, EF624341,
JN051799, -, MW633471, MW621999, MW621238; Triclisia dictyophylla, Kenfack and Zapfack
2038 (MO), Cameroon, HQ260810, HQ260866, JN051866, EF624344, JN051801, MW633439,
MW633472, MW622000, MW621239; Triclisia subcordata, Kenfack2101 (MO), Ghana, HQ260811,
HQ260867, JN051867, EF624345, JN051802, MW633440, MW633473, MW622001, MW621240.

Table A3. Results from BioGeoBEARS models testing.

Model Number of
Parameters LnL d e j AIC AICc AIC

Weight

DEC 2 −25.14 0.007 0 0 54.29 55.29 0.074
DEC + J 3 −23.91 0.005 0 0.042 53.83 56.01 0.052

DIVALIKE 2 −24.29 0.010 0 0 52.59 53.59 0.174
DIVALIKE + J 3 −24.18 0.008 0 0.02 54.36 56.54 0.040

BAYAREALIKE 2 −23.76 0.004 0.04 0 51.53 52.53 0.296
BAYAREALIKE + J 3 −21.97 0.003 0 0.074 49.95 52.13 0.362

AIC and AICc comparisons of different models of biogeographical range evolution and estimates. AIC, Akaike
Information Criterion; d, dispersal; e, extinction; j, weight of jump dispersal/founder speciation; LnL, log-
likelihood of the model.

Table A4. AMOVA results among populations and within populations.

Source df SS MS Est. Var. %

Among populations 9 852.278 94.698 10.873 17%
Within populations 28 1528.143 54.577 54.577 83%

Total 37 2380.421 65.449 100%
Df = degree of freedom; SS = sum of squares; MS = mean squares; Est. Var. = estimate of variance; % = percentage
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and stick method. Consensus tree supports 1 except when stated.
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Abstract: Improved taxonomies and phylogenies are essential for understanding the evolution
of organisms, the development of conservation plans, and the allocation of funds and resources,
especially for threatened species with uncertain identities. Pears are an economically and nutritionally
important fruit, and wild pear species are highly valued and protected because of their utility for
the development of cultivars. Pyrus hopeiensis is an endangered species endemic to North China,
which is sympatric with and difficult to distinguish from the widely distributed and morphologically
similar species P. ussuriensis. To clarify its taxonomic identity, principal coordinate analysis was
performed using 14 quantitative and qualitative characters from P. hopeiensis, P. ussuriensis, and
P. phaeocarpa, and phylogenomic analysis was performed based on whole-genome resequencing and
whole plastome data. Pyrus hopeiensis was synonymized with P. ussuriensis based on morphological
and phylogenetic evidence, as well as our long-term field studies. Pyrus hopeiensis is proposed to be
excluded from the list of local key protected wild plants. Given that the holotype of P. ussuriensis was
not designated, a lectotype was designated in this work. Integrative evidence-based taxonomic study
including museomics is suggested for organisms with uncertain identities, which will contribute to
biodiversity conservation.

Keywords: endangered species; integrative evidence; Pyrus hopeiensis; Pyrus ussuriensis; taxonomic
uncertainty; biodiversity conservation

1. Introduction

The intensification of human activities, especially since the Industrial Revolution, has
negatively affected global climate and biodiversity and is responsible for the Sixth Mass
Extinction [1]. Rare and endangered plants are important components of biodiversity,
and many of them are facing high extinction pressure because of inadequate conservation
management [2], as well as taxonomic uncertainty [3,4]. Accurately identifying plants is a
huge challenge, and taxonomic stability is an elusive goal [5,6]. Although studies of the
evolution and taxonomic identity of species can greatly contribute to our knowledge of the
organisms that we are interested in protecting, taxonomic problems might occur because of
improvements in our knowledge of the phylogeny and evolution of organisms, as well as
the recognition of previously made nomenclatural errors [7]. More than half of economically
important tropical African ginger specimens from 40 herbaria in 21 countries are likely to be
wrongly named [8], which can affect the conservation status assessment of related species.
Haematocarpus subpeltatus Merr. (Menispermaceae), a misidentified critically endangered
species that has received much conservation focus, has been identified as a new record
in China, but the real entity that should be given priority for conservation, Eleutharrhena
macrocarpa (Diels) Forman, has been clarified by molecular phylogenetic analyses [9]. These
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findings highlight the significance of taxonomy and molecular phylogeny in biodiversity
conservation, especially for species with taxonomic uncertainty.

Pears are an economically and nutritionally important temperate fruit that have been
cultivated for more than 3000 years [10]. The genus Pyrus L. (Rosaceae) is geographically
divided into oriental and occidental pears [11]. Considerable morphological variation
and extensive hybridization have been documented in the genus [12,13]. The number of
species recognized in Pyrus varies from 21 to more than 80 [11,14], and 73 of them are
abundant in Eurasia [15]. Although remarkable advances have been made in the genetics
and breeding of Pyrus in recent years, and whole genomes of several species have been
published, e.g., [10,13,16–18], the taxonomy, diversification and phylogeny of Pyrus remain
unclear, several currently accepted species such as P. caucasica Fed., P. pyraster (L.) Burgsd.
and P. spinosa Forssk. are not monophyletic in the phylogenetic trees [12,19], suggesting
the necessity of further taxonomic and phylogenetic studies. One reason for the lack of
robustness of the molecular trees of Pyrus in previous studies is the few numbers of molec-
ular markers employed. Whole nuclear genome sequences can provide vital information
for reconstruction species’ phylogenies [20], and complete plastomes can also provide key
information for phylogenetic studies as well as for detecting hybridization events [21,22].
A hybrid usually neighbors one of its parents in the nuclear tree and group with another
parent in the plastome tree, and phylogenetic discordance (cytonuclear discordance) is
usually detected for hybrid species. Hence, extensive phylogenomic analyses are necessary
for advancing our understanding of the phylogeny of Pyrus. This will shed light on the
taxonomy and evolution of pear species and enhance pear production.

China is a diversity center for oriental pears, as 14 native species, including 5 primary
wild species and over 2000 cultivars, have been reported to date [13,23,24]. Among them,
Pyrus hopeiensis Yü, a taxonomically controversial species endemic to North China, is
thought to be a hybrid of P. ussuriensis Maxim. and P. phaeocarpa Rehd. [25]. It is classified
as an endangered species and is listed as a key protected wild plant of Hebei Province;
it has thus received much conservation attention, e.g., [26–29]. Pyrus hopeiensis can be
distinguished from P. phaeocarpa from several morphological characteristics, such as its
persistent calyx and spiny serrate leaf margin (vs. caducous calyx and serrate leaf margin
in P. phaeocarpa). However, differentiating P. hopeiensis and P. ussuriensis is more challenging.
Pyrus ussuriensis is an important germplasm resource that is widely distributed in northern
China, the Russian Far East, North Korea, and Japan, and more than 150 cultivars have
been obtained from this species in China [30]. Pyrus hopeiensis has been documented in
Beijing, Hebei, and Shandong provinces, and its type locality is Jieshi Mountain, a small
hill with an altitude of 695 m in Changli County, Hebei Province, which is in the eastside of
Yan Mountain in North China [23,25,31]. Based on the original description [25], P. hopeiensis
can be distinguished from P. ussuriensis by its brown fruit and obvious spots on its surface
(vs. yellow fruit with fewer spots). However, numerous individuals with intermediate
morphological characteristics have been identified in the field and herbaria. Taxonomic
ambiguity should be clarified, as this would aid conservation efforts for endangered and
regional protected species. Hence, further morphological and phylogenomic studies should
be performed to unravel the identity of P. hopeiensis.

In the present study, we aim to: (1) assess morphological differences among P. hopeien-
sis, P. phaeocarpa, and P. ussuriensis, (2) reconstruct the molecular phylogenetic tree and
test the hybrid identity of P. hopeiensis based on whole genome resequencing data, and
(3) clarify the taxonomic identity of P. hopeiensis. This study provides novel insight for the
conservation management of Pyrus species and highlight the importance of plant taxonomy
and phylogenomic analysis for biodiversity conservation.

2. Materials and Methods
2.1. Morphological Study

All specimens of P. hopeiensis (including type specimens) deposited in the herbarium
of the Institute of Botany, Chinese Academy of Science (PE) and hundreds of specimens of
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P. ussuriensis and P. phaeocarpa in PE were examined (Appendix A). Fourteen qualitative and
quantitative characters were selected (Table 1), which included 1 binary and 13 continuous
characters. Given differences in leaf morphology during the flowering and fruiting period in
Pyrus, morphological analyses were performed for both periods. Aside from one specimen
collected from an individual cultivated at PE (Ren 2, 21 August 1962), only specimens of
P. hopeiensis identified by Yü and Ku were used to avoid misidentification. Two data
matrices were made for 45 flower specimens and 61 fruit specimens, and each was treated
as an operational taxonomic unit. Following Wang [32], the data matrix was standardized
using a zero-mean normalization method. The formula X* = (X−m)/s was used, where “X”
is the sample, “m” is the arithmetic mean, and “s” is the standard deviation. A principal
coordinate analysis was performed based on the Gower general similarity coefficient
analysis for mixed data sets using MVSP-Version 3.13b software.

Table 1. Morphological characteristics used in the principal coordinate analysis and their coding.

Specimens of the Flowering Period Specimens of the Fruiting Period

1 Leaf blade length [cm] 1 Leaf blade length [cm]
2 Leaf blade width [cm] 2 Leaf blade width [cm]
3 Ratio of leaf blade width to length 3 Ratio of leaf blade width to length
4 Leaf serration: (1) long; (0) short 4 Leaf serration: (1) long; (0) short
5 Length of flower stalk [cm] 5 Length of fruit [cm]
6 Indumentum density on stalk: (0) sparse; (1) dense 6 Persisting calyx: (0) no; (1) yes

7 Length of pedicel [cm]
8 Ratio of fruit to pedicel Length

2.2. Phylogenomic Inference

In this study, whole-genome resequencing data of 27 samples of Pyrus represent-
ing 13 species from [33,34] were used for phylogenomic inference. Specifically, a total
of 22 samples from Wu et al. [33] were employed, which included three individuals of
P. phaeocarpa, five P. ussuriensis, and two P. hopeiensis. Five samples of P. hopeiensis (PWH8,
PWH11, PWH18, PWH19, and PWH20) were used from Li et al. [34]. All samples were
numbered following [33,34]. Malus × domestica L. was used as the outgroup, and its
whole-genome sequence [35] was downloaded from NCBI.

Raw reads were filtered by removing several types of low-quality paired reads, includ-
ing reads with adapters, paired reads with N content greater than 10%, and low-quality
(Q < 10) paired reads contained in single-end sequencing reads that exceeded 50% of
the length of the read. The accessions were then mapped to the apple genome using the
MEM algorithm of Burrows–Wheeler Aligner in BWA software [36], and single nucleotide
polymorphisms (SNPs) were called using the HaplotypeCaller module in GATK [37]
and filtered using the following parameters: QD < 2.0‖MQ < 40.0‖FS > 60.0‖QUAL <
−12.5‖ReadPosRankSum <−8.0—clusterSize 2—clusterWindowSize 5. The obtained SNPs
were further filtered to construct a high-quality data matrix for phylogenetic inference
with the minor allele frequency greater than 0.05, and less than 0.8 missing rates of the
confirmed credible genotype from all accessions for each site and biallelic SNPs. Finally,
a maximum likelihood (ML) phylogenetic tree was generated using IQTREE [38], and
ultrafast bootstrap support values (BSML) were estimated with 1000 replicates [39].

A total of sixteen complete plastomes of Pyrus species were downloaded from NCBI,
including one for each of the three species. Malus kansuensis (Batal.) Schneid. was used as
the outgroup. Four samples of P. hopeiensis (PWH8, PWH11, PWH18, and PWH20) were
selected from [34], one P. ussuriensis (1) was selected from [33]. The whole chloroplast
genomes of these five samples were generated from the whole-genome resequencing
data using the software GetOrganelle [40]. Plastomes of all samples were aligned by
MAFFT [41]. After cutting both sides of the aligned sequences, a final data matrix with a
length of 162,337 bp was obtained and used for phylogenetic analysis in IQTREE.
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3. Results
3.1. Morphological Study

The results of principal coordinate analysis based on multiple characters showed that
the four flower specimens of P. hopeiensis clustered with P. ussuriensis but were clearly
separated from the P. phaeocarpa cluster (Figure 1A). Likewise, the six fruit specimens of
P. hopeiensis were nested within the P. ussuriensis cluster, and this mixed group was distinct
from that of P. phaeocarpa (Figure 1B).

Figure 1. Principal coordinate analysis of Pyrus hopeiensis, P. ussuriensis and P. phaeocarpa based on
morphological characters. (A) specimens of flowering period, (B) specimens of fruiting period. Black
triangles: P. phaeocarpa, white triangles: P. ussuriensis, black circles: P. hopeiensis.

3.2. Phylogenomic Inference

After filtration, a total of 204.87 G clean data were obtained from whole-genome
resequencing data, and a high-quality SNP data matrix with a length of 1,340,483 bp was
generated. The ML tree was well resolved, and the seven samples of P. hopeiensis were
divided into two groups. Two of them (PWH11 and PWH20) were grouped with five samples
of P. ussuriensis, forming a monophyletic clade with full support (BSML = 100, Figure 2A);
this clade was sister to another fully supported monophyletic clade that comprised the
rest of the P. hopeiensis samples (PWH8, PWH18, PWH19, 1 and 2). The three samples of
P. phaeocarpa comprised a fully supported monophyletic clade (BSML = 100, Figure 2A),
and this clade was distinct from the P. ussuriensis–P. hopeiensis clade. Similar results were
obtained in the plastome tree, with samples of P. hopeiensis and P. ussuriensis combined into
a fully supported monophyletic clade (BSML = 100, Figure 2B). A sample of P. hopeiensis
from Shandong Province [28] was embedded within the subclade of P. ussuriensis. The clade
of P. phaeocarpa was distinct from the P. ussuriensis–P. hopeiensis clade, and no phylogenetic
discordance was detected among these three species.

Figure 2. Maximum likelihood phylogenetic tree inferred from the SNP data matrix based on the
whole-genome resequencing data (A) and whole plastid genome sequences (B). The numbers above
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the nodes indicate bootstrap values generated from maximum likelihood analysis, scale bar indicates
substitutions per site. Whole plastome sequences of species downloaded from NCBI are given their
GenBank numbers following species’ name in the plastome tree (B). Samples of P. hopeiensis are
presented with red, P. ussuriensis with blue, and P. phaeocarpa with pink.

4. Discussion
4.1. Integrative Evidence for Reappraisal of the Identity of Pyrus hopeiensis

Morphological characters are important for species identification, and some morpho-
logical characteristics vary greatly among habitats and at different growth stages; this
can result in inconsistencies in the designation of the taxonomic identity of species. The
color of fruit and the spots on the surface of fruit are key morphological characteristics
for discriminating between P. hopeiensis and P. ussuriensis [25]. The holotype (PE00020671,
Figure 3A), isotype (PE00020670), and paratypes (FS Chang 238, 269, 276) of P. hopeiensis
were collected in September 1953; this species was described 10 years later [25]. Although
the fruit was described as brown in the original paper (Pomum . . . , fuscum, . . . ) [25]
(p. 232), we found no fruit in these type specimens. However, the fruit is described as
“mud-like yellow” (in Chinese) in the collection record of paratype FS Chang 269 (Figure S1).
Several brown or black fruits are present on two specimens collected in Shandong Province
(Zhou et al. 1178, 1590) on 6 and 7 June 1959 and identified as P. hopeiensis by Yü. Although
“green fruit” is written clearly in Chinese on the record of Zhou et al. 1178, these immature
pomes turned black in herbaria (Figure S2). Hence, the fruit color of P. hopeiensis recorded
in previous studies (brown) was not consistent with that of individuals observed in the
field (yellow).

We conducted a long-term field investigation in North China since 2010. The fruit color
of P. ussuriensis recorded in previous studies (yellow) is unstable. A dried fruit preserved in
the lectotype of P. ussuriensis (Figure 3B) is pale brown. The color of mature fruit varies from
greenish yellow to reddish yellow in the field (Figure 3C–E). One specimen collected by
P. Zhang (742) on 13 September 1956 from Changli County, Hebei Province (Figure S3A) has
a mature fruit that is reddish in color. Another specimen (P. Zhang 766, Figure S3B) presents
three densely spotted fruits, and the fruit color (brown) is clearly indicated on the collection
record (in Chinese). These two specimens were both identified by Yü as P. hopeiensis on
29 April 1960. The density of spots on the fruits both varies greatly within and among
individuals; for example, there are several spots in Figure 3C (Dongling Mountain, in the
north end of Taihang Mountain) and 3D (Yudu Mountain, in the west of Yan Mountain),
but almost none in Figure 3E (Song Mountain, neighboring Yudu Mountain). Furthermore,
persistent and caducous calyxes associated with mature fruits were observed in the same
trees in the field (e.g., Figure 3B). Carpel number (4 vs. 5) and the length of the fruit
pedicel (long vs. short) are sometimes used to differentiate P. hopeiensis from P. ussuriensis.
However, our morphological analyses of specimens (Figure 1) and our field observations
(Figure 3C–I) indicate that this trait has no taxonomic relevance.

We conducted two field investigations at the type locality—Jieshi Mountain, Xing-
shuyuan Village, Changli County, Hebei Province—at the end of August in 2015 and 2017.
This is a small hill like the others located in the Yan Mountains: its altitude is 695 m, and
it is 15 km from the Bohai Sea. Besides P. hopeiensis and P. ussuriensis documented by
Li et al. [34], we found several individuals of P. phaeocarpa and P. betulifolia. The calyx was
absent in mature fruit of these two species; fruits of the former are approximately 2 cm
in diameter (vs. <1 cm in the latter), and the carpel number is 3–4 (vs. 2–3) (Figure 4). In
2015, we met an employee of the local forestry bureau who identified an individual as the
endemic species, P. hopeiensis (Figure 4A). In Figure 4, fruits Aa, Bb, and C were collected
from this individual. Key morphological characters (such as calyx on fruit, carpel number
and leaf margin) indicate that this individual is instead P. phaeocarpa. Aside from a large
number of wild Pyrus individuals, the Jieshi Mountain type locality includes a large orchard
that contains Pyrus cultivars. One of the P. betulifolia trees growing here has fruits with
an unusual green color (Figure 4B(c),D). This special germplasm resource has also been
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discovered in Shanxi Province [42]. Unfortunately, this individual in the Jieshi Mountain
died because of the growth of Pueraria montana (Loureiro) Merrill (Fabaceae) during our
visit in 2017.

Figure 3. Type specimens of Pyrus hopeiensis and P. ussuriensis and fruit morphological characteristics
of P. ussuriensis populations in North China. (A) Holotype of P. hopeiensis, (B) lectotype of P. ussuriensis,
(C–E) fruit color, spots, and calyx, (F,G) fruit size, length of pedicel and calyx, (H,I) carpel number (4 vs. 5).

Figure 4. Fruits and leaves of Pyrus phaeocarpa and P. betulifolia from the type locality of P. hopeiensis,
the Jieshi Mountain, Changli County, Hebei Province. (A,B) Fruits and leaves of P. phaeocarpa and
P. betulifolia, (C,D) cross-cut of fruits of P. phaeocarpa and P. betulifolia, respectively, indicating 3–4
carpels per fruit. (A(a),B(b),C) were collected from the same tree of P. phaeocarpa, (B(c),D) were
collected from the same tree of P. betulifolia.
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Given the uncertain morphological differences between P. hopeiensis and P. ussuriensis,
a phylogenetic study provides a powerful tool for clarifying the relationships between these
taxa. However, the high level of genetic exchange and hybridization in Rosaceae at both the
species and genus level [34,43–45] precludes the resolution of phylogenetic relationships
among Pyrus species when traditional molecular markers are used, e.g., [12,19,46]. With
whole-genome resequencing data, a robust molecular tree of Pyrus was constructed based
on the SNP data matrix [33]. Two individuals of P. hopeiensis collected from the Zhengzhou
Fruit Research Institute, Chinese Academy of Agricultural Sciences (CAAS), and Research
Institute of Pomology, CAAS, were sampled. Both were embedded within a fully supported
monophyletic clade of P. ussuriensis, and they were distinct from the P. phaeocarpa clade. We
performed phylogenomic inference in this study based on the whole-genome resequencing
data of Wu et al. [33] and Li et al. [34]. Our results demonstrate that all the P. hopeiensis
samples were mixed with P. ussuriensis, and they together comprised one fully supported
monophyletic clade (Figure 2). However, no cytonuclear discordance was detected for these
three pear species between the nuclear and plastid genome data. Hence, a hybrid origin of
P. hopeiensis from P. ussuriensis and P. phaeocarpa was not supported in this study. Both the
co-existence of P. ussuriensis and P. hopeiensis at the same locations and their synchronous
flowering and fruiting phenology suggest that there is no niche differentiation between
them. Hence, evidence from morphological comparisons, phylogenomic inference, and
our extensive field studies indicate that the locally endemic and protected P. hopeiensis is a
synonym of the widely distributed P. ussuriensis. Consequently, ‘the chosen one’ of wild
pear species (P. hopeiensis), which has received multiple conservation resources, should be
excluded from the list of local key protected wild plants (Figure 5).

Figure 5. Integrative evidence indicates that the locally endemic Pyrus hopeiensis is a synonym of
P. ussuriensis and should be excluded from the list of key protected wild plants.

4.2. Integrative Evidence-Based Taxonomy for Biodiversity Conservation

Climate change and biodiversity loss are two critical events of the Anthropocene,
and the existence and distribution of biodiversity need to be better documented prior
to proposing conservation strategies [47,48]. Although changes in the names of plants
can be frustrating for conservationists, taxonomy is a science that involves classifying
continuous variation in discrete categories and clarifying the phylogenetic relationships
among taxa; taxonomists also have the responsibility of removing unnatural taxa that
conflict with evolutionary and phylogenetic theory [49]. Species’ names should change
when a more rational and testable hypothesis of the species is produced based on more
evidence [50]. For example, Juglans hopeiensis Hu (Juglandaceae), a species endemic to
North China and listed as a key protected wild plant of Hebei Province, is thought to be a
hybrid of J. regia L. and J. mandshurica Maxim. [51]. Whole plastome data suggested that it
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was closely related to J. mandshurica, whereas the reduced-representation genomic data in-
dicated a close relationship with J. regia [21]. Based on dense sampling whole-genome data,
Zhang et al. [52] confirmed its hybrid identity and demonstrated that only the first gen-
eration of J. hopeiensis is viable, which precludes further speciation. On the one hand, the
accurate identification of endangered species is a prerequisite before conservation action
can be taken. On the other hand, species incorrectly listed as endangered species can result
in a waste of valuable resources, and the prime of this are P. hopeiensis and E. macrocarpa [9].
Thus, integrative evidence is needed to assess the identity of controversial species, and
these approaches should figure prominently in conservation management.

Because of limited resources, setting priorities for the conservation of threatened
species is critically important. Species with unresolved taxonomies can pose problems for
endangerment status assessments and impede conservation management; genetic data
in the genomic era can provide information that can help clarify the taxonomic status of
species [53]. In addition to living organisms, specimens preserved in museums and herbaria
can provide valuable morphological and ecological data as well as genomic resources that
can be used to resolve taxonomic uncertainties, reconstruct accurate phylogenies, and
assess the mechanisms of ecological adaptation [54]. In some cases, type specimen may
be the only credible remnant available for species identification. Hence, genetic resources
from voucher specimens and even type specimens are vital for accurate identification,
taxonomic designations, and conservation [55]. Although extracting DNA from museum
specimens can be a major challenge and potentially be destructive [56–58], the growth of
museomics, the study of DNA sequences obtained from museum specimens, combined
with phenetic data collected from key specimens, will provide new taxonomic, evolutionary,
and conservation insights.

4.3. Taxonomic Treatment

Based on the morphological comparison of specimens, phylogenomic inference, and
our field studies, P. hopeiensis is a synonym of P. ussuriensis. The holotype of P. ussuriensis
was not previously designated. Although several specimens are deposited in herbaria
(e.g., GH, K and P), one of them preserved in LE that fit the original description of
P. ussuriensis was designated as the lectotype.

Pyrus ussuriensis Maxim. ex. Rupr., Bull. Acad. Imp. Sci. Saint-Pétersbourg, sér.
2. 15: 132. 1857.—Lectotype (designated here): Russia, CJ Maximowicz s.n. (LE, barcode
LE01009639, [photo!]; isolectotype: LE barcode LE01009638, [photo!]). = Pyrus hopeiensis Yü,
Acta Phytotax. Sin. 8: 232. 1963. syn. nov.—Type: China, Hebei Province, Changli County,
Xingshuyuan village, 21 September 1953, FS Chang 268 (PE barcode 00020671!; isolectotype:
PE barcode 00020670!).

Other Specimens Examined

Pyrus ussuriensis Maxim. ex. Rupr.: RUSSIA. Ussuri: CJ Maximowicz 96 (K barcode
K000758073 [photo]), CJ Maximowicz s.n. (GH barcode GH00032508 [photo], LE barcode
LE01009633 [photo], LE01009634 [photo]). CHINA. Beijing: Changping, 4 May 2001,
Changping Investigation Team 173 (PE barcode 01274862!), Haidian, June 1960, Anonymous s.n.
(PE barcode 01274861!), 21 August 1962, G Ren 2 (PE barcode 01608659!), Jiangou, 25 April
1959, Hebei Investigation First Team 116 (PE barcode 00548756!), Mentougou, Xiaolongmen,
July, 1978, Beijing Normal University Team s.n. (PE barcode 01274865!), Shangfangshan,
21 May 1959, Hebei Investigation First Team 341 (PE barcode 00548750!); Hebei Province:
Changli County, Xingshuyuan village, 1 Sept. 1953, FS Chang 238 (PE barcode 00548753!),
21 Sept. 1953, FS Chang 269 (PE barcode 00548751!), 24 Sept. 1953, FS Chang 276 (PE barcode
00548755!), 13 September 1956, P Zhang 742 (PE barcode 01448598!), Chicheng County,
Zhenanpu town, 7 September 1959, Anonymous 4100 (PE barcode 00548752!, 01274860!),
Funing County, 24 April 1959, Anonymous 58 (PE barcode 00548760!), Laiyuan County,
26 July 1959, Anonymous 4-3743 (PE barcode 00548754!), Yi County, 24 July 1959, Anony-
mous 3246 (PE barcode 01274859!), 25 July 1959, Anonymous 3287 (PE barcode 01274858!),
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Yu County, Xiaowutai Mountain, 27 August 1950, YW Cui 2706 (PE barcode 01274864!),
28 August 1950, YW Cui 2864 (PE barcode 01274863!); Inner Mongolia Autonomous Re-
gion: Zhaomengkaqi, Xiaoxigoumen, 4 June 1962, Meng-Ning Comprehensive investigation
Team 252 (PE barcode PE00548749!), 4 Aug. 1962, Meng-Ning Comprehensive investigation
Team 1292 (PE barcode PE00548748!); Ningxia Autonomous Region: Helan Mountain,
25 May 1959, YQ He 02424 (PE barcode 00548759!); Shandong Province: Qingdao City,
Laoshan, 7 June 1959, TY Zhou et al. 1590 (PE barcode 00548758!), 8 June 1959, TY Zhou
et al. 1178 (PE barcode 00548757!); Shanxi Province: Xing County, Yellow River Investigation
Second Team 2695 (PE barcode 00548761!).

5. Conclusions

Plant names may change because of the development of taxonomic studies, which
can aid biodiversity conservation. Because of frequent gene exchange and hybridization
among species, the phylogenetic relationships among Pyrus species remain unclear, and
the taxonomic identities of several species still require examination, such as P. hopeiensis,
a regional key protected and potential hybrid species endemic to North China. Compre-
hensive morphological studies were performed based on flowering and fruiting specimens
of P. hopeiensis and its potential parent, P. ussuriensis, and P. phaeocarpa. Extensive phy-
logenomic inferences were performed based on a high-quality SNP data matrix that was
generated from whole-genome resequencing and the whole plastome data. A long-term
field investigation of Pyrus species in North China was also conducted. Both morphological
and phylogenomic studies indicate a close relationship between samples of P. hopeiensis
and P. ussuriensis, and this mixed cluster consists of a fully supported monophyletic clade
and is distinct from other species. Hence, P. hopeiensis is a synonym of P. ussuriensis. The
lectotype of P. ussuriensis was designated here. Our work provides information for both the
taxonomic study and conservation management of Pyrus and highlights the significance of
integrative evidence-based taxonomy in biodiversity conservation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14060417/s1, Figure S1. Paratype of Pyrus hopeiensis. FS Chang
269, PE barcode: 00548751. Figure S2. Specimen of Pyrus hopeiensis. TY Zhou et al., 1178, PE barcode:
00548757. Figure S3. Specimens of Pyrus hopeiensis. A: P Zhang 742 (PE barcode: 01448598), B: P Zhang
766 (PE barcode: 01449638).

Author Contributions: X.-Y.M. conceived the work, performed field investigation, and prepared,
wrote, and revised the manuscript; J.W. (Jiang Wu) carried out specimens’ morphological statistics
and the principal coordinate analysis; J.W. (Jun Wu) provided the original resequencing data of Pyrus
species described in the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Natural Science Foundation of China (grant number
32070235), the Project of the Second Investigation of the National Key Protected Wild Plants of Beijing,
and the Project of Agricultural Wild Plant Resources Investigation of Beijing (grant number 13200346).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: All data are available in this article.

Acknowledgments: We thank Irina Illarionova (LE) for providing photos of the type specimen of
Pyrus ussuriensis, and the curator and staff at PE for their help. We also thank Qin-Wen Lin, Yi-
Xuan Zhu, Xue-Li Shen, Ling Tong, Wan-Jie Jiang, and De-Huai Zhang for their help during our
field investigation.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

The information of specimens used for principal coordinate analysis given in the
Appendix is taken from specimens deposited in PE.

252



Diversity 2022, 14, 417

Pyrus hopeiensis Yü: CHINA. Beijing: Changping District, 4 May 2001, Changping
Investigation Team 173 (PE barcode 01274862), Haidian, June 1960, Anonymous s.n. (PE
barcode 01274861), 21 August 1962, G Ren 2 (PE barcode 01608659), Jiangou, 25 April 1959,
Hebei Investigation First Team 116 (PE barcode 00548756), Mentougou, Xiaolongmen, July,
1978, Beijing Normal University Team s.n. (PE barcode 01274865); Hebei Province: Changli
County, Xingshuyuan village, 13 September 1956, P Zhang 742 (PE barcode 01448598),
19 September 1956, P Zhang 766 (PE barcode 01449638), 22 September 1956, P Zhang
782 (PE barcode 01449639, 01449640), Funing County, 24 April 1959, Anonymous 58 (PE
barcode 00548760).

Pyrus phaeocarpa Rehd.: CHINA. Beijing: Haidian District, Cheying village, 22 Au-
gust 1972, Anonymous Hai-676 (PE barcode 01204095), Mentougou District, Dongyangtuo
village, 19 April 1954, ZL Yan 167 (PE barcode 01448580), Mengwu village, 20 April 1954,
ZL Yan 171 (PE barcode 01448530); 20 August 1954, ZL Yan 168 (PE barcode 01448527);
Hebei Province: Changli County, Fenghuangshan, 21 April 1953, TT Yü 35 (PE barcode
01448549, 01448550), near Railway Station Office, 27 April 1953, TT Yü 092 (PE barcode
01448535), Xishan, Anonymous s.n. (PE barcode 01448554), Xingshuyuan, 17 April 1953,
TT Yü 13 (PE barcode 01448538), 20 April 1953, TT Yü 30 (PE barcode 01448555), TT Yü
227 (PE barcode 01448609, 01448611), West Zhanggezhuang, Anonymous 14 (PE barcode
01448534), 16 September 1953, Anonymous 6 (PE barcode 01448532), Anonymous 9 (PE bar-
code 01448540), 24 April 1956, P Zhang 647 (PE barcode 01448561, 01448562), 13 September
1956, P Zhang 738 (PE barcode 01448567), P Zhang 739 (PE barcode 01448560), P Zhang
739 (PE barcode 01448569), P Zhang 740 (PE barcode 01448569), P Zhang 741 (PE barcode
01449634), Liugezhuang, 6 October 1953, FS Chang 284 (PE barcode 00549049), Dongling, 22
April 1936, DF Jin K-901 (PE barcode 00549045, 00549062), Funing County, Jiejia village, 22
September 1956, FS Chang 776 (PE barcode 01448557, 01448558), FS Chang 777 (PE barcode
01448559), FS Chang 780 (PE barcode 01448575), Liugezhuang, 6 October 1953, FS Chang 283
(PE barcode 00549046), 19 September 1956, P Zhang 766 (PE barcode 01449638), Shibeigou,
24 April 1953, TT Yü 58 (PE barcode 00549044), Yuanjiagou, 23 April 1953, TT Yü 53 (PE
barcode 01448543, 01448544), Qinghuangdao City, chitushan, 4 May 1953, TT Yü 141 (PE
barcode 01448545); Henan Province: Song County, 15 September 1956, Bureau of Henan
Forestry 986 (PE barcode 00549057), Bureau of Henan Forestry 1259 (PE barcode 00549055,
00549058), 26 August 1959, Anonymous 35149 (PE barcode 00549054), 1 October 1959, Bu-
reau of Henan Forestry 1259 (PE barcode 00549056); Gansu Province: Wushan County, 4
June 1956, Yellow River Investigation Team 4480 (PE barcode 00549059); Jiangxi Province:
Guangchang County, 7 October 1958, QM Hu 5398 (PE barcode 00549061), Suichuan County,
22 September 1963, JS Yue et al. 4168 (PE barcode 00549060); Shaanxi Province: Muhuguan,
22 June 1960, Anonymous 0496 (PE barcode 01274917, 01274918), Shangzhou City, 4 July
1960, Anonymous 1074 (PE barcode 01274921), Shanyang County, 12 May 1963, ZY Zhang
15906 (PE barcode 01274919), 12 May 1964, JX Yang 2656 (PE barcode 01274923), 22 May
1964, JX Yang 2733 (PE barcode 01274920), 10 June 1964, JX Yang 2929 (PE barcode 01274916),
Banmiao, 6 May 1964, JX Yang 2558 (PE barcode 01274922). USA. 10 May 1918, HH Chung
4255 (PE barcode 01682167), 6 May 1930, CEK and FPM 17501 (PE barcode 01682166).

Pyrus ussuriensis Maxim. ex Rupr.: CHINA. Beijing: Changping District, Nankou, 29
May 1956, Herbarium Team 1198 (PE barcode 00549475), Fangshan District, 24 August 1956,
Herbarium Team 3529 (PE barcode 00549474), Haidian District, Xishan, Biyunsi, 22 April
1955, Herbarium Team 561 (PE 00549442, 00549478), 10 July 1955, Wofosi Investigation Team
153 (PE barcode 01448240), 1 August 1957, YJ Zhang 327 (PE barcode 01448238), Western
Park, 15 April 1951, FZ Wang 11 (PE barcode 01449781), Mentougou District, Baihuashan,
22 July 1956, CJ Liu and DY Xing 170 (PE barcode 00549483, 00549498), Dajuesi, April
1936, DF Jin 12008 (PE barcode 01449776, 01449777), Zhoujiaxiang, April 1936, Y Liu 12013
(PE barcode 01449775), 2 August 1936, DF Jin 181 (PE barcode 01449774), DF Jin 188 (PE
01449773), Miaofengshan, 23 May 1930, HF Chow 40274 (PE barcode 00549481), 6 May 1953,
F Zhao 71 (PE barcode 00549506), Miyun County, Wulingshan, 4 May 1951, Y Liu and J
Zhang 15067 (PE barcode 00549448, 00549451, 00549487), Pinggu District, Beiyang Bridge,
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23 May 1972, Anonymous Ping-188 (PE barcode 01204098); Hebei Province: 1930, HF Chow
40336 (PE barcode 00549496), 21 April 1936, Anonymous 379 (PE barcode 00549493), Changli
County, West Zhanggezhuang, 26 April 1956, P Zhang 651 (PE barcode 01449433), Dingzhou
City, Xinxingzhuang, 15 April 1956, JY Zhong 529 (PE barcode 01449727), JY Zhong 530
(PE barcode 01449735), Zhaozhuang, 22 May 1956, JY Zhong 551 (PE barcode 01449737),
Dongling, 23 April 1930, HF Chow 40325 (PE barcode 00549479), 1 May 1932, HF Chow
41931 (PE barcode 00549480), 22 April 1936, DF Jin K-900 (PE barcode 00549445), 20 June
1956, JX Duan 27 (PE barcode 00549441, 00549446), 25 June 1956, JX Duan 180 (PE barcode
00549450), Funing County, 30 April 1956, P Zhang 668 (PE barcode 01448400), Jiejiagou,
22 September 1956, FS Chang 778 (PE barcode 01448651), Neiqiu County, Fuanmugou, XY
Liu and F Zhao 431 (PE barcode 01449778), Yu County, Xiaowutaishan, 13 September 1956,
Herbarium Team 2417 (PE barcode 00549476), Zhangjiakou City, 25 April 1956, JX Duan 180
(PE barcode 00549447, 00549484, 00549485), Xiling, Huangtupo, 8 June 1953, F Zhao 222
(PE barcode 00549488); Tianjin: Ji County, Panshan, 4 July 1956, Herbarium Team 1941 (PE
barcode 00549444); Precise locality unknown, Anonymous 12049 (PE barcode 01449783),
Anonymous K-919 (PE barcode 01449782).
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Abstract: Tropical and subtropical Asia are major orchid diversity and endemism centers. However,
the evolutionary dynamics of orchids in these areas remain poorly studied. Gastrochilus D. Don, a
species-rich orchid genus from tropical and subtropical Asian forests, was employed to investigate the
issue. We firstly used eight DNA regions to reconstruct the phylogeny and estimate the divergence
times within Gastrochilus. We inferred the ancestral ranges and conducted a diversification analysis
based on empirical and simulated data. Subsequently, we assessed the ancestral niche state and
tested for phylogenetic signals in the evolution of niche conditions. Our results suggested that the
most recent common ancestor of Gastrochilus occurred in the subtropical area of the East Asiatic
region in the late Miocene (8.13 Ma). At least eight dispersal events and four vicariant events were
inferred to explain the current distribution of Gastrochilus, associated with the global cooling from
the Plio-Pleistocene. The genus experienced a slowly decreasing diversification rate since its origin,
and no significant correlation between current niches and phylogenetic relatedness was observed.
The diversification of Gastrochilus was attributed to accumulation through time, integrated with the
intensification of the Asian Monsoon system during the Plio-Pleistocene, pollination, and epiphytism.

Keywords: Gastrochilus; biogeography; diversification; niche; Asian Monsoon

1. Introduction

Exploring the patterns of plant diversity today is a basic issue for biogeographers
and evolutionists. To better understand the dynamics of plant diversity, it is vital to
integrate the historical biogeography and the niche requirements of species [1]. Over the
past two decades, the phylogenetic niche conservatism (PNC) and niche evolution (NE)
hypotheses were proposed to account for species diversity [2,3]. PNC deems that most
species tend to maintain their ancestral niches, survive in similar climatic environments,
and differentiate in-situ [4]. Several studies have shown that the PNC hypothesis may
explain the diversity of groups with different evolutionary histories [5–8]. For example,
the diversity patterns of Zygophyllaceae at the global scale can be attributed to the strong
phylogenetic conservatism in their precipitation-related niches [7]. In turn, NE posits that
species may expand their niche breadth or occupy new conditions and can diversify in
new habitats and climatic regimes [2]. For example, the diversity of Hakea (Proteaceae)
in different geographic regions was explained by the frequency of evolutionary biome
shifts [9]. Although there are many studies strongly supporting the role of PNC or NE
in explaining clade diversification [4,7,9–11], several researchers suggested that there was
no significant correlation between current niches and phylogenetic relatedness [12,13],
especially the organisms in isolated habitats such as the birds in high-altitude regions [14],
which implied that the species diversity was attributed to accumulation through time.
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Tropical and subtropical Asia are major orchid diversity centers [15,16]. These re-
gions are characterized by their high plant diversity and endemism [17,18] and have also
been considered both a “Cradle” and a “Museum” for vascular plants since the Creta-
ceous [17,19,20]. During the Cenozoic, the Asian mainland experienced a series of complex
geological and climate changes, such as the uplift of the Himalaya-Tibetan Plateau [21] and
the establishment and intensification of the Asian monsoon [22]. The multistage uplifts
of the Himalayas resulted in significant climate changes, new geophysical environments,
novel ecological niches, and the formation of physical and physiological isolation barriers
across the faunal and floral elements of Asia [23,24]. On the one hand, the uplift of the
Himalayas provided many new niches and is attributed to organisms’ diversification [25].
On the other hand, the four periods of intensification of the East Asia Summer Monsoon
(EASM) during the Cenozoic have possibly brought abundant rainfall [26] and are posi-
tively correlated with plant richness [27–30]. Therefore, the uplift of the Himalayas and
the EASM produced more new niches and conditions for organisms and are proposed to
explain biological diversification in East Asia [29–31].

Gastrochilus D. Don (1825) (Aeridinae, Vandeae, Epidendroideae, Orchidaceae) is an
epiphytic orchid genus widely distributed in tropical and subtropical Asia [15,32]. Thanks
to its high morphological diversity and brightly colored flowers, it has potential horticul-
tural value [15]. Since the latest preliminary revision of Gastrochilus [32], nearly 20 new
species have been found in south China (Chongqing, Yunnan, Taiwan), Vietnam, Myan-
mar, Nepal and India [33–45]. Additionally, Haraella Kudo and Luisiopsis C.S.Kumar and
P.C.S.Kumar have been transferred to Gastrochilus [46,47]. Therefore, the genus Gastrochilus
consists now of 69 species, of which many are narrow endemics, with a species diversity
center in the South-East Asian archipelago [36,48,49]. Recently, Liu et al. [49] revealed
that Gastrochilus is monophyletic and divided into five clades based on five DNA regions
(ITS, matK, psbA-trnH, psbM-trnD, trnL-F) and inferred that pollination system shifts in
Gastrochilus have occurred independently at least three times. Liu et al. [50] reconstructed
the phylogenetic relationships within the Cleisostoma–Gastrochilus clades (Aeridinae) based
on the complete chloroplast genome, strongly supporting the monophyly of Gastrochilus.
However, the spatio-temporal evolution of the genus is still unclear.

In this study, our objectives are (1) to estimate divergence times within Gastrochilus
using eight plastid and nuclear DNA regions, (2) to investigate the historical biogeography
of Gastrochilus, and (3) to explore the factors that have led to its diversification.

2. Materials and Methods
2.1. Taxon Sampling and Molecular Data

In this study, we sampled 34 species of Gastrochilus, comprehensively covering the
distribution range of this genus. Based on Pridgeon et al. [15] and Farminhão et al. [51],
18 species closely related to Gastrochilus from Aeridinae and four species from Angraecinae
were used as outgroups. All sequence data were downloaded from the GenBank (https:
//www.ncbi.nlm.nih.gov/ (accessed on 19 December 2021)). The phylogenetic analysis of
Epidendroideae showed that a proportion of potentially parsimony informative sites of
the internal transcribed spacer (ITS) trnL-F, matK and rbcL were 64%, 28%, 28%, and 11%,
respectively, and they showed their strong ability to resolve species relationships [52]. It has
been suggested that the addition of non-coding chloroplast regions could provide higher
relative variability in resolving species relationships [53,54]. A total of eight DNA markers
were employed in this study, including one nuclear marker (ITS) and seven chloroplast
DNA markers (atpH-I, matK, psbA-trnH, psbM-trnD, rbcL, trnL-F, and rps19-rpl22). Taxon
information and GenBank accession numbers are listed in Table S1.

2.2. Phylogenetic Analysis

DNA sequences were aligned and subsequently manually adjusted in BioEdit [55].
Topological congruence between the chloroplast and nuclear data was evaluated using the
incongruence length difference (ILD) test [56]. The partition homogeneity test for plastid

258



Diversity 2022, 14, 396

DNA and ITS shows character incongruence (p = 0.01). Visual inspection indicates that
there are very few “hard” conflicts between the plastid vs. ITS trees, and such conditions
have been interpreted by Wendel and Doyle [57] as a soft incongruence, which might
disappear with additional data. Gatesy et al. [58] demonstrated that concatenating truly
incongruent data sets could still increase resolution and branch support. Therefore, we
combined the datasets for subsequent analyses. All characters were unordered and had
equal weight. Gaps were treated as missing data.

Three phylogenetic reconstruction methods were performed, including maximum
parsimony (MP), maximum likelihood (ML), and Bayesian inference (BI). MP analyses were
performed in PAUP* 4.0b10 [59]. Heuristic searches were conducted with 1000 replicates of
random addition, in combination with tree-bisection-reconnection (TBR) branch-swapping,
MulTrees in effect, and steepest descent off. Bootstrap support values were conducted with
1000 replicates with 10 random taxon additions and heuristic search options.

Based on the Akaike information criterion (AIC), the best-fit nucleotide substitution
model of DNA regions was chosen using ModelTest v.3.7 [60]. ML analyses were con-
ducted in RAxML v.8.4 [61]. We conducted a rapid bootstrap analysis (1000 replicates)
and searched for the best-scoring ML tree simultaneously. BI analyses were performed
in MrBayes v.3.2 [62]. Four Markov Chain Monte Carlo tests were run, sampling one
tree every 1000 generations for 3,000,000 generations. Tracer v.1.5 was used to assess
chain convergence and ensure that the effective sample sizes (ESS) are above 200 for all
parameters [63]. Majority rule (>50%) consensus trees were constructed after removing the
“burn-in” samples (the first 20% of the sampled trees).

2.3. Time Estimation

Firstly, the likelihood ratio test (LRT) [64] was conducted to determine whether the
data evolved in a clock-like fashion. Log-likelihood ratios of the clock and non-clock model
were compared. The degree of freedom is equivalent to the number of terminal taxa minus
two, and significance was assessed by comparing two times the log-likelihood difference to
a chi-square distribution [65]. The LRT test rejected a clock-like evolution (δ = 1363.8014,
df = 54, p < 0.001), and therefore. we used a relaxed lognormal clock model to estimate the
divergence in BEAST v.2.6.0 [66]. There is no Gastrochilus fossil nor any fossils of one of its
close relatives in Aeridinae and Angraecinae; thus, two calibration points were set based
on Givnish et al. [16,67]: (1) the split age of Aeridinae and Angraecinae (21.21 Ma) was
used for the tree root age, and a prior normal distribution (SD = 3.05) for the calibration
point was assigned following the suggestion of Ho [68]; (2) the crown age of Aeridinae was
set to 16 Ma with a normal distribution (SD = 1.0). The speciation prior was set as YULE,
and the substitution model of DNA regions was selected as the GTR+I+Γ model. Markov
Chain Monte Carlo (MCMC) searches were run for 100,000,000 generations and sampled
every 1000 generations. Convergence was assessed by Tracer v.1.5 [63], and the effective
sampling size for all parameters was >200. The maximum clade credibility (MCC) tree was
computed by TreeAnnotator v.1.7.4 [69].

2.4. Biogeographical Analyses

Based on the extant distribution of Gastrochilus and outgroups, four main regions
were categorized based on Takhajan [70]: East Asiatic region (A), Indian region (B), Indo-
Chinese region (C) and Malesian region (D). The ancestral range reconstruction was inferred
using the Statistical Dispersal–Extinction–Cladogenesis (S-DEC) model, as implemented
in RASP [71]. In S-DEC, it summarizes biogeographic reconstructions across all user-
supplied trees. The DEC model is applied to each ultrametric tree within a posterior
distribution resulting from a Bayesian phylogenetic analysis. Subsequently, we calculated
the probability of an ancestral range x at node n on a summary tree [71]. The MCC tree
obtained from BEAST was chosen as the summary tree. The random 1000 trees from BEAST
trees after burn-in were input to estimate probabilities of ancestral range at each node.
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2.5. Ancestral State Reconstruction and Correlates of Diversification

Ancestral state reconstruction was performed using the maximum likelihood method
implemented in BayesTrait v.4.0 [72]. Information about species habitats was compiled
from online databases (www.gbif.org (accessed on 23 January 2022); www.orchidspecies.
com (accessed on 23 January 2022); www.africanorchids.dk (accessed on 6 March 2022);
www.iplant.cn (accessed on 10 January 2022)), and the taxonomic literatures [32–45], and
we defined two states: (1) tropical (state 0); (2) subtropical (state 1) (Table S2).

The binary state speciation and extinction model (BiSSE) was used to examine whether
the climatic zone is directly correlated with differential rates of diversification implemented
in DIVERSITREE 0.9-6 [73]. To correct for non-random, incomplete sampling, we specified
sampling fractions, i.e., the proportion of species in tropical Asia and in subtropical Asia
that are included in the tree.

2.6. Diversification Analysis

Birth–death likelihood (BDL) models were used to test the significance of heterogeneity
or the consistency of the temporal diversification rate [74]. The model selection was based
on the difference in the AIC scores between the best-fitting rate-constant and rate-variable
models (∆AICRC). The calculations were performed using laser 2.3 [74].

To better understand diversification rates in Gastrochilus, we employed two methods
to analyze rates. First, semi-logarithmic lineage-through-time (LTT) plots were constructed
using the R package ape 2.5-1 [75]. The MCC tree was used to generate the tempo of
diversification, and 1000 trees were sampled randomly from the converged BEAST trees to
calculate a 95% credibility interval. Second, we used CLaDS (cladogenetic diversification
rate shift model), a model-based approach to estimate speciation rates [76]. CLaDS applies
a Bayesian approach to infer speciation rates along a phylogeny and assumes that rates
change after every speciation event.

To evaluate the effect of the missing species, we add all 35 missing species randomly in
the MCC tree in the R package ‘phytools’ 0.4-60 [77]. Then we carried out a diversification
analysis in LTT and CLaDS.

2.7. Collection of Species Distribution Data and Environmental Variables

Distribution data of Gastrochilus were collected from online databases (the global
biodiversity information facility, https://www.gbif.org/ (accessed on 23 January 2022)),
herbaria (Herbarium, Institute of Botany, Academia Sinica (PE), and Herbarium of Jiangxi
University (JXU)), and our fieldwork. These datasets were carefully assessed, and some
erroneous records (i.e., occurrences in the oceans, ice sheets, and deserts), duplicates,
and cultivation records were removed. Finally, a total of 262 unique distribution records
from 33 species were used in this study (Table S3). We also collected 20 environmental
variables including 19 bioclimatic variables and one topographical layer (elevation) (https:
//www.worldclim.org/data/worldclim21.html (accessed on 22 January 2022)) [78]. All
environmental variables are at a resolution of 30 arc seconds. Mean values of the variables
for each species were used in the further analysis.

2.8. Estimation of Evolutionary Rate in Niche Traits

To estimate the evolutionary rate of niche in Gastrochilus, we firstly ordinated all
environmental variables and niche data using phylogenetic principal component analysis
(PCA) implemented in R package phytools 0.7-70 [77] with the “phyl.pca” function. Then,
we conducted complementary runs using the BAMM trait model on the first axis of the
phylogenetic PCA of niche traits in BAMM 2.5.0 [79]. For niche rate, the MCMC was
run for 10 million generations and sampled every 5000 generations. Prior values were
selected using the “setBAMMpriors” function. Postrun analysis and visualization used
the R package BAMMtools 2.17 [79]. The initial 25% of samples of the MCMC run were
discarded as burn-in, and the remaining data were assessed for convergence using the
CODA package [80] to ensure that the ESS values were above 200.
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2.9. Detection of Phylogenetic Signals of Niche Traits

Phylogenetic signals were measured using Blomberg’s K [81] and Pagel’s λ [82]. We
estimated the phylogenetic signals based on the time-calibrated tree and the first axis of
the phylogenetic PCA of niche traits of Gastrochilus using the “phylosig” function in the R
package phytools 0.7-70 [77].

3. Results
3.1. Phylogenetic Relationships and Divergence Time Estimates within Gastrochilus

The total length of combined DNA sequences was 10,065 bp, of which 1351 charac-
ters were variable, and 551 characters were parsimony informative. The monophyly of
Gastrochilus was strongly supported (BI-PP = 1.00, ML-BP = 97, MP-BS = 95; Figure 1).
The inter-species relationships within Gastrochilus were supported by moderate to high
supporting values, but the relationships among the main clades have not been resolved
(Figure 1).

Figure 1. Phylogenetic tree obtained by the maximum likelihood method of the combination of
nuclear and plastid regions. Numbers above the branches indicate supported values (>50%) from
maximum likelihood, maximum parsimony, and Bayesian Inference methods, respectively. Numbers
at the nodes are bootstrap percentages and Bayesian posterior probabilities, respectively. A dash (-)
indicates that a node is not supported in the analysis.

Our results suggest a stem age of Gastrochilus at 9.49 Ma (95% highest probability
density (HPD): 6.61–12.55; Figure 2a, node 1), and a crown age of Gastrochilus at 8.13 Ma
(95% HPD: 5.51–10.83; Figure 2, node 2). Most of the species originated during the Pliocene
and early Pleistocene (Figure 2a).
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Figure 2. (a) Ancestral range reconstruction of Gastrochilus based on the chronogram. The chronogram
was generated in BEAST analysis. Grey bars show 95% highest posterior density intervals. Nodes
of interest were numbered from 1 to 12. The pie charts above the branches represent the results
of ancestral range reconstruction, and those under the branches represent the results of habitat
reconstruction. (b) Habitat-dependent posterior probability distribution of net diversification rates
from BiSSE analyses. (c) LTT plots of Gastrochilus for empirical data (pink line) and simulated data
(black line), respectively. The depiction of temperature changes is modified from Zachos et al. [83].
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3.2. Ancestral Range Reconstruction

The ancestral area reconstruction of Gastrochilus based on S-DEC is shown in Figure 2a.
The ancestral area of Gastrochilus is uncertain, although it probably originated in East Asia
or Malesia (node 1). The range of the most recent common ancestor (MRCA) of the genus is
inferred in East Asia (node 2). The current distribution of Gastrochilus is inferred to be the
result of eight dispersal events and four vicariant events. There are three dispersal events
from the East Asiatic region to the Indian region at 1.79 Ma (95% HPD: 0.25–3.86; node 4),
0.74 Ma (95% HPD: 0.13–1.56; node 10), and 0.80 Ma (95% HPD: 0.03–1.92; node 12),
respectively. The remaining five dispersal events from the East Asiatic region to Indo-
Chinese region happened at 4.70 Ma (95% HPD: 2.27–7.50; node 3), 2.29 Ma (95% HPD:
0.73–4.23; node 5), and 2.79 Ma (95% HPD: 0.89–4.81; node 7), 2.15 Ma (95% HPD: 0.79–3.68;
node 8), and 2.86 Ma (95% HPD: 0.82–5.23; node 11), respectively. Additionally, there are
three vicariant events that happened between East Asiatic and Indo-Chinese regions at
0.33 Ma (95% HPD: 0–0.95; node 6), 1.33 Ma (95% HPD: 0.35–2.52; node 9), and 2.86 Ma
(95% HPD: 0.82–5.23; node 11), respectively. Only one diverged event occurred between
East Asiatic and Indian regions (1.79 Ma, 95% HPD: 0.25–3.86; node 4).

3.3. Diversification of Gastrochilus

A positive ∆AICRC value suggests that the data are best approximated by a rate-
variable model of diversification [74], so the BDL analysis rejected the null hypothesis of
temporally homogeneous diversification rates within Gastrochilus (∆AICRC = 2.07). The
BiSSE analysis indicated that the tropical Asian lineages and the subtropical Asian lineages
presented the nearly same diversification rate (Figure 2b). The LTT plot showed that
Gastrochilus exhibited a high rate of lineage accumulation since its divergence and then
decreased slowly through time (Figure 2c, red line). Furthermore, the ClaDS showed there
was no significant mean speciation rate shift during its evolutionary history, and the mean
speciation rate decelerated very slowly from 8.13 Ma (95% HPD: 5.51–10.83) to the present
(Figure 3c,d (green line)). The simulated analysis of LTT plots and CLaDS analysis also
showed that the diversification rate and speciation rate increased at the early evolutionary
stage and then decreased since the latest Miocene (Figure 2c (black line), Figure 3d (black
line)), respectively.

Figure 3. Niche analysis and diversification analysis of Gastrochilus. (a) Niche evolution and shift of
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Gastrochilus. (b) Niche rate during the evolutionary history of Gastrochilus. (c) Inferred lineage-specific
speciation rates for Gastrochilus phylogeny. (d) Inferred mean speciation rate of Gastrochilus through
time, with individual MCMC iterations (thin blue line), the 95% credibility interval for each time
point (thick blue line), the mean rate for each time point (dotted green) of empirical data, and the
mean rate for each time point (dotted black) of simulated data. The unit of the diversification rate is
speciation events per million years; niche rates are unitless.

3.4. Niche Evolution and Phylogenetic Signals

PC1 had a higher contribution from Bio12 (Annual precipitation), Bio16 (Precipitation
of wettest quarter), elevation, Bio2 (Mean diurnal range), Bio18 (Precipitation of warmest
quarter) and Bio13 (Precipitation of wettest month) (Table S4). Annual precipitation is
the main influencing factor with a high PC1 loading value of about 0.88 (Table S4). Nine
major shifts of the evolutionary rate of environmental factors were found in the genus
Gastrochilus, six of which occurred in the last 2 Ma (Figure 3a). However, evolutionary
rates of niche experienced a strong increase toward the present, beginning around the early
Pliocene (Figure 3b). Notably, the annual precipitation seemed to play a key role in the rate
shift of niche evolution (Table S4). The values of Blomberg’s K and Pagel’s λ are 0.175 and
0.023 with p > 0.05, respectively. This suggests that no significant phylogenetic signals were
detected in the niche traits of Gastrochilus.

4. Discussion
4.1. Temporal and Spatial Mode of Gastrochilus

In the present study, our result strongly supported that Gastrochilus is monophyletic,
which is consistent with the previous studies [49,50]. The S-DEC result inferred that the
MRCA of Gastrochilus lived in the East Asiatic region (Figure 2a, node 2). The ancestor
of Gastrochilus has migrated from the East Asiatic region to its adjacent regions (Indian
region and Indo-Chinese region) since the early Pliocene at least eight times (Figure 2a).
Following the middle Miocene climatic optimum at approximately 15 Mya, a period of
global cooling began from ~11 Mya followed by the drastic temperature fluctuations during
the Pliocene and Pleistocene [83]. The cooling climate caused many species to migrate
southward or to lower altitudes [84–86], which also meant Gastrochilus dispersed from
the East Asian region into the Indian and Indo-Chinese regions. However, it is well-
known that the monsoon system (South Asian Summer Monsoon (SASM) and East Asian
Summer Monsoon (EASM)) strengthened in the Asian mainland during the Miocene and
Pliocene, especially between c. 15–4 Ma [87–89]. Recent studies reported that both South
and East Asian Summer monsoons played a decisive role in the landscape evolution of the
Himalayas and the adjoining areas in the Indo-Malayan Realm [90]. The intensifications of
the EASM during the Late Cenozoic brought abundant rainfall and, therefore, significantly
promoted the survival and differentiation of plants in tropical and subtropical Asian
mainland [19,28–30,91]. During the dynamic evolutionary processes of Gastrochilus, five
of eight migration events occurred from the East Asiatic region to Indo-Chinese region
in the Pliocene to the early Pleistocene (4.70–2.15 Ma; Figure 2a, node 3, 5, 7, 8, 11), in
agreement with the timing of the intensification of the EASM (3.6–2.6 Ma) [26] and SASM
(3.57–2.78 Ma) [92]. Additionally, the other three events from the East Asiatic region to
the Indian region happened during the late Pleistocene (1.79–0.74 Ma; Figure 2a, node
4, 10, 12), which is consistent with major changes in the monsoon cyclicity that occurred
through the Mid-Pleistocene Transition between c. 1.25 and 0.7 Ma [89]. In addition, due
to the drastic decline of temperature since the late Pliocene and the frequent temperature
fluctuations during the Quaternary, the lineages of Gastrochilus experienced four vicariant
events immediately (Figure 2a, node 4, 6, 9) or after dispersal events (Figure 2a, node 11).
In general, the current distribution pattern of Gastrochilus does not appear to have occurred
via long-distance dispersal. Rather, range expansions associated with a few vicariances are
suggested here to explain this pattern.
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4.2. Diversification and Niche Evolution of Gastrochilus

Our LTT plots indicate that the lineages of Gastrochilus had accumulated over its
evolutionary time since it diverged from the sister groups (8.13 Ma, 95% HPD: 5.51–10.83;
Figure 2c). The rate-through-time plots by CLaDS suggested that the mean speciation
rates of Gastrochilus decreased slowly through its evolutionary history (Figure 3c,d). The
diversification analyses of simulated data also indicated the same tendency of its evolution-
ary dynamics (Figures 2c and 3d). The same diversification pattern has been detected in
Cirrhopetalum alliance (Bulbophyllum, Orchidaceae) [93]. Since the late Pliocene, the global
cooling has intensified [83,88], and it might have brought about the slow speciation rates of
Gastrochilus.

Although there are nine significant niche shifts in the evolutionary history of Gastrochilus
(Figure 3a), both the values of Blomberg’s K (0.75, p > 0.05) and Pagel’s λ (0.023, p > 0.05)
inferred that there are no significant phylogenetic signals in the niche traits of Gastrochilus.
Furthermore, both the lineages in tropical Asia and subtropical Asia demonstrated a similar
diversification rate (Figure 2b), although more than 65% of currently recognized species
are restricted to tropical Asia. Our results imply that the species diversity of Gastrochilus is
explained by accumulation through time. This result is similar to the diversification pattern
of Bulbophyllum in tropical and subtropical Asia, in which species richness is most likely the
result of a time-for-speciation effect since the late Miocene [94]. Our environmental niche
analyses demonstrated that annual precipitation is an important environmental variable
determining the distribution of Gastrochilus (Table S4). Statistically, more than 70% of the ex-
tant diversity within this genus was generated in the late Pliocene and the Early Pleistocene
(Figure 2a). The intensifications of the EASM during the Pliocene brought abundant rainfall
to the tropical and subtropical Asian mainland and probably facilitated the diversification
of Gastrochilus with numerous dust-like seeds. Moreover, Givnish et al. [16] proposed
that the remarkable diversity of orchids is apparently driven in part by the acquisition of
pollinia, epiphytism, tropical distributions, CAM photosynthesis, pollination syndromes,
and life on extensive tropical cordilleras. They also pointed out that shifts in net diversifi-
cation are scale-dependent, and multiple factors—several of them interconnected—have
contributed to orchid diversification at the genus level. Liu et al. [49] showed that the
presence of epichile hairs has switched many times in Gastrochilus, representing a character
state evolving as an adaptation to bee pollination [95], and thus speculated that pollination
system shifts occurred independently at least three times in Gastrochilus [49]. The pollina-
tion shifts in promoting speciation are recorded in Holcoglossum [96]. Furthermore, except
for a few species growing on rocks (e.g., G. gongshanensis), the genus is mainly found on the
tree trunks in rainforests, broadleaved forests, or coniferous forests (Table S2) [37,48,50]. In
a word, the diversification of Gastrochilus is not only a result of the intensification of mon-
soons in the last c. 10 Ma but is also attributed to the integration of pollination syndromes
and epiphytism.
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Abstract: Bletilla striata is a terrestrial orchid with high ornamental and medicinal values that is
widely interplanted in bamboo forests. However, little is known about the effects of bamboo forest
type and density on the growth of B. striata and its symbiotic relationship with root endophytic
fungi. In this study, the growth state of B. striata, the community composition and diversity of its
root endophytic fungal, and the fungal nutritional function were investigated in Phyllostachys edulis,
P. iridescens and P. glauca forests with three densities. We found that the type and density of the bamboo
forest had significant effects on the growth of B. striata, with the biomass, leaf width, root quantity
and width being the highest in the low-density of the P. edulis forest. The community composition
and abundance of root endophytic fungi in B. striata varied among different bamboo forests and
densities, with P. edulis and P. iridescens forests dominated by Basidiomycota and Serendipita, while
P. glauca prevailed by Ascomycota and Dactylonectria. The trophic modes of root endophytic fungi
were also affected by forest types and densities. The abundance of symbiotroph fungi was the highest
in P. edulis and P. iridescens forests and greatly varied with density gradient, and saprotrophic fungi
comprised the highest proportion in the Ph. glauca forest. These results provide basic data for further
research and the configuration between bamboo species and terrestrial orchids.

Keywords: Bletilla striata; compound system of bamboo and orchid; endophytic fungi; fungal
diversity; symbiotic relationship

1. Introduction

As an artificial ecosystem that considers ecological, social and economic benefits,
the agroforestry system is of great significance for ecological environmental protection
and sustainable development of agroforestry [1]. Agroforestry systems are conducive to
optimizing the rational use of resources and space by plants, improving system biodiversity
and the internal ecological environment of the system (e.g., light, heat, water, soil, air,
fertilizer, microorganism) [2,3]. Because of their advantages of diverse output and income
balance, agroforestry systems are widely adopted in many parts of the world, especially in
developing countries, and play an important role in the national economy and in people’s
livelihood [4].

Agroforestry systems involve a wide range of woodland types, with bamboo forests
being one of the most important types. Bamboo is one of the most important species in
terrestrial forest ecosystems that are widely distributed in tropical and subtropical regions,
being the second largest forest in the world [5,6]. Bamboo forests have important economic,
ecological and social values [7]. Compared with single crop systems, an agroforestry system
based on bamboo forests has higher net primary productivity, which has attracted wide in-
ternational attention especially in tropical regions [8,9]. A bamboo forest composite system
has many modes, mainly including bamboo-grass, bamboo-medicinal plants, bamboo-
fungus, bamboo cultivation and forest tourism [7,10], of which bamboo-medicinal herbs are
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one of the most popular modes at this stage. Researchers have found that there are a variety
of medicinal plants suitable for planting in bamboo forests, such as Polygonatum sibiricum,
Lophatherum gracile, Sarcandra glabra, Bletilla striata and Polygonatum odoratum [11], and the
impact of bamboo forest composite systems on medicinal plants varies among different
stand types, bamboo forest density and habitats [12,13]. Huang et al., reported that canopy
density of 0.4~0.6 is the most effective stand density for polysaccharide accumulation of
Polygonatum cyrtonema [14]. Zhou found that the understory habitat had a significant impact
on the growth traits of Polygonatum cyrtonema, and the Moso bamboo forest was the best
interplanting site [13]. Feng found that different medicinal plants have different density
requirements for bamboo forests, with Polygonatum cyrtonema adapting to all density ranges,
while Curculigo orchioides prefers low density and Paris polyphylla medium densities [15].
However, at present, research on composite systems of bamboo-medicinal plants have
mainly focused on their economic and social value, and thus, little is known about their
ecological value, especially soil physical and chemical properties, plant landscape and the
interaction between plant species in bamboo forests.

Bletilla striata (Thunb. ex A. Murray) Rchb. f. is a perennial herb mainly distributed
across China, the Korean Peninsula and Japan, and it belongs to the genus Bletilla in the
tribe Arethuseae, Orchidaceae [16]. Owing to its high ornamental and medicinal value,
B. striata is widely used as an ornamental plant and as traditional medicinal material in
Asia [17]. Bletilla striata is a typical mycorrhizal plant which relies on root endophytic fungi
(both mycorrhizal and non-mycorrhizal fungi) throughout its life cycle, especially during
seed germination and seedling recruitment periods [18,19]. Researchers have found that
root endophytic fungi can not only transport carbohydrates and break down cellulose in
the matrix but can also directly provide nutrients and hormones (e.g., amino acids, gib-
berellins and jasmonate) for plant growth [20,21]. In addition, root endophytic fungi were
found to promote the absorption of macronutrient elements and micronutrient elements by
plants [22,23] and facilitate the production of metabolites, including antibiotics, phenolic
compounds, peroxidase and hydrolase, thus enhancing disease resistance and stress toler-
ance in orchids [24,25]. Mycorrhizal partners can also influence orchid distributions and
determine which habitats allow orchid growth and what environmental factors are critical
for orchid recruitment [26].

As a typical plant with a high potential for compound cultivation, B. striata has
been widely interplanted with bamboo forests in East China. The growth of B. striata
and its relationship with root endophytic fungi are greatly influenced by many factors
such as temperature, light intensity, nutrients, humidity and soil pH, which are strongly
influenced by bamboo forest type and density. Zeng et al. found that there were significant
temporal variations in the diversity and community composition of root endophytic fungi of
B. striata [27]. Ma et al. found that nitrogen had a strong influence on the growth and
polysaccharides accumulation of B. striata, and ammonium-nitrate mixed nitrogen at the
concentration of 15 mmol·L−1 had the best results [28]. By adjusting the density of bamboo
forests in time, the understory can meet various demands of light radiation [12]. Meanwhile,
the diurnal and seasonal changes of temperature, moisture and light conditions varied
among different bamboo forests and stand densities [13]. Currently, there have been some
studies on the cultivation of B. striata under bamboo forests. However, most of these studies
focused on the water and soil conservation function, land use capability and production
efficiency of bamboo forests [29,30]. Few studies have emphasized the landscape effect
and root endophytic microbial community of B. striata under different bamboo species and
its densities.

In this study, we selected three common types of bamboo (Phyllostachys edulis (Carr.)
J.Houz., Phyllostachys iridescens C. Y. Yao et S. Y. Chen and Phyllostachys glauca McClure)
in Shanghai, China, intercropped with B. striata to study the effects of different types of
bamboo and bamboo density on the growth of B. striata and the community composition
of root endophytic fungi. Our main objectives are to answer the following questions:
(1) What are the mycorrhizal partners of B. striata in a bamboo forest? (2) Does the com-
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munity composition of root endophytic fungi vary among different bamboo forest types
or different stand densities? (3) What are the most suitable types of bamboo forest and
planting density for the growth of B. striata and its mycorrhizal association. Our study will
provide data and research ideas for the plant configuration under bamboo forests and the
application of orchids under the forests.

2. Materials and Methods
2.1. Overview of the Study Area

The research site was located in Shanghai Chenshan Botanical Garden, which is in the
north subtropical monsoon humid climate, with an annual average temperature of 15.6 ◦C,
annual sunshine duration of 1817 h and precipitation of 1313 mm [31]. The bamboo garden
was constructed north of the botanical garden in 2016 and covered an area of approximately
3 hm2. There are more than 70 bamboo species, and Phyllostachys edulis, P. iridescens and
P. glauca were chosen as our experiment materials.

2.2. The Sample Set

Bamboo forests of Phyllostachys edulis, P. iridescens and P. glauca were divided into
high-, middle- and low-density bamboo forests. The densities of the P. edulis forest were
14,000, 8500 and 4500 plants/hm2, respectively; the densities of the P. iridescens forest were
30,000, 22,000 and 15,000 plants/hm2, respectively, and the densities of the P. glauca forest
were 60,000, 45,000 and 30,000 plants/hm2, respectively. In February 2021, three 4 × 4 m
plots were established in each forest density. Each plot was repeated three times, which
resulted in a total of 27 plots. One-year tissue culture plantlets of B. striata which derived
from the same batch and suffered the same hardening–seedling process were used in this
study. B. striata was planted at 30 × 30 cm spacing in each plot in early March 2021.

2.3. Sample Collection and Processing

Root and soil samples of B. striata were collected at the end of July 2021. Five healthy
B. striata plants were randomly selected from each plot. Two vegetative roots were selected
from each plant, and the root samples from five plants were mixed as one root sample. The
soil on the surface of B. striata root samples was washed first with clean water and then
with sterile water for 30 s in an ultra-clean workbench. The samples were then washed
in 75% alcohol for 30 s, soaked in 3.5% NaClO for 4 min, and washed three times with
sterile water. The treated B. striata roots were placed in a clean plastic bag and stored at
−80 ◦C for high-throughput sequencing. Simultaneously, the soil samples around the root
were collected, and the fresh soil samples were separated as soon as possible and preserved
at −20 ◦C. The rest of the soil was ground after natural air drying and screened through
a 60-mesh sieve to determine soil physical and chemical properties together with fresh
soil samples.

In mid-October 2021, 10 healthy B. striata plants were randomly selected from each
plot and taken back to the laboratory for washing. After washing, the plant height, leaf
length, leaf width and root length were measured using a measuring tape. Vernier calipers
were used to measure the stem thickness, root width and other indicators. The fresh weight
of B. striata was measured on an electronic balance. Finally, the B. striata plants were
heated at 105 ◦C for 20 min and dried to a constant weight at 65 ◦C. The dry weight was
then measured.

2.4. Environmental Factor Index Measurement

Soil pH was measured using the potentiometric method. Electrical conductivity
(EC) was measured using the extraction and drying method. Total nitrogen (TN), total
phosphorus (TP) and total potassium (TK) were determined using the Kjeldahl method,
the molybdenum–antimony resistance colorimetric method and NaOH melting flame
spectrophotometry, respectively. Ammonium nitrogen (AN) and nitrate nitrogen (NN)
were determined using potassium chloride-indophenol blue colorimetry and ultraviolet
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spectrophotometry, respectively. Available phosphorus (AP) and available potassium (AK)
were determined by sodium bicarbonateHCl extraction and ammonium acetate extraction—
flame spectrophotometry, respectively. Organic matter (OM) and microbial carbon (MBC)
were determined using potassium dichromate external heating and chloroform fumigation
methods, respectively. The moisture content (MC) and soil bulk density (SBD) were
measured using the drying and ring knife methods, respectively [32]. Light intensity (LI)
in the bamboo forests was measured using a Xima-AS823 illuminance meter (Shenzhen,
China) in the growing season of B. striata (March to August). Five points were measured in
each plot, and the average value was determined six times a month.

2.5. High-Throughput Sequencing

An E.Z.N.A.® soil DNA kit (Omega Bio-Tek, Norcross, GA, USA) was used to extract
the total community DNA, and 1% agarose gel electrophoresis was used to assess the
quality of the DNA. The nuclear ribosomal internal transcribed spacer-1 (ITS-1) region
was amplified with the primers ITS1F (5′-CTTGGTCATTTAGagGaAGTAA-3′) and ITS2R
(5′-gCTGCGTTCTTCATCGATG-3). The amplification process included: pre-denaturation
at 95 ◦C for 3 min, denaturation at 95 ◦C for 30 s, annealing at 55 ◦C for 30 s and extension
at 72 ◦C for 45 s, 35 cycles. It was stably extended at 72 ◦C for 10 min and finally stored
at 10 ◦C. The PCR reaction system was as follows: 5× TransStart FastPfu Buffer 2 µL,
2.5 mmol/L dNTPs 2 µL, 5 µmol/L upstream primer 0.8 µL, 5 µmol/L downstream primer
0.8 µL, TransStart FastPfu DNA polymerase 0.2 µL and template DNA10 ng, fill to 20 µL.
The PCR product was extracted from 2% agarose gel and purified using the AxyPrep DNA
Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) according to manufacturer’s
instructions and quantified using a Quantus™ Fluorometer (Promega, Madison, WI, USA).

Purified amplicons were pooled in equimolar and paired-end sequenced (2 × 300)
on an Illumina MiSeq platform (Illumina, San Diego, CA, USA) according to the standard
protocols from Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). Raw fastq
files were demultiplexed and quality filtered with Trimmomatic according to the following
criteria: (i) The 300 bp reads were truncated at any site receiving an average quality
score of <20 over a 50 bp sliding window, and the truncated reads shorter than 50 bp
were discarded; reads containing ambiguous characters were also discarded. (ii) Only
overlapping sequences longer than 10 bp were assembled according to their overlapped
sequence. The maximum mismatch ratio of overlap region is 0.2. Reads that could not be
assembled were discarded.

2.6. Data Processing and Analysis

The cloud platform of Shanghai Majorbio Technology Co., Ltd. (Shanghai, China) was
used for interactive cloud analysis of the biological information (http://www.i-sanger.com,
accessed on 3 May 2021). UPARSE software (version 7.1 http://drive5.com/uparse/,
accessed on 3 May 2021) was used to perform operational taxonomic unit (OTU) clustering
and eliminate chimeras based on 97% similarity. Each sequence was annotated for species
classification using the RDP classifier (http://rdPh.cme.msu.edu/, accessed on 3 May 2021)
and compared with the SILVA and UNITE databases. The OTUs were used to analyze the
composition of the microbial community structure, its α-diversity, microbial correlations
and microbial function prediction, and then the graphs were created. SPSS 22.0 (IBM,
Inc., Armonk, NY, USA) was used for statistical analyses. One-way ANOVA was used
to compare the differences of the growth indices of B. striata and the diversity of root
endophytic fungi under different bamboo forests and different stand densities for each
bamboo forest, and a least significant difference (LSD) multiple comparison was used to
analyze the significance (p < 0.05). All the graphs were plotted in Origin 2018 (OriginLab,
Northampton, MA, USA) and Adobe Illustrator CC 2018 (San Jose, CA, USA).
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3. Results
3.1. Effects of Bamboo Forest Type and Density on the Growth of B. striata

The leaf width and dry weight of the aboveground and underground biomass, root
length, root width and root number of B. striata were significantly higher in the
Phyllostachys edulis forest than in the P. iridescens forest, while those in the P. iridescens
forest were significantly higher than those in the P. glauca forest (Figure 1C–E,G–I). The dry
weight ratio of the aboveground to the underground biomass of B. striata in the P. iridescens
forest was significantly the highest, and plant height and leaf length were the largest in the
three bamboo forests (Figure 1A,B,F).
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Figure 1. Growth indices of Bletilla striata under different bamboo forests. (A) Plant height; (B) Leaf
length; (C) Leaf width; (D) Aboveground biomass dry weight; (E) Underground biomass dry weight;
(F) Aboveground biomass/underground biomass; (G) Root length; (H) Root width; (I) Number of
root; M, H, D: Phyllostachys edulis, P. iridescens, P. glauca, respectively. * p < 0.05. ** p < 0.01. *** p < 0.001.

There were also differences in the growth of B. striata under different densities of
bamboo forests. The leaf width, root width, dry weight of the aboveground and below-
ground biomass of B. striata in P. edulis forest were significantly higher in the low-density
than in the high-density sections of the forest. The leaf length in the low-density group in
P. iridescens was significantly higher than that in the high-density group, and the root num-
ber and belowground biomass dry weight in the medium density group were significantly
higher than those in the high-density group; the dry weight ratio of the aboveground and
belowground biomass in the high-density group was significantly higher than that in the
low-density group (Table 1).
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3.2. Composition of Endophytic Fungal OTUs in B. striata under Different Bamboo Forest Types
and Densities

The classification diagram of endophytic fungal OTUs in B. striata roots shows the
number of common and unique OTUs in the root samples from three bamboo forests and
the OTU comparison among different densities in the same bamboo forest. As shown
in Figure 2, the number of endophytic fungal OTUs in B. striata under different bamboo
species was as high as 421 in the P. iridescens forest. There were 80 fungal OTUs shared
among the three bamboo forests, while there were 213, 247 and 108 fungal OTUs specific to
a single forest of P. edulis, P. iridescens and P. glauca, respectively. There also existed some
fungal OTUs shared by two bamboo forests (Figure 2A).
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under different planting types and densities: (A) three bamboo forest models; (B) Phyllostachys edulis
model; (C) P. iridescens model; (D) P. glauca model; EM, EH, ED: P. edulis, P. iridescens, P. glauca,
respectively; EMG, EMZ, EMD: P. edulis at high-, medium- and low-density, respectively; EHG, EHZ,
EHD: P. iridescens at high-, medium- and low-density, respectively; EDG, EDZ, EDD: P. glauca at high-,
medium- and low-density, respectively. OTU, operational taxonomic unit.

The number of OTUs of B. striata under different densities of bamboo also differed. The
number of OTUs in the high-density group of P. edulis was as high as 264, and the number
of endemic species was 197, which was significantly higher than that in the medium-
density group (all: 126, endemic species: 55) and the-low density group (all: 101, endemic
species: 49) (Figure 2B). However, the trend was opposite in the P. iridescens forest. The
highest number of OTUs was 270 in the low-density group, and 195 were endemic species,
which were higher than those in the medium-density group (all: 166, endemic species: 93)
and high-density group (all: 106, endemic species: 45) (Figure 2C). The difference in the
numbers of OTUs was relatively small under different densities in the P. glauca forest. The
highest number of OTUs was 123 in the medium-density group (Figure 2D).

3.3. Diversity Analysis of the Endophytic Fungal Community in B. striata

At the level of OTUs, the results of the sample coverage index showed that the coverage
rate in the collected samples was 99.977 to 99.984% (Figure 3C). These results indicated that
the microbial information in each sample was fully measured, and the results represented
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the actual situation of endophytic fungi in the B. striata roots. The α-diversity index of the
endophytic fungi in the B. striata roots from three bamboo forests did not differ significantly,
but all showed that P. iridescens > P. edulis > P. glauca (Figure 3A,B).
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under different bamboo forests: EM, Phyllostachys edulis model; EH, P. iridescens model; ED, P. glauca
model. (A) Ace; (B) Shannon; (C) Coverage.

Compared with the bamboo forest type, the stand density had a stronger influence on
the diversity and richness of endophytic fungi in the B. striata roots. The diversity index in
the P. edulis high-density group was 3.32, which was significantly higher than that in the
low-density group (0.39), and the richness index was the largest in the high-density group.
However, the difference was not significant (Figure 4A,D). Among the three density groups
of the P. iridescens forest, the richness index of the low-density group was significantly the
highest (159.7), followed by the medium-density group (69.9) and the high-density group
(48.16) (Figure 4B). There was no significant difference in the richness and diversity index of
the P. glauca forest, which were both relatively low in the low-density group (Figure 4C,F).
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at different densities: EMG, EMZ, EMD, Phyllostachys edulis at high-, medium- and low-density,
respectively; EHG, EHZ, EHD, P. iridescens at high-, medium- and low-density, respectively; EDG,
EDZ, EDD, P. glauca at high-, medium- and low-density, respectively. (A–C), Ace for P. edulis,
P. iridescens and P. glauca, respectively; (D–F), Shannon for P. edulis, P. iridescens and P. glauca, respec-
tively. * p < 0.05. ** p < 0.01. *** p < 0.001.

3.4. Analysis of the Community Composition of Endophytic Fungi in B. striata Roots

The community composition of endophytic fungi in B. striata roots under different
bamboo forest types and densities was studied by high-throughput sequencing technology.
As indicated in Figure 5, the endophytic fungi (relative abundance > 0.01) in the roots of
B. striata in the bamboo forests included five phyla. Those in which the phyla were domi-
nated by Basidiomycota and Ascomycota comprised the highest proportion (Figure 5A).
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Figure 5. Abundance of the endophytic fungi from Bletilla striata roots in different grouping patterns.
Community composition of the endophytic fungi from B. striata roots of three bamboo forests at
the phylum (A) and genus (B) levels. Community composition of endophytic fungi of the B. striata
roots at the phylum (C) and genus (D) levels at different densities: EM, EH, ED, Phyllostachys edulis,
P. iridescens, P. glauca, respectively; EMG, EMZ, EMD, P. edulis at high-, medium- and low-density,
respectively; EHG, EHZ, EHD, P. iridescens at the high-, medium- and low-density, respectively; EDG,
EDZ, EDD, P. glauca at the high-, medium- and low-density, respectively.

The relative abundance of B. striata fungi differed significantly among different types
of bamboo forests. Basidiomycota was the dominant phylum of endophytic fungi in
the P. edulis and P. iridescens forests, comprising 68.87% and 65.18%, respectively, while
Ascomycota comprised 24.31% and 28.43%, respectively. The opposite was true in the
P. glauca forest. Ascomycota was the dominant phylum that comprised 64.72%, while
Basidiomycota comprised 22.47% (Figure 5A). The abundance of endophytic fungi in the
B. striata roots also clearly changed under different densities. The abundance of Basidiomy-
cota increased with the decrease in density of P. edulis forests, comprising 28.95% in the
high-density group and 96.74% in the low-density group. The opposite was true in the
P. iridescens forest. The abundance of Basidiomycota decreased with the decrease in bamboo
density, comprising 78.18% in the high-density group and 48.96% in the low-density group.
The overall abundance of Basidiomycota was low in the P. glauca forest, and the variation
in the abundance was small among the three density groups. In addition, the abundance
of Ascomycota at different densities changed in response to changes in Basidiomycota
(Figure 5C).

At the genus level, Serendipita was the dominant genus of endophytic fungi in B. striata
in the P. edulis and P. iridescens forests, comprising 57.30% and 41.46%, respectively. The
community composition of endophytic fungi in B. striata in the P. glauca forest tended to
be complex. The proportion of Dactylonectria increased to 26.70%, while that of Serendipita
was only 11.38% (Figure 5B). The dominant genera of endophytic fungi in B. striata in the
P. edulis and P. iridescens forests varied substantially under different densities of bamboo
forests. The abundance of Serendipita increased as the density in P. edulis forest decreased,
comprising 7.48% in the high-density group and 93.91% in the low-density group. The
opposite was true in the P. iridescens forest. The abundance of Serendipita decreased with
decreasing density, comprising 67.30% in the high-density group and 9.71% in the low-
density group. Dactylonectria was the dominant species in the P. glauca forest, comprising
the highest proportion (47.92%) in the medium-density group. The abundance of Serendipita
changed similarly in the P. edulis forest, comprising 5.40% in high-density and 18.69% in
low-density conditions (Figure 5D).
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3.5. LefSe Difference Analysis of Endophytic Fungi Community in the B. striata Roots

A linear discriminant analysis effect size (LefSe) was used to study the groups with sig-
nificant effects on the diversity of abundance under different bamboo forests and densities.
As shown in Figure 6, the endophytic fungi in the B. striata roots of three bamboo forests dif-
fered significantly. There were 11 different indicator species in the P. edulis forest, including
Basidiomycota and Chytridiomycota. The rest included g_Serendipita (f_Serendipitaceae,
o_Sebacinales order to genus), c_Agaricomycetes, g_Metschnikowia (f_Metschnikowiacea,
o_Saccharomycetales, c_Saccharomycetes class to genus) and f_Dipodascaceae (o_Saccharo
mycetales, c_Saccharomycetes class to family). There were nine different indicator species in
the P. iridescens forest, including g_Cutaneotrichosporon, g_Candida (f_Saccharomycetales_fam
_Incertae_sedis family to genus), g_Acremonium, g_Penicillium, g_Cyberlindnera (f_Phaffomy
cetaceae family to genus), g_Chaetomium and g_Trichosporon. There were three differ-
ent indicator species in the P. glauca forest, including o_Hypocreales (c_Sordariomycetes,
p_Ascomycota phylum to order) (Figure 6A).
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Figure 6. LefSe discriminant diagram of the endophytic fungi communities of Bletilla striata under
different bamboo forest types and densities: (A) three bamboo forest models; (B) Phyllostachys edulis
model; (C) P. iridescens model; (D) P. glauca model. Different color nodes indicate the groups that are
enriched in the corresponding groups and have a significant influence on the differences between
groups. The yellow nodes represent the microbial groups with no significant difference among the
different groups, and the node diameter represents the species abundance: EM, EH, ED, P. edulis,
P. iridescens, P. glauca, respectively; EMG, EMZ, EMD, P. edulis at high-, medium- and low-density,
respectively; EHG, EHZ, EHD, P. iridescens at high-, medium- and low-density, respectively; EDG,
EDZ, EDD, P. glauca at high-, medium- and low-density, respectively; LEfSe, linear discriminant
analysis effect size.
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Under the three densities, the different species in the high-density of the P. edulis
forest were f_Sympoventuriaceae (o_Venturiales order to family), o_Cantharellales and
c_Microbotryomycetes (Figure 6B). F_Didymellaceae and o_Venturiale were two distinct
species in the medium-density forest of P. iridescens, F_Cucurbitariaceae (o_Pleosporales
order) was found in the low-density forest (Figure 6C). There were no different species in
the three densities of P. glauca (Figure 6D).

3.6. Correlation Analysis of Environmental Factors and the Endophytic Fungi Community in
B. striata Roots

Collinearity analysis was performed on 18 environmental factors, including the pH,
EC, OM, TN, AN, NN, TP, AP, TK, AK, MBC, MC, SBD, SOC, C:N, C:P, N:P and LI, and
5 soil indices, including TN, NN, TP, SOC and C:P. Indices that had variance influence factor
(VIF) values > 10 were removed, and then the redundancy analysis (RDA) was started.
The results showed that environmental factors explained the changes in endophytic fungi
community in 71.87% of B. striata at the phylum level, with TK, AP, LI, SBD, pH and MC
positively correlated with Basidiomycota and negatively correlated with Ascomycota. C:N,
EC, OM, N:P, AK, AN and MBC positively correlated with Ascomycota and negatively
correlated with Basidiomycota (Figure 7A). The SBD (p = 0.001, R2 = 0.57) and LI (p = 0.002,
R2 = 0.33) had significant effects on the community composition of endophytic fungi in
B. striata. N:P (p = 0.05, R2 = 0.24), MBC (p = 0.08, R2 = 0.19) and OM (p = 0.07, R2 = 0.22)
also had some influence on the community composition of endophytic fungi in B. striata
(Table 2).
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Table 2. Correlation data table of RDA analysis between environmental factors and endophytic fungi
of Bletilla striata roots.

AN AP TK AK OM Ph EC MBC MC SBD C:N N:P LI

Endophytic
fungi

p 0.13 0.18 0.96 0.48 0.07 0.17 0.19 0.08 0.25 0.00 0.12 0.05 0.02
R2 0.17 0.14 0.00 0.06 0.22 0.14 0.14 0.19 0.12 0.57 0.17 0.24 0.33

p < 0.05 represents a significant influence; R2, higher values indicate a closer association.

The effects of different environmental factors on the endophytic fungal community of
B. striata roots could be observed from the heatmap. In the P. iridescens and P. edulis forests,
Serendipita significantly positively correlated with the SBD and LI and negatively correlated
with N:P. The dominant genus Dactylonectria significantly negatively correlated with LI in
the P. glauca forest (Figure 7B).
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3.7. FUNGuild Function Prediction Analysis of the Endophytic Fungi in B. striata Roots

Based on the FUNGuild function prediction, endophytic fungi in the roots of B. striata
were divided into nine categories, including Undefined, Pathogen–Saprotroph–Symbiotroph,
Pathotroph, Pathotroph–Saprotroph, Pathotroph–Saprotroph–Symbiotroph, Pathotroph–
Symbiotroph, Saprotroph, Saprotroph–Symbiotroph and Symbiotroph. Symbiotrophs
comprised 59% of the B. striata roots in P. edulis, 43% in P. iridescens, and 12% in P. glauca.
Correspondingly, the proportion of saprotrophic fungi in the P. glauca forest increased
significantly, comprising 42%, followed by the P. iridescens forest (24%), and the P. edulis
forest (23%) (Figure 8A).
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Figure 8. FUNGuild function prediction of the endophytic fungi of Bletilla striata in different grouping
models: (A) three bamboo forest models; (B) Phyllostachys edulis model; (C) P. iridescens model;
(D) P. glauca model. M, H, D, P. edulis, P. iridescens, P. glauca, respectively; MG, MZ, MD, P. edulis
at high-, medium- and low-density, respectively; HG, HZ, HD, P. iridescens at high-, medium- and
low-density, respectively; DG, DZ, DD, P. glauca at high-, medium- and low-density, respectively.

In addition, the density of bamboo forest had a significant effect on the nutrient type of
endophytic fungi in the B. striata roots. In the P. edulis forest, saprotrophs (47%) comprised
the highest proportion in the high-density group, while symbiotrophs comprised only 10%.
However, symbiotrophs comprised 72% and 94% in the medium- and high-density groups,
respectively, which were absolutely dominant (Figure 8B). Saprotrophs and pathotrophs
were the primary nutrient types in the P. glauca forest. Saprotrophs comprised 70% of the
medium-density group, and Pathotroph–Saprotroph–Symbiotroph comprised 43% of the
high-density group (Figure 8D). In the P. iridescens forest, symbiotrophs and saprotrophs
were the primary types of nutrient consumers, but their changing trends differ from those
of the other two bamboo forests. The symbiotrophic fungi were 67% at high-density and
10% at low-density. Saprotrophs comprised 24–25% at all three densities (Figure 8C).
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4. Discussion
4.1. Effects of Different Bamboo Forest Types and Densities on the Growth of B. striata

In this study, bamboo forest type and stand density had significant influences on the
growth of B. striata. The growth of the aboveground and belowground parts of B. striata
in the P. edulis stand was clearly superior among the three bamboo stands, and the dry
matter accumulation of roots, tubers, stems and leaves was significantly higher (p < 0.05),
indicating that the environment under P. edulis forest is the most suitable for the growth of
B. striata. The plant height and leaf lengths of B. striata in the P. iridescens forest have some
advantages, and the dry weight ratio of the aboveground and belowground biomass was
significantly higher than that of the other bamboo forests, indicating that the growth of
B. striata in the P. iridescens forest is more focused on the aboveground than the belowground
parts, which is similar to the results of a study that found that the biomass distribution of
plants under low light conditions is more directed to the aboveground part [33,34]. The
soil nutrient indices, such as N, K, OM and MBC, were all superior in the P. glauca forest,
but the growth of B. striata was significantly inhibited compared with the other bamboo
forests. This could be owing to the extreme forest canopy density and the complexity of
the root microbial composition in B. striata. Saprophytic and pathogenic fungi, such as
Dactylonectria, increased. In addition, the leaf width of B. striata in the P. iridescens and
P. glauca forests decreased significantly, because under high canopy density, the plants
would sacrifice part of their photosynthetic processes to form narrower, thinner or heavier
leaves, thus, increasing the density of leaf tissue [35]. Observing the growth of B. striata
under different densities of the same bamboo forest enabled the observation that the lower
density of bamboo forest has clear advantages to the growth of B. striata. Studies have
shown that B. striata can grow normally under a canopy density of 0.2~0.9, but the optimal
shade is 45~55% [36,37]. Bamboo forests usually have a high canopy density. In this study,
the average LI in the P. edulis forest decreased by 76.53% compared with the LI outside of
the company, and the LI in the low-density group decreased the least (52.72%). Therefore,
low-density P. edulis forests affect the growth of B. striata by best meeting its demand
for light.

4.2. Effects of Different Bamboo Forest Types and Densities on the Endophytic Fungal Community
in B. striata Roots

Plant growth is closely related to the colonization of fungi, and the colonization of
endophytic fungi in plant roots is also affected by its environment. This study found
that the change in bamboo species and density affected the abundance and diversity of
endophytic fungi in the B. striata roots. In comparison, the abundance and diversity of
endophytic fungi in the B. striata roots were the highest in P. iridescens forests, indicating that
the environment under the P. iridescens forest may be favorable to the growth of endophytic
fungi in the roots of B. striata. However, the effect on B. striata is double-sided, which could
be caused by the decrease in mycorrhizal fungi and the increase in pathogenic fungi [38].
This is consistent with the results of FUNGuild functional prediction analysis in this study.

In this study, Basidiomycota and Ascomycota were the dominant fungi in the roots
of B. striata, and the composition of their abundance changed significantly under differ-
ent bamboo forest types and densities, indicating that the external environment would
significantly affect the endophytic fungal community composition of B. striata, which was
similar to the results of previous studies [39,40]. Simultaneously, these changes had a
clear correlation with the nutrient types of endophytic fungi in B. striata roots. There were
45 genera of endophytic fungi with relative abundance greater than 1% in the Bletilla striata
roots, including nine nutrient types. Symbiotrophic, saprotrophic and pathotrophic fungi
differed in their abundance in the three bamboo forests. This difference effectively reflected
the different selection of endophytic fungi in the B. striata roots when grown under differ-
ent bamboo forests. In addition, 10 genera of Orchidaceae mycorrhizal fungi have been
reported in three bamboo forests, including Serendipita, Fusarium, Pyrenochaeta, Aspergillus,
Ceratobasidium, Neocosmospora, Russula, Trichoderma, Thanatephorus, and Chaetomium [41,42].
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The LEfSe method was used to analyze the different indicator species of the com-
position of the endophytic fungi community in the B. striata roots in different groups,
which could reflect the selection results of endophytic fungi in bamboo forests to some
extent. Symbiotic fungi were the primary endophytic fungi in B. striata in the P. edulis
forests. Serendipita ranked the first, and it is a mycorrhizal fungus of the orchid family.
Pathogenic and saprophytic fungi increased in the P. iridescens forest, but there were still
symbiotic fungi and orchid mycorrhizal fungi such as Penicillium and Chaetomium. The
proportion of saprophytic fungi increased substantially in the P. glauca forest, and almost
no symbiotic fungi were found. Thus, the P. edulis forest was the most suitable environment
for the growth of symbiotic fungi in B. striata. In addition, there were more saprophytic
and pathogenic differential species in groups in bamboo forests with higher densities.
The results showed that the low-density environment was suitable for symbiotic fungal
colonization, and thus, the growth of B. striata under the bamboo forest was affected.

4.3. Potential Effects of Serendipita on the Growth of B. striata

Serendipita was the most abundant endophytic fungus in the B. striata roots in the
bamboo forest. It is a member of the Serendipitaceae family in Basidiomycota, is widely
distributed in nature and can form highly diversified root symbionts with many plants.
Studies have shown that the root system of host plants was often significantly increased
by artificial inoculation [43,44], which was consistent with the results of this study that
Serendipita was the most abundant in P. edulis forests where the root length, root width
and root numbers of B. striata were significantly the highest. This result was the most
pronounced in P. edulis low-density forests. In addition, the abundance of Serendipita
positively correlated with most of the growth indices of B. striata. This is probably because
the Serendipitaceae have distinctive molecular mechanisms of action on host plants. It can
promote plant growth and enhance plant resistance to abiotic and pathogen stresses [45].

The abundance of Serendipita displayed obvious gradient changes in different bamboo
forest groups, suggesting that the bamboo forest environment could significantly change the
abundance of Serendipita. A correlation analysis showed that the abundance of Serendipita
on B. striata grown under bamboo was significantly affected by the SBD, LI and N:P,
which was consistent with previous studies on the correlation between the abundance of
Sebacinales fungi and elements such as N and pH. Simultaneously, Sebacinales mycorrhizae
often exist in barren soils, such as those in southwestern Australia, or in plants that thrive
in severe soils and exhibit some drought resistance [43]. Therefore, Serendipita can be
used to inoculate orchids in unfavorable soils to produce green applications to improve
the competitiveness and stress resistance of plants, expand the planting range of plants,
and provide more effective guidance for the introduction, cultivation, production and
sustainable development of orchids.

5. Conclusions

The growth and development of B. striata were significantly affected by the types and
densities of bamboo forests. The environment in the Phyllostachys edulis forest was the most
favorable for the whole growth of B. striata and the best under low density, and the primary
growth of B. striata in the P. iridescens forest was in the aboveground parts. The community
composition and diversity of endophytic fungi in the B. striata roots differed under different
bamboo forest types and densities. Basidiomycota was the main endophytic fungi in the
P. edulis and P. iridescens forests, and symbiotrophic fungi were the most dominant type
based on the analysis of nutrient usage. Ascomycota was the dominant phylum in the
P. glauca forest, and saprotrophic fungi were the main nutrient types. The soil bulk density
and light intensity were the primary factors that affected the abundance of these two phyla.
The dominant species of endophytic fungi in the B. striata roots also differed in different
types of bamboo forests. Serendipita was the dominant genus in the P. edulis and P. iridescens
forests, and Dactylonectria was the dominant species in the P. glauca forest. The abundances
of Basidiomycota and Serendipita increased with the increase in bamboo density in the
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P. edulis forest but showed an opposite trend in P. iridescens forests. In this study, Serendipita
was the primary mycorrhizal fungi of B. striata in three bamboo forests, and most growth
indices positively correlated with Serendipita, which was greatly affected by the density
of bamboo. Therefore, in the application and production of afforestation, we can select
suitable strains based on site conditions and prepare fungal agents to inoculate plants to
improve their adaptability and stress resistance. This study provides new ideas to deepen
the study of plant configuration under bamboo forests and the application of growing
orchids under these forests.
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Abstract: Dioscorea is a pantropical monocotyledonous genus encompassing several well-known
tuber crops and medicinal plants. It possesses remarkable morphological diversity, especially in
reproductive characteristics, which are suggested to play important roles in species adaptation and
diversification. Yet there have been few studies that consider the evolutionary pattern followed by
these characters in this genus. In this study, the phylogenetic relationships among Chinese yams
were reconstructed from five chloroplast and two mitochondrial DNA sequences. The evolutionary
histories of bulbil possession, inflorescence architecture, the color of the male flowers and the degree
of male flower opening were reconstructed. The results suggested that yam bulbils evolved after the
divergence between D. sect. Testudinaria and other species of Dioscorea except for in D. sect. Stenophora
and D. sect. Apodostemon. The evolutionary trend in the degree of male flower opening ranged from
fully open to nearly closed. Male flowers with dark colors and panicles were shown to be derived in
Dioscorea. These characteristics were found to be closely associated with the reproductive patterns
and pollinating mechanisms of the Dioscorea species. The findings also shed light on the systematic
relationships within this genus.

Keywords: phylogeny; character evolution; bulbil; inflorescence architecture; floral color; perianth
opening degree

1. Introduction

Dioscorea L. is the largest genus of the Dioscoreaceae, comprising about 630 species [1],
mainly distributed in tropical and subtropical areas, sometimes expanding to temperate
regions [2]. Species of this genus are mostly dioecious vines with underground storage
organs [3]. The edible starchy tuber makes it the third most important tropical tuberous
crop globally [4], and the metabolite-rich rhizomes of some species are used as a source
of pharmaceutical compounds [5]. Apart from its economic importance, Dioscorea
is one of the most critical taxa in monocot systematics since it is laid near the basal
position in the phylogenetic tree of monocotyledonous plants and has a number of
similarities with dicots [6,7]. However, there are challenges in the taxonomic and
systematic investigation of Dioscorea due to its great morphological diversity, dioecy
and small flowers [2,8]. There are about 1600 taxonomic names attributed to Dioscorea,
but most of them are considered synonyms [1], indicating the controversy on the
circumscription of species boundaries. Moreover, the classification system of Dioscorea
differs greatly among authors, and many of the proposed infrageneric taxa do not quite
represent natural lineages [2]. Based on morphological and anatomic characteristics,
Dioscorea species have been assigned to between 24 and 58 sections in traditional
taxonomic studies [3,9–11]. Recent phylogenetic analyses based on molecular data sets,
including cpDNA regions and nuclear genes, have led to the recognition of 10–11 main
clades in this genus [2,12–15]. The results greatly simplified previous classification
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systems and gave rise to a fundamental phylogenetic framework for understanding
the infrageneric relationships and evolutionary history of Dioscorea. Despite extensive
study of phylogeny and biogeography, research focusing on character evolution and
its relation to species diversification and ecological success are extremely limited.

During angiosperm evolution, advances in vegetative and reproductive organs
generated remarkable morphological diversity and were pivotal to niche adaptation
and speciation [16]. Recent phylogenetic research has indicated some lineages of
Dioscorea, such as the Madagascar group and D. sect. Enantiophyllum, have very short
phylogenetic branches, resulting from radiation events [2,12,13,17]. It has been pro-
posed that fast evolution over a short period may reflect responses to tremendous
climate change or the rise of innovative characters [18]. Dioscorea species exhibit ex-
treme morphological variations; for example, underground storage organs include
branching rhizomes, perennial or annual tubers, cylindrical or globose tubers, right
or left stem twining and seed wings extending from the apex, the base or around
the whole seed. Previous studies revealed the distribution patterns of some of these
traits, including tuber morphology, stem twining direction, seed wing shape [2], stem
anatomy [8], leaf venation [19], pollen characters and chromosome numbers [15]. How-
ever, these studies mainly focused on identifying synapomorphies for infrageneric
lineages rather than elucidating the evolutionary history of traits and their links with
the wide range of environmental conditions in which the plants lived.

Burkill [11] suggested that adaptation to limiting rainfall was the most important factor
underpinning species diversification in Dioscorea. The restricted distribution and fewer
species in D. sect. Stenophora, compared with great diversity and pantropical distribution
of other clades of Dioscorea, led Wilkin et al. [2] to propose that tubers play an important
role in the origins of diversity in this genus. Investigations focusing on African Dioscorea
species showed that the shift from forest to open grassland was associated with changes
in tuber size and orientation that protect the plants from fires. Their stem habit shifted
from twining to erect due to the lack of supporting vegetation, and seed wing morphology
adapted to release at low height, requiring higher wind speeds for efficient dispersal [20].
In addition, changes in flower and fruit morphology were suggested to play key roles in the
exposure to radiation of the Madagascan clade [2]. These morphological traits can greatly
influence the pollination process and seed dispersal, further altering the fitness of different
species in given conditions. However, the evolutionary pattern of reproductive characters
in Dioscorea, especially floral traits, remain poorly understood.

The Himalayan-Hengduan Mountains are purported to be the center of origin
and diversification for the yam genus, with a large proportion of endemic species [21].
There are 52 species, 1 subspecies and 9 varieties of Dioscorea in China, which show
enormous variability in traits related to sexual and vegetative reproduction [22]. For
instance, some species produce bulbils at the leaf axils, while others do not; the inflo-
rescence may be spikes, racemes or panicles; the color of male flowers varies between
white, yellow, green to orange, purple and so on; and the perianths of male flowers
are completely open, half-closed or fully closed during blooming in different species
(shown in Figure 1). These features are widely used to divide plants into infrageneric
groups and define species. This group of Dioscorea species is, therefore, an excellent
candidate for exploring character evolution and implications for species diversifi-
cation and ecological adaptation. In this study, we reconstructed the phylogenetic
relationships between 48 Dioscorea species using 5 chloroplast and 2 mitochondrial
DNA markers. Based on the phylogenetic framework produced, we explored the evo-
lutionary patterns of four reproductive characters to clarify the driving force for the
diversification and adaptive evolution of this important angiosperm lineage.
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Figure 1. Characters related to reproduction showing morphological diversity of Dioscorea. (A–D) 

Bulbils. (E–H) Floral color. (I–K) Perianth opening degree. (L–O) Inflorescence architecture. (A) D. 

kamoonensis. (B) D. melanophyma. (C,N) D. delavayi. (D,K) D. polystachya. (E,O) D. futschauensis. (F) D. 

zingiberensis. (G) D. yunnanensis. (H) D. subcalva. (I) D. tokoro. (J) D. bulbifera. (L) D.exalata. (M) D. 

panthaica. 
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A total of 48 Dioscorea taxa were sampled in this study, covering all sections distrib-

uted in China, except the monotypic section D. sect. Stenocorea. The samples consisted of 

43 species, 1 subspecies and 4 varieties. Among them, 47 taxa were collected in the field 

and the vouchers were deposited in the Herbarium of the Institute of Botany, Jiangsu 

Province and the Chinese Academy of Sciences, China (NAS). The sequences of the re-

maining species, D. wallichii J. D. Hooker, were downloaded from GenBank. We selected 

Tacca chantrieri Andre (Dioscoreaceae), a representative of the genus closely related to Di-

oscorea according to the recently built phylogeny of the Dioscoreaceae [14], as the out-

group in our analyses. The geographical origin, voucher specimen information and Gen-

Bank accession numbers of all samples are listed in Table 1.

Figure 1. Characters related to reproduction showing morphological diversity of Dioscorea.
(A–D) Bulbils. (E–H) Floral color. (I–K) Perianth opening degree. (L–O) Inflorescence architecture.
(A) D. kamoonensis. (B) D. melanophyma. (C,N) D. delavayi. (D,K) D. polystachya. (E,O) D. futschauensis.
(F) D. zingiberensis. (G) D. yunnanensis. (H) D. subcalva. (I) D. tokoro. (J) D. bulbifera. (L) D.exalata.
(M) D. panthaica.

2. Materials and Methods
2.1. Sampling

A total of 48 Dioscorea taxa were sampled in this study, covering all sections distributed
in China, except the monotypic section D. sect. Stenocorea. The samples consisted of
43 species, 1 subspecies and 4 varieties. Among them, 47 taxa were collected in the field and
the vouchers were deposited in the Herbarium of the Institute of Botany, Jiangsu Province
and the Chinese Academy of Sciences, China (NAS). The sequences of the remaining
species, D. wallichii J. D. Hooker, were downloaded from GenBank. We selected Tacca
chantrieri Andre (Dioscoreaceae), a representative of the genus closely related to Dioscorea
according to the recently built phylogeny of the Dioscoreaceae [14], as the outgroup in our
analyses. The geographical origin, voucher specimen information and GenBank accession
numbers of all samples are listed in Table 1.
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2.2. DNA Extraction, Amplification and Sequencing

The total genomic DNA was extracted from fresh or silica-gel dried leaves fol-
lowing a modified CTAB method [23] and stored at −20 ◦C before amplification. Five
chloroplast markers, matK, rbcL, trnL-F, psbA-trnH and rpl36-rps8, plus two mito-
chondrial markers, nad1 and rps3, were chosen, taking evolutionary rate and ease
of sequencing into account. The primers used for matK and rbcL amplification fol-
lowed Gao et al.’s recommendations [24]. The amplification of trnL-F used primers
described by Taberlet et al. [25]. The primers for psbA-trnH and rpl36-rps8 were newly
designed based on homologous sequences of D. elephantipes (L’Hér.) Engl. on Gen-
Bank. The primers for the nad1 gene were designed based on the sequence of Oryza
sativa Linn. The rps3 gene was amplified according to Laroche and Bousquet [26].
The sequences of all primers used in this study are detailed in Table 2.

Table 2. Markers and primers used in this study.

Marker Primer Name Direction Primer Sequence (5′ to 3′)

matK
matK MF forward ATT TGC GAT CTA TTC ATT CAA T
matK MR reverse TGA GAT TCC GCA GGT CAT T

rbcL
rbcL m3 forward TAT CTT AGC GCC ATT CCG AGT A
rbcL m4 reverse CGC GGA TAA TTT CAT TAC CTT C

trnL-F
trnL-F c forward CGA AAT CGG TAG ACG CTA CG
trnL-F f reverse ATT TGA ACT GGT GAC ACG AG

psbA- trnH psbA F1 forward AAT GCT CAC AAC TTY CCT CTA
trnH R1 reverse CCA CTG CCT TGA TCC ACT TG

rpl36- rps8 rpl36 F1 forward TTA CCC YTG TCT YTG TTT ATG
rps8 R1 reverse CTA CGA GAR GGT TTT ATT GAA

nad1
nad1 F1 forward CCT TGT GAG CAC GTT TGG AT
nad1 R1 reverse GAC AAT CTC ACT CGA ATT ACA G

rps3 rps3 F1 forward GTT CGA TAC GTC CAC CTA C
rps3 R1 reverse GTA CGT TTC GGA TAT RGC AC

The PCR reaction mixture contained 40 ng of genomic DNA template, 2.5 mmol/L
MgCl2, 1 ×Mg-free DNA polymerase buffer, 0.12 mmol/L dNTPs, 0.3 mmol/L of each
primer, 1 U Taq DNA polymerase and water added accordingly to a final volume of
50 µL. The PCR program for matK, rbcL, trnL-F, nad1 and rps3 was as follows: a 3 min
premelt at 94 ◦C, followed by 35 cycles of 45 s denaturation at 94 ◦C, 30 s annealing at
58 ◦C and a 1.5 min extension at 72 ◦C, plus a final extension of 5 min at 72 ◦C. For
psbA-trnH and rpl36-rps8, the PCR reaction included an initial denaturation at 94 ◦C for
3 min, followed by 35 cycles of denaturation at 94 ◦C for 30 s, annealing at 54 ◦C for 30 s,
extension at 72 ◦C for 80 s and a final extension at 72 ◦C for 5 min. The PCR products
were examined electrophoretically using 0.8–1.2% agarose gels and purified using a TIAN
gel Midi Purification Kit (TIANGEN Biotech, Beijing, China). The purified products were
sequenced using the same primer pairs with PCR. All of the sequences obtained were
subjected to a BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 15 April 2020))
search to detect contamination and nonspecific amplification. After confirmation, the newly
generated sequences were submitted to GenBank.

2.3. Phylogenetic Analyses

The assembled sequences were aligned using MAFFT v.7 [27] with default settings
and then adjusted manually for accuracy in Geneious R9 9.1.8 (https://www.geneious.com
(accessed on 4 July 2020)). Character gaps were treated as missing data. Phylogenetic
relationships were reconstructed using maximum likelihood (ML), maximum parsimony
(MP) and Bayesian inference (BI) approaches. ML analysis was firstly performed to build a
single-gene tree in online CIPRES Science Gateway v.3.3 (http://www.phylo.org/ (accessed
on 18 Octobor 2020)) [28], using RAxML-HPC v8.2.10 [29,30] under the GTR + G DNA
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substitution model [31]. One hundred rapid bootstrap replicates were generated for each
single gene matrix [32]. Since there was no strong conflict among individual markers, we
conducted further ML analysis using a concatenated matrix of all seven loci under the
GTR + G model as recommended by jModelTest v2.1 [33]. Bootstrap analyses were used
to evaluate the support for each clade with 1000 bootstrap replicates. MP analysis was
conducted in PAUP* version 4.0b10 [34]. All characters were equally weighted. Trees were
inferred using the heuristic search option with tree bisection probabilities (TBR) swapping
and 1000 replicates of random addition. Ten trees were held in each step during stepwise
addition. The maximum number of trees was set to 10,000, and all parsimonious trees
were saved. The tree length (TL), consistency index (CI), retention index (RI) and rescaled
consistency index (RC) were calculated for each maximum parsimony tree. The bootstrap
results were summarized in a 50% majority-rule consensus cladogram. BI analysis was
implemented using MrBayes version 3.2.6. [35]. A Markov Chain Monte Carlo (MCMC)
analysis was run with two independent chains with a random starting tree for 100 million
generations, sampling one tree every 1000 generations. The first 25% generations were
discarded as burn-in, and the remaining trees were used to construct a consensus tree with
a 50% majority rule and obtain the posterior probabilities.

2.4. Character Coding and Ancestral State Reconstruction

Four characters closely related to vegetative or sexual reproduction were selected for
ancestral character state reconstruction, namely bulbil formation, inflorescence structure,
floral color and opening degree of the perianth. Morphological data were obtained from
direct observations and the literature. The evolutionary history of each of the four characters
was traced over the Bayesian 50% majority-rule tree using MP approaches available in
Mesquite 3.5.1 [36]. The character states were treated as unordered and equally weighted.
Morphological characters and their states were coded as follows: a. bulbil absence (0),
presence (1); b. inflorescence umbel (0), spike (1), raceme (2) or panicle (3); c. floral color
dark (e.g., violet, purplish red, orange) (0) or light (e.g., white, pale yellow, green) (1); d.
perianth opening degree open (0), half-closed (1) or closed (2). For species in which the
floral color changed during blooming, we used the color at the mature stage as the character
state. The resulting codes for the sampled species are summarized in Table 3.

Table 3. Data matrix of morphological characters used in this study.

Species
Character

a b c d

Dioscorea sect. Stenophora D. nipponica 0 1 1 0
D. nipponica subsp. rosthornii 0 2 1 0
D. althaeoides 0 3 1 0
D. tokoro 0 3 1 0
D. zingiberensis 0 1 0 0
D. sinoparviflora 0 1 0 0
D. deltoidea 0 1 1 0
D. panthaica 0 3 1 0
D. biformifolia 0 3 1 0
D. gracillima 0 1 1 0
D. collettii 0 1 1 0
D. collettii var. hypoglauca 0 1 1 0
D. futschauensis 0 3 0 0
D. spongiosa 0 3 1 0
D. banzhuana 0 3 1 0
D. simulans 0 2 0 0
D. caucasica 0 1 1 0
D. villosa 0 1 1 1
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Table 3. Cont.

Species
Character

a b c d

D. sect. Combilium D. esculenta 0 1 1 0
D. esculenta var. spinosa 0 1 1 0

D. sect. Shannicorea D. tentaculigera 1 1 1 0
D. yunnanensis 0 1 1 0
D. subcalva 0 1 1 0
D. subcalva var. submollis 0 1 1 0
D. nitens 0 1 1 0

D. sect. Opsophyton D. bulbifera 1 1 0 1
D. sect. Botryosicyos D. melanophyma 1 2 1 2

D. kamoonensis 1 2 1 2
D. delavayi 1 2 1 2
D. menglaensis 1 3 1 2
D. pentaphylla 1 3 1 1
D. esquirolii 1 2 1 1

D. sect. Lasiophyton D. hispida 0 3 1 2
D. sect. Enantiophyllum D. aspersa 0 1 1 2

D. polystachya 1 1 1 2
D. japonica 1 1 1 2
D. cirrhosa 1 1 1 2
D. cirrhosa var. cylindrica 1 3 1 2
D. wallichii 0 3 1 2
D. glabra 1 3 1 2
D. fordii 1 3 1 2
D. persimilis 1 3 1 2
D. exalata 1 3 1 2
D. alata 1 3 1 2
D. decipiens 1 3 1 2

D. sect. Apodostemon D. composita 0 1 1 1
D. sect. Macroura D. sansibarensis 1 1 1 2
D. sect. Testudinaria D. elephantipes 0 2 0 0
outgroup Tacca chantieri 0 0 0 0

3. Results
3.1. Phylogenetic Analyses

According to our analyses, the chloroplast segment trnL-F exhibited the highest variability
among the seven molecular markers, followed by matK and nad1 (see Table 4). The final
concatenated matrix of all seven markers consisted of 7218 base pairs containing 1157 variable
sites and 614 parsimony-informative sites. The molecular reconstruction based on the combined
matrix gave rise to a highly resolved phylogenetic tree with moderate to strong support. There
was no significant incongruence in topology or support values among trees generated from
different methods. Thus, only the ML tree is presented in Figure 2.

Table 4. Informative parameters for the seven molecular markers.

DNA Region Aligned
Length (bp)

Variable Site
(bp/%)

Informative Site
(bp/%) Tree Length CI RI

matK 1032 237/23.0 163/15.8 317 0.852 0.959
rbcL 1142 134/11.7 84/7.4 220 0.664 0.867

trnL-F 939 280/29.8 80/8.5 385 0.816 0.905
psbA-trnH 344 113/32.8 82/23.8 160 0.850 0.955
rpl36-rps8 857 111/13.0 64/7.5 142 0.817 0.949

nad1 1478 207/14.0 125/8.5 246 0.902 0.949
rps3 1426 75/5.3 19/1.3 89 0.876 0.929

7 DNA 7218 1157/16.0 617/8.5 1640 0.782 0.913
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Figure 2. The maximum likelihood tree using the combined data from chloroplast matK, rbcL,
trnL-F, psbA-trnH, rpl36-rps8, as well as mitochondria nad1 and rps3. Branches are labeled with
maximum likelihood bootstraps higher than 70%, parsimony bootstrap proportions higher than 50%
and Bayesian posterior probabilities more than 0.95.

All sampled Dioscorea species clustered in a monophyletic group consisting of two
major clades with strong support. In accordance with previous studies, D. sect. Stenophora
was the first diverging clade, sister to the other clade that included all the remaining
species (BS = 100). The species of D. sect. Botryosicyos was grouped into a monophyletic
clade (BS = 100). This clade was further divided into two subclades, one consisting of D.
pentaphylla L., D. esquirolii Prain et Burkill and D. menglaensis H. Li and the other including
D. melanophyma Prain et Burkill, D. kamoonensis Kunth and D. delavayi Franch. The only
species of D. sect. Lasiophyton, D. hispida Dennst, was sister to D. sect. Botryosicyos (BS
= 93). The position of D. tentaculigera Prain et Burkill remained unresolved, while other
species of D. sect. Shannicorea clustered together in a well-supported clade (BS = 100).
The two samples of D. sect. Combilium grouped together, and they were revealed as
sisters to the Shannicorea clade with moderate support (BS = 83). All accessions of D. sect.
Enantiophyllum formed a well-supported monophyletic clade (BS = 100). The species of D.
sect. Opsophyton (D. bulbifera) was positioned as a sister to D. sect. Enantiophyllum with
moderate support (BS = 71).

Some taxonomic treatments at the species level were supported by the phylogenetic
tree. Dioscorea collettii Hook. f. and D. collettii var. hypoglauca (Palibin) C. T. Ting grouped
together, while D. esculenta (Lour.) Burkill and D. esculenta var. spinosa (Roxburgh ex Prain
& Burkill) R. Knuth were resolved as the closest relatives to each other. However, some
varieties or subspecies of one species did not form a monophyletic group. For instance,
D. nipponica Makino and D. nipponica subsp. rosthornii (Prain & Burkill) C. T. Ting, and D.
subcalva Prain et Burkill and D. subcalva var. submollis (R. Knuth) C. T. Ting & P. P. Ling, did
not group together.

3.2. Ancestral Character State Analyses

The ancestral state of four reproductive features of the Dioscorea species was recon-
structed based on MP methods. As for character “a” the absence or presence of bulbils
at the axil), state “0” (absent) was suggested to be the plesiomorphic state for Dioscorea
(Figure 3). No species of the outgroup Tacca and D. sect. Stenophora, the earliest diverging
group in Dioscorea, produces bulbils. The trait distribution in the phylogenetic tree suggests
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that bulbils appeared after the divergence of D. sect. Stenophora, but were subsequently lost
several times independently, in D. sect. Combilium, D. sect. Lasiophyton and several species
in D. sect. Enantiophyllum (D. wallichii Hook. f., D. aspersa Prain et Burkill). Bulbils persisted
in most species in D. sect. Botryosicyos, D. sect. Opsophyton and D. sect. Enantiophyllum.
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Figure 3. Ancestral character state reconstruction for bulbils using the parsimony method.

The ancestral state of the inflorescence architecture was inferred to be a spike (Figure 4).
Racemes and panicles were inferred to be derived states, with the former occurring sporad-
ically in different clades and the latter occurring mainly in D. sect. Botryosicyos and D. sect.
Enantiophyllum. Spike occurred as a homoplasy in D. sect. Shannicorea, while other clades
did not show a consistent type of male inflorescence.

Diversity 2022, 14, x FOR PEER REVIEW 11 of 18 
 

 

 

Figure 4. Ancestral character state reconstruction for the inflorescence architecture using the parsi-

mony method. 

The light color of the male flowers was uncovered as the ancestral state of Dioscorea 

(Figure 5). The dark color evolved independently several times in D. sect. Stenophora and 

D. sect. Opsophyton. Most species with dark colored male flowers occurred in D. sect. Ste-

nophora. There were also some species in D. sect. Shannicorea and D. sect. Enantiophyllum 

that possessed male flowers that were purple in color or had a brown stripe on them. This 

distribution probably reflects multiple convergence events in response to similar pollina-

tion strategies. 

 

Figure 5. Ancestral character state reconstruction for the floral color using the parsimony method. 

The male flowers of Dioscorea ancestors were suggested to open fully, and this state 

was retained in D. sect. Stenophora and D. sect. Shannicorea (Figure 6). The perianth of male 

flowers was closed to some degree in the ancestor of the clade encompassing D. sect. En-

antiophyllum, D. sect. Opsophyton, D. sect. Botryosicyos, D. sect. Lasiophyton and D. sect. 

Figure 4. Ancestral character state reconstruction for the inflorescence architecture using the parsi-
mony method.

296



Diversity 2022, 14, 349

The light color of the male flowers was uncovered as the ancestral state of Dioscorea
(Figure 5). The dark color evolved independently several times in D. sect. Stenophora and
D. sect. Opsophyton. Most species with dark colored male flowers occurred in D. sect.
Stenophora. There were also some species in D. sect. Shannicorea and D. sect. Enantiophyllum
that possessed male flowers that were purple in color or had a brown stripe on them.
This distribution probably reflects multiple convergence events in response to similar
pollination strategies.

Diversity 2022, 14, x FOR PEER REVIEW 11 of 18 
 

 

 

Figure 4. Ancestral character state reconstruction for the inflorescence architecture using the parsi-

mony method. 

The light color of the male flowers was uncovered as the ancestral state of Dioscorea 

(Figure 5). The dark color evolved independently several times in D. sect. Stenophora and 

D. sect. Opsophyton. Most species with dark colored male flowers occurred in D. sect. Ste-

nophora. There were also some species in D. sect. Shannicorea and D. sect. Enantiophyllum 

that possessed male flowers that were purple in color or had a brown stripe on them. This 

distribution probably reflects multiple convergence events in response to similar pollina-

tion strategies. 

 

Figure 5. Ancestral character state reconstruction for the floral color using the parsimony method. 

The male flowers of Dioscorea ancestors were suggested to open fully, and this state 

was retained in D. sect. Stenophora and D. sect. Shannicorea (Figure 6). The perianth of male 

flowers was closed to some degree in the ancestor of the clade encompassing D. sect. En-

antiophyllum, D. sect. Opsophyton, D. sect. Botryosicyos, D. sect. Lasiophyton and D. sect. 

Figure 5. Ancestral character state reconstruction for the floral color using the parsimony method.

The male flowers of Dioscorea ancestors were suggested to open fully, and this state was
retained in D. sect. Stenophora and D. sect. Shannicorea (Figure 6). The perianth of male flowers
was closed to some degree in the ancestor of the clade encompassing D. sect. Enantiophyllum,
D. sect. Opsophyton, D. sect. Botryosicyos, D. sect. Lasiophyton and D. sect. Combilium. Male
flowers of D. sect. Botryosicyos and D. sect. Enantiophyllum were generally closed.
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4. Discussion
4.1. Evolution of Organs for Vegetative Propagation and Diversity in the Reproductive Strategy

Vegetative propagation is a crucial mechanism that ensures plants maintain and spread
their population, allowing plants to survive unfavorable conditions for sexual reproduc-
tion [37]. Dioscorea species possess multiple organs involved in vegetative propagation,
including rhizomes, horizontal or vertical tubers and aerial bulbils, as a result of adaptation
to various environmental conditions. In the early diverged D. sect. Stenophora, the under-
ground parts consisted of perennial branched horizontal rhizomes. Perennial to annual
starchy tubers took the place of rhizomes in subsequently evolved lineages to undertake the
function of asexual reproduction. Rhizomatous species are supposed to be more adaptive
to long growing seasons in shaded habitats [38], whereas tubers can evade destruction by
animals and allow adaptation to warm and humid climates [39]. The possession of tubers
was suggested to play an important role in species diversification of Dioscorea [2]. However,
tubers are mainly storage organs for plants to live through winter and germinate in for the
next growing season; the reproductive efficiency and dispersal ability of tubers are limited.

The emergence of aerial bulbils in some Dioscorea species greatly changed the propa-
gation patterns of these species. The bulbil of Dioscorea is a minor storage organ compared
to the underground tuber, arising from the axils of leaves or inflorescences and varying
in form and size in different species [40]. On the basis of morphological and anatomical
studies, bulbils are interpreted as modified axillary branches and miniature reproductions
of the rhizome [11,41]. Functioning as a means of vegetative propagation, bulbils are
released from the plants after maturation and then dispersed by gravity or by water in
streams, sometimes over long distances, like seeds. Bulbils can easily germinate and grow
independently, giving rise to large numbers of progeny. Because of these advantageous
characteristics, species that produce bulbils are usually more vigorous and more competi-
tive than species that reproduce only by seeds, as observed in Allium (Alliaceae) [42] and
Butomus (Butomaceae) [43].

As mentioned above, the vegetative propagation strategies vary among the different
lineages of Dioscorea, and the production of bulbils is a derived character in most clades
of this genus. This may have greatly influenced the expansion of the Dioscorea species. In
Poa alpina L. (Poaceae), bulbil-producing plants are better adapted to higher elevations
compared with seed-producing plants. Therefore, this species is able to occupy a range
of ecological niches by means of different reproductive modes [44]. Bulbils in Fritillaria
(Liliaceae) are suspected to be an adaptation to underground dispersal [38]. In Dioscorea,
the rhizomatous taxa are mainly distributed in South and East Asia, and many of them
are endemic species only found in restricted areas, while the species that produce bulbils
occupy a wide range of habitats worldwide [2]. D. bulbifera, the only wild species exhibiting
worldwide distribution in Dioscorea, produces huge numbers of bulbils compared to other
species. Bulbils of D. sansibarensis Pax are buoyant and spread through water flow, achieving
wide distribution in African valleys [11]. Here, it is postulated that the production of bulbils
improved the adaptive ability of Dioscorea species and promoted their expansion.

4.2. Evolution of Floral Characters and Their Relation to Sexual Propagation

Flower evolution is strictly linked to pollination strategy [45,46]. Dioscorea is pre-
dominantly dioecious and allogamous; thus sexual propagation in this genus relies on
the outcrossing process. Moreover, the sticky nature of Dioscorea pollen grains prevents
transport by wind, and, consequently, the flowers of Dioscorea species are pollinated mainly
by insects [47]. The diverse flower exhibition characteristics of this genus were most likely
shaped by pollinator-mediated selection.

According to our analyses, spikes are reconstructed as the plesiomorphy of Dioscorea,
while panicles appear mainly in D. sect. Enantiophyllum as a derived inflorescence type.
This contrasts with the opinion presented by Burkill [11], who suggested that spikes and
racemes evolved from panicles. The distribution patterns of inflorescence types among
species do not mirror phylogenetic relationships, with closely related lineages displaying
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different types, except D. sect. Shannicorea. Such a pronounced polymorphism might have
been driven by pollinators. Inflorescence architecture is related to the mode and efficiency
of pollination. For instance, changes in inflorescence architecture were associated with
the transition from biotic (insect) to abiotic (wind) pollination in Schiedea salicaria Hbd.
(Caryophyllaceae) [48], and affected pollinator behavior and mating success in Spiranthes
sinensis (Pers.) Ames (Orchidaceae) [49]. Panicles are made of multiple spikes or racemes
to enlarge the volume of the flower and enhance the attraction of pollinators. They possess
two to three times the number of flowers and amount of pollen as spikes or racemes of the
same length. The function of panicles in insect attraction compared with other types of
inflorescences is worthy of investigation in Dioscorea.

In our results, most species of Dioscorea possess male flowers of light color, and dark
color originated several times independently in different lineages. It is well known that
floral color is among the most important visual signals in pollinator attraction. For example,
hawkmoth and hummingbird pollinators prefer yellow and red morphs of Mimulus auran-
tiacus Curtis, respectively [50]. The reflectance spectrum of the dark perianth generated by
UV-light is recognizable to insects [51]. Dark color and light color perianth could be visually
discriminated by insects and thus will affect the visiting choice of different pollinators [52].
An alternative explanation for floral color polymorphisms among closely related species is
that color divergence evolves in response to interspecific competition for pollinators as a
means to decrease interspecific pollinator movements [53]. Indeed, the color of perianth in
Dioscorea includes white, yellow, green, orange, red and purple, sometimes changing from
one to another during flower development. How these variations of floral colors influence
the category and behavior of the pollinators will be an interesting subject to investigate.

The evolutionary trend of the perianth opening degree in Dioscorea is from wholly
opened to nearly closed. This character may also influence the category of pollinators.
As discovered in the study of Merianieae (Melastomataceae), corollas of most buzz-bee
syndrome species are widely open, forming bowl-shaped flowers, whereas they are
more closed and form urceolate to pseudo-campanulate flowers in vertebrate-pollinated
species [54]. The same was also observed in Erica (Ericaceae) [55] and Ruellia (Acan-
thaceae) [56]. Zhao et al. [57] reported that D. nipponica subsp. rosthornii is pollinated by
halictids. In D. sect. Enantiophyllum species, male panicles were found usually to be made
up of closed flowers that restrict visitations only to small insects. The pollinators of species
such as D. rotundata Poir., D. japonica Thunb. and D. polystachya Turcz. were purported to
be thrips [47,58–60]. Therefore, the evolution of male flower opening degree in Dioscorea
may be a result of pollinator specialization.

Actually, as reported in previous studies, the pollinators of Dioscorea species in-
clude Coleoptera, Diptera, Hymenoptera, Hemiptera, Thripidae, Thysanoptera, Halictus and
Andrena. [47,60]. The diversification of floral morphological characters in this genus is
thought to be promoted by pollination-associated adaptations. Intensive investigation of
the pollination strategies in other lineages is needed to better understand the adaptive
evolution of reproduction in Dioscorea.

4.3. Infrageneric Relationships and Taxonomic States of Several Species

The phylogenetic framework reconstructed in this study was consistent with those
obtained in previous studies [2,12,14,15]. The relationships indicated by molecular infor-
mation were generally consistent with infrageneric division by traditional systematics.

The monophyly of Dioscorea sect. Stenophora has been certified in a number of molecu-
lar studies using various datasets. This is also supported by morphological evidence since
species of D. sect. Stenophora show underground organ type, chromosome number and
pollen type that set them apart from other lineages of Dioscorea. As indicated in this study,
no species of D. sect. Stenophora generated bulbils, and they all had male flowers with fully
open perianths, thus giving further support to the isolated position of this section within
the Dioscorea genus.
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Most species of Dioscorea sect. Lasiophyton have been transferred into D. sect. Botryosi-
cyos [22]. However, there are clear morphological differences between these two taxa.
Species of D. sect. Lasiophyton have compound leaves with three palmate leaflets that are
also palmately veined, and all six stamens of the male flower are fertile; in contrast, in
D. sect. Botryosicyos, leaves usually have more than three leaflets, are pinnately veined,
and have three stamens alternating with three staminodes. In this study, the only Chinese
species of D. sect. Lasiophyton, D. hispida, was resolved as the sister lineage to the Botryosi-
cyos clade, supporting the exclusion of this species from D. sect. Botryosicyos by Ding and
Gilbert [22].

Dioscorea tentaculigera was assigned to D. sect. Shannicorea by Burkill [11]. Its male
flowers are light in color and fully open. However, D. tentaculigera produces bulbils, and
its male flowers are sessile, which is an obvious departure from other species in D. sect.
Shannicorea. The phylogenetic position of D. tentaculigera was not resolved in our analyses,
as has been the case in previous studies (e.g., [2,12–14]). Maurin et al. [20] placed this species
outside of the Enantiophyllum clade based on six cpDNAs; Soto Gomez et al. [61] positioned
it as a sister to the Mediterranean clade based on 260 nuclear genes; and Noda et al. [15]
suggested that it should be treated as a distinct section according to four cpDNAs. More
evidence from molecular and morphological data is needed to draw a conclusion about the
correct classification of this species.

Accessions of Dioscorea sect. Enantiophyllum were found to cluster into a highly
supported monophyletic clade. There are several synapomorphies of this group: (i) stem
twining to the right, (ii) leaves generally opposite, (iii) seeds winged all round, (iv) bulbils
normally present, (v) male inflorescence panicles and (vi) perianth white to yellow and
nearly closed when blooming. The limits of this section were found to be reasonable for a
natural lineage [2,12,14,15,17].

The phylogenetic analyses also shed light on the taxonomy of certain species. Dioscorea
nipponica subsp. rosthornii was separated from D. nipponica subsp. nipponica by a cork
layer of rhizomes and male flowers that were pedicellate [62], as well as a difference in
chromosome number [24,39]. However, they have not been resolved as sister groups in any
molecular phylogenetic trees generated to date [12,14,24]. A similar situation was observed
with D. subcalva var. submolis, which showed differences from D. subcalva var. subcalva that
included sparse leaf blades and longer infructescences. We noticed that these characters
varied in a continuous range between individuals among populations. The relationships
between these two varieties and other species of D. sect. Shannicorea remain unresolved
by molecular analyses [15,17]. Further investigation with sufficient samples may help
us understand the internal relationships within this section and the circumscription of
the species.

5. Conclusions

This study provides the first phylogenetic analyses focusing on the evolution of four
main reproductive traits in Dioscorea. The development of bulbils in late-diverged lineages
of Dioscorea has diversified the mode of vegetative propagation, which is supposed to have
greatly improved reproductive efficiency and heightened plants’ ability to occupy new
habitats. Spikes, male flowers in light color and wholly open perianth are reconstructed
as plesiomorphic in Dioscorea, whereas panicles, dark color flowers and nearly closed
perianth are suggested derived states. The extraordinary variation of floral characters in
this genus appears to be a consequence of adaptive evolution driven by pollinators. A
broader sampling of Dioscorea, especially new-world species, together with their character
information and extensive pollination studies among species with different floral, types are
necessary to achieve a better understanding of the diversification mechanism of this genus.

On the other hand, this work provides a suitable phylogenetic framework for the
revision of infrageneric classification and species delimitation in Dioscorea. Some of the
morphological characters show consistency in a certain clade. Species in D. sect. Stenophora
do not produce bulbils, and their male flowers are always wholly open; D. sect. Shanni-
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corea is characterized by no bulbils, spikes, light color and wholly open flowers; D. sect.
Enantiophyllum is distinguished by producing bulbils, with flowers in light color and nearly
closed. According to our results, bulbils and perianth opening degree are informative
taxonomic features at the section level in Dioscorea. The monophyletic status of several
sections proposed in classical taxonomy, such as D. sect. Stenophora and D. sect. Enan-
tiophyllum, were supported by morphological synapomorphies besides molecular data.
Morphological characters analyzed in the present work can also explain the unexpected po-
sition of D. tentaculigera in phylogenetic trees. In addition, our results suggest the necessity
of reconsideration of some infraspecific taxa as well.
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Abstract: Sect. Drymosphace is one of eight sections of Salvia subg. Glutinaria and includes 13 species
and one dubious species that hold great economic value. Although the section is well supported,
interspecific relationships remain unresolved. Moreover, most of this section’s plastome information
remains unknown. In this study, we sequenced and assembled eight sect. Drymosphace plastomes
and conducted comparative analyses within this section. The length of plastid genome sequences
ranged from 151,330 bp to 151,614 bp, with 80 protein-coding, 30 tRNA, and four rRNA genes being
annotated. The plastomes were found to be as conservative as other Lamiaceae species, showing high
consistency and similarity in terms of gene content, order, and structure. Within the sect. Drymosphace,
single-copy regions were more variable than IR regions, and the intergenic regions were more variable
than the coding regions; nine hypervariable regions were detected, and some of them may be useful
for the phylogenetic analysis of Salvia. The topologies inferred from all of the data sets indicated
that sect. Drymosphace was monophyletic and that S. honania was sister to S. meiliensis. Compared to
previous studies involving more sect. Drymosphace species, phylogenomic analyses can improve the
phylogenetic resolution considerably.

Keywords: Salvia miltiorrhiza; subg. Glutinaria; plastid genome; phylogenomics

1. Introduction

The non-monophyletic nature of traditionally defined Salvia led to the establishment
of a broad definition of Salvia that reduces the five small embedded genera (Rosmarinus,
Perovskia, Dorystaechas, Meriandra and Zhumeria) to subgenera, resulting in a total of 11 sub-
genera being recognized within Salvia [1–3]. Salvia is the largest genus in Lamiaceae and
includes approximately 1000 species. The genus has a subcosmopolitan distribution but is
mainly concentrated in South America, Southwest Asia and the Mediterranean region, and
East Asia [3]. As one of biodiversity centers of Salvia, approximately 100 species have been
recorded in East Asia, 85 of which are native to China [4–11]. Based on recent studies, with
the exception of Salvia grandifolia and S. deserta belonging to subg. Sclarea, the rest of East
Asian Salvia have been placed into the newly established subg. Glutinaria [2,12].

Sect. Drymosphace was first established by George Bentham in 1832–1836 [13] and
was later placed in subg. Salvia in 1876 [14]. Based on stamen morphology, Stibal [15]
transferred sect. Drymosphace to subg. Sclarea. Following Stibal, Wu [16] also classified
sect. Drymosphace into subg. Sclarea and established three series (ser. Miltiorrhizae, ser.
Plectranthoidites, and ser. Honaniae) within this section. According to Wu’s circumscription,
a total of 19 species and three varieties can be recognized in sect. Drymosphace [4,5,9,16],
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and all of these taxa are endemic to China, with the exception of S. nubicola and S. plec-
tranthoides, which extend to some Himalayan countries. Recent phylogenetic studies
have demonstrated that sect. Drymosphace and the three series sensu Wu [16] are not
monophyletic [2,3]. Integrating morphological with molecular phylogenetic evidence, the
redefined sect. Drymosphace was transferred from subg. Sclarea to the newly established
subg. Glutinaria due to its synapomorphy of robust taproots, pinnate leaves, relatively
long corollas (length > 2 cm), and fused deformed posterior thecae [2]. According to the
synapomorphy, five species were removed from the previous sect. Drymosphace sensu Wu
of subg. Glutinaria [16]: S. cavaleriei and S. prionitis were transferred to the newly established
sect. Sobiso, S. petrophila was transferred to sect. Sonchifoliae, S. nubicola was transferred to
sect. Glutinaria, S. trijuga was transferred to sect. Substoloniferae, and S. breviconnectivata
was regarded as a dubious species [2].

Sect. Drymosphace are importance of medical value, with Salvia miltiorrhiza being most
widely used. “Danshen”, a famous traditional Chinese medicine originating from the
dried roots of S. miltiorrhiza, has been extensively applied to treat coronary heart diseases
and cerebrovascular diseases [17]. Due to mass market demand, the wild resource of
S. miltiorrhiza has reduced sharply. However, although sect. Drymosphace is well supported
by molecular and morphological evidence, interspecific relationships remain unresolved.
Moreover, S. miltiorrhiza and its closely related species are morphologically similar, which
makes it difficult to identify authentic products, and an increasing number of substitutes
and adulterants have been found on the market.

Currently, phylogenetic studies based on short DNA fragments have only been able to
determine the phylogenetic backbone of Salvia [2,18–22], and relationships among species
require further focus. The shallow rate of DNA evolution is one of the main obstacles to
determining the relationships between low-level taxa. Due to there being a limited amount
of information, the resolutions of phylogenetic trees that has been inferred from chloroplast
gene fragments are often low [2,23]. With the birth of next-generation sequencing (NGS)
technology, genomics has entered an era of low-cost, large-scale, and high-throughput
sequencing, and an increasing number of genomic data are being used for phylogenetic
analysis. As one of the three major genomes of green plants, the genomic structure and gene
content of chloroplasts is relatively conservative and easy to sequence. At present, plastid
genome data are being used to solve phylogenetic relationships at different taxonomic
levels and have been demonstrated to be effective [24–26]. Although attempts to utilize
NGS to analyze plastome characterization and even though the phylogeny of Salvia have
been determined, few taxa of sect. Drymosphace were involved in these studies [27,28].

In this study, we sequenced eight plastomes of sect. Drymosphace and conducted
comparative genomics analyses together with two other data sets that have been published
on this section (Salvia meiliensis and S. miltiorrhiza). The aims of this study were (1) to
characterize the plastome structure within sect. Drymosphace; (2) to screen hyper-variable
regions of sect. Drymosphace; and (3) to infer the phylogeny of sect. Drymosphace.

2. Materials and Methods
2.1. Plant Materials, DNA Extraction and Genome Sequencing

In this study, 14 taxa (13 species and one variety) were sampled from Salvia subg.
Glutinaria, including 10 taxa from sect. Drymosphace (Table 1). Eight sect. Drymosphace
plastomes were newly sequenced, and the other sequences were downloaded from the
GenBank database. Additionally, three species from other subgenera were selected as
outgroups (Table 1).

The total genomic DNA was extracted from fresh or silica gel-dried leaves using the
modified CTAB method [29]. In order to obtain qualified DNA for library construction,
a Qubit Fluorometer was used to determine and calculate the DNA concentration and
yield when they were at least c > 12.5 ng/µL and m > 1 µg, and the sample integrity was
assessed by means of electrophoresis on a 1% agarose gel. Illumina Hiseq-2500 platform at
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BGI-Wuhan was utilized for sequencing by paired-end (PE) library of 150 bp, and 3 to 5 GB
of raw short sequence data were generated for each species.

Table 1. Voucher information and GenBank and SRA accession numbers for taxa used in this study.

Taxa Subgenus Voucher Locality GenBank
Accession SRA Accession

S. bowleyana Glutinaria GX Hu and F Zhao 131 China, Fujian MW435404 * SRR18650098 *

S. bulleyana Glutinaria NA NA MH603954 NA

S. chanryoenica Glutinaria s.n. (KH) South Korea MH261357 NA

S. dabieshanensis Glutinaria GX Hu and F Zhao 0165 China, Anhui MW435405 * SRR18587923 *

S. honania Glutinaria GX Hu and F Zhao 0168 China, Henan MW435406 * SRR18600490 *

S. meiliensis Glutinaria GX Hu and FZ Shangguan
Hu0089 China, Anhui MN520018 NA

S. miltiorrhiza Glutinaria Cultivated China, Beijing HF586694 NA

S. nanchuanensis Glutinaria JX Yang and XZ He YJX-01 China, Hunan MW435407 * SRR18595850 *

S. nanchuanensis
var. pteridifolia Glutinaria GX Hu and B Pan 615 China, Guangxi MW435408 * SRR18595337 *

S. plectranthoides Glutinaria GX Hu et al. 0006 China, Yunnan MW435409 * SRR18650097 *

S. prattii Glutinaria NA China, Yunnan MK944407 NA

S. przewalskii Glutinaria NA NA MH603953 NA

S. subbipinnata Glutinaria JX Yang and XZ He YJX-04 China, Zhejiang MW435410 * SRR18650096 *

S. yunnanensis Glutinaria GX Hu 603 China, Guizhou MW435411 * SRR18595336 *

S. hispanica Calosphace Cultivated, SD118 China, Shandong MT083896 NA

S. rosmarinus Rosmarinus Cultivated China, Shaanxi KR232566 NA

S. officinalis Salvia So_003 NA MG772529 NA

NA = information is unavailable. * = newly sequenced plastomes in this study. SRA = Sequence Read Archive.

2.2. Plastome Assembly and Annotation

After filtering the raw data and discarding the low-quality reads, the remaining PE
reads were assembled into whole plastomes using GetOrganelle v1.6.2a [30]. The as-
sembly graph of the generated complete plastome was verified by Bandage v.0.8.1 [31].
Plastome sequences were annotated using software PGA [32], using the Salvia miltior-
rhiza plastome [33] as reference. The tRNA genes were further verified using the online
tRNAscan-SE [34] search servers and then manually adjusted in Geneious 10.0.5 [35]. Or-
ganellarGenomeDRAW, an online program, was used to generate circular annotated plastid
genome maps [36], and the plastomes were deposited in the GenBank database (Table 1).

2.3. Codon Usage and Repeated Sequence Analysis

Relative Synonymous Codon Usage (RSCU) is a parameter that is used to evaluate
the codon usage preferences of protein-coding sequences. Here, the RSCU values for all of
the protein-coding sequences were computed using the program codon W 1.4.4 [37]. The
codon usage in the form of heatmap was conducted by employing R language with the
RSCU value. An RSCU value > 1 indicates that codon usage is highly preferred, an RSCU
value = 1 means that codon usage is not preferred, and an RSCU value < 1 indicates that
the codon usage is low [38].

The simple sequence repeat (SSR) of sect. Drymosphace plastomes were identified using
MISA [39] by setting the minimum number of repeat units to 8, 4, 4, 3, 3, and 3 for the
mono-, di-, tri-, tetra-, penta-, and hexanucleotides, respectively. Four types of dispersed
repeats (forward, reverse, palindrome, and complement repeats) in sect. Drymosphace were
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determined using REPuter [40] with a repeat size ≥ 30 bp and sequence identities ≥ 90
(Hamming distance of 3).

2.4. Comparative Genomic Analyses

The boundaries of single-copy (SC) and reverse repeat (IR) regions of sect. Drymosphace
were determined in Geneious 10.0.5, and the boundary expansion and contraction sketch
of IR was drawn using Adobe Illustrator CC. mVISTA [41] was used to determine the
variability in the complete plastome sequences of sect. Drymosphace in Shuffle-LAGAN
mode, and Salvia bowleyana was selected as the reference genome. Genome rearrangement
was carried out by Mauve [42] using S. bowleyana as a reference genome. DnaSP v.5.0 [43]
was employed to analyze nucleotide diversity (Pi) within sect. Drymosphace by setting the
step size to 200 bp with a 600 bp window length.

2.5. Phylogenetic Analysis

To infer the phylogenetic relationships of sect. Drymosphace, 14 plastid genomes from
subg. Glutinaria were selected to carry out analyses with S. rosmarinus, S. hispanica, and
S. officinalis from three other subgenera as outgroups. Seven matrices, including complete
plastome (CP) sequences with one IR region excluded, large single copy (LSC), small single
copy (SSC), IR, protein-coding exons (coding regions, CR), intergenic spacer and introns
(non-coding region, NCR), and nine hyper-variable region (HVR) data sets were prepared
for the phylogenetic analyses. The sequences were aligned with MAFFT [44] using Gblocks
v0.91 [45] to exclude the ambiguously aligned positions. The neat sequence matrices were
employed to infer phylogenetic trees using both maximum likelihood (ML) and Bayesian
inference (BI).

Under the GTRGAMMA substitution model, ML analyses were performed using
RAxML-HPC2 on XSEDE v.8.2.12 [46] on the CIPRES Science Gateway (http://www.phylo.
org/ (accessed on 20 March 2022)) [47]. With the exception of setting bootstrap iterations
(–#|–N) to 1000, the other parameters used default values.

BI analysis was carried out in MrBayes 3.2.6 [48] and implemented in PhyloSuite [49].
The ModelFinder [50] was utilized to select the best model according to the Akaike infor-
mation criterion (AIC) (Table 2). Four Markov chain Monte Carlo (MCMC) iterations were
run simultaneously for 2,000,000 generations. Each run started with a random tree, and
a random tree was sampled every 1000 generations. Stationarity was considered to be
reached when the average standard deviation of the split frequencies was less than 0.01.
After discarding the first 25% trees as burn-in, the remaining trees were used to calculate a
majority-rule consensus tree for each matrix.

Table 2. Summary of the data set information for phylogenetic analyses.

Data Matrix Aligned Length (bp) Constant Sites (bp) Variable Sites (bp) Parsimony
Informative (bp) Best Fit Model (AIC)

CP 151,218 144,550 (95.59%) 6668 2366 (1.56%) GTR + F + I + G4

LSC 82,556 77,911 (94.37%) 4645 1637 (1.98%) GTR + F + I + G4

SSC 17,531 15,967 (91.08%) 1564 567 (3.23%) GTR + F + G4

IR 25,563 25,335 (99.11%) 228 80 (0.31%) GTR + F + I

CR 66,888 64,304 (96.14%) 2584 921 (1.38%) GTR + F + I + G4

NCR 59,877 56,165 (93.80%) 3712 1346 (2.25%) GTR + F + I + G4
HVR 10,298 9096 (88.33%) 1064 363 (3.52%) GTR + F + G4

3. Results and Discussion
3.1. Plastome Features of Sect. Drymosphace

The length of complete plastomes of sect. Drymosphace ranged from 151,330 bp (Salvia
dabieshanensis) to 151,614 bp (S. meiliensis). All of the plastomes displayed a typical quadri-
partite architecture that contained a large single copy (LSC: 82,629–82,854 bp) and a small
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single copy (SSC: 17,541–17,587 bp) separated by two copies of an inverted repeat (IR: 25,520–
25,590 bp). The total GC content varied slightly from 38.00% to 38.03%, and the IR regions
had the highest GC content (43.10–43.14%) followed by those in the LSC (36.12–36.15%)
and SSC (31.97–32.05%) regions (Figure 1, Table 3).

Figure 1. Complete plastome gene map of Salvia sect. Drymosphace. Genes outside of the circle
are transcribed in the counterclockwise direction, and those that are inside are transcribed in the
clockwise direction. LSC—large single copy; SSC—small single copy; IR—inverted repeat.

A total of 114 unique genes, including 80 protein-coding, 30 tRNA, and four rRNA
genes, were detected in each species (Table 3). Four rRNA, seven tRNA, and seven protein-
coding genes were duplicated in IR regions (Table 3). Of the 18 genes containing intron,
15 comprised only one intron, and three genes harbored two introns. The rps12 gene was
recognized as being a trans-spliced gene, with the 5′ end located in the LSC region and the
duplicated 3′ end in the IR region (Figure 1, Table 4).
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Table 4. Genes present in the plastomes of 10 taxa of sect. Drymosphace.

Gene Functions Group of Genes Name of Genes

Photosynthesis Subunits of ATP synthase atpA, atpB, atpE, atpF *, atpH, atpI

Subunits of NADH dehydrogenase ndhA *, ndhB * (×2), ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI,
ndhJ, ndhK

Subunits of cytochrome petA, petB *, petD *, petG, petL, petN

Subunits of photosystem I psaA, psaB, psaC, psaI, psaJ

Subunits of photosystem II psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbK, psbL,
psbM, psbN, psbT, psbZ

Subunit of rubisco rbcL

Self-replication Large subunit of ribosome rpl2 * (×2), rpl14, rpl16 *, rpl20, rpl22, rpl23 (×2), rpl32, rpl33, rpl36

DNA-dependent RNA polymerase rpoA, rpoB, rpoC1 *, rpoC2

Small subunit of ribosome rps2, rps3, rps4, rps7 (×2), rps8, rps11, rps12 ** (×2), rps14, rps15,
rps16*, rps18, rps19

rRNA Genes rrn4.5 (×2), rrn5 (×2), rrn16 (×2), rrn23 (×2)

tRNA Genes trnA-UGC * (×2), trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA,
trnfM-CAU, trnG-GCC, trnG-UCC *, trnH-GUG, trnI-CAU (×2),
trnI-GAU * (×2), trnK-UUU *, trnL-CAA (×2), trnL-UAA *,
trnL-UAG, trnM-CAU, trnN-GUU (×2), trnP-UGG, trnQ-UUG,
trnR-ACG (×2), trnR-UCU, trnS-GCU, trnS-GGA, trnS-UGA,
trnT-GGU, trnT-UGU, trnV-GAC (×2), trnV-UAC *, trnW-CCA,
trnY-GUA

Other genes Subunit of Acetyl-CoA-carboxylase accD

c-type cytochrome synthesis gene ccsA

Envelop membrane protein cemA

Protease clpP **

Translational initiation infA

Maturase matK

Unknown function Conserved open reading frames ycf1, ycf2 (×2), ycf3 **, ycf4, ycf15 (×2)

* gene with a single intron; ** gene with two introns; (×2) duplicated gene.

The plastid genomes of sect. Drymosphace showed high consistency and similarity
in terms of their gene structure, order, and content. These results are consistent with
other plastomes of Lamiaceae [26–28,33,51] and are also as conservative as most of the
angiosperms that have been previously reported [52–56].

3.2. Amino Acid Abundance and Codon Usage

The number of codons in sect. Drymosphace ranged from 26,501 (Salvia miltiorrhiza) to
26,583 (S. dabieshanensis). Among these codons, leucine (10.59–10.64%) was the most fre-
quently observed amino acid, and cysteine (1.10–1.12%) was the least frequently observed
(Figure 2, Table S1). Most protein-coding genes had the same standard ATG sequence as the
initiation codon, but the rps19 and ycf15 genes started with a GTG sequence. This non-ATG
initiation codon has also been found in other angiosperm chloroplasts [28,57,58]. Heatmaps
showed that 30 of the total 64 types of codons used in sect. Drymosphace were preferred
codons (RSCU > 1), and with the exception of UUG (Leu), all of the preferred codons ended
with an A or a U (Figure 3, Supplementary Material Table S1). This codon usage bias shows
a similar trend observed in the majority of plastomes in higher plants [52,59,60].
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Figure 2. Amino acid frequencies in all protein-coding genes in the chloroplast genome of 10 taxa of
Salvia sect. Drymosphace.

Figure 3. Heatmap of codon distribution of all protein-coding genes from 10 taxa of Salvia sect.
Drymosphace. Higher red values indicate higher RSCU values, and lower blue values indicate lower
RSCU values.
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3.3. Simple Sequence Repeats and Long Repeat Sequences

Simple sequence repeat (SSR), also called microsatellite, is a sequence with a tandemly
repeated motif that ranges in size from one to six. Due to high repeatability and poly-
morphism, SSR is a molecular marker that is commonly used in population genetics and
evolutionary analysis [52,61–64]. In this study, a total of 1685 SSRs were identified with each
taxon bearing 166–173 SSRs from 10 plastomes of sect. Drymosphace (Figure 4, Table S2). Five
types of SSR (excluding penta-nucleotide SSR) were detected in sect. Drymosphace, of which
the mono-nucleotide SSR was the richest (1265, 75.07%), followed by the di-nucleotide
(346, 20.53%), tetra-nucleotide (69, 4.09%), hexa-nucleotide (4, 0.24%), and tri-nucleotide
(1, 0.06%) SSRs. In terms of repeat units, the A/T unit in the mono-nucleotide repeat was
the most abundant (1242, 73.71%), followed by the di-nucleotide AT/AT (136, 8.07%) and
TA/TA (100, 5.93%). The tri-nucleotide SSR (AAT/ATT) was only detected once (1, 0.06%)
in S. nanchuanensis var. pteridifolia, and the hexa-nucleotide SSRs (4, 0.24%) were detected
once in S. dabieshanensis (ATTCAT/ATGAAT), S. meiliensis (AATCAA/TTGATT), S. miltior-
rhiza (ACTTAG/CTAAGT), and S. plectranthoides (ACTTAG/CTAAGT). In addition, six
unique repeat units (AAT/ATT, AAAT/ATTT, TTAA/AATT, ATTCAT/ATGAAT, AAT-
CAA/TTGATT, ACTTAG/CTAAGT) were detected within sect. Drymosphace. The majority
of the SSRs resided in LSC regions (1125, 66.77%), and the others were located in other SSC
regions (320, 18.99%) and in IR regions (240, 14.24%). As reported in previous plastomes
of Salvia of Lamiaceae [28,51] as well as in other families [55,65,66], most of the SSRs in
sect. Drymosphace are composed of A/T mono-nucleotides, which represent a percentage
of 73.71%. Similar to most Salvia plastomes that have been reported upon before [28,51,67],
we did not detect the penta-nucleotide SSR in sect. Drymosphace. However, a recent study
reported a penta-nucleotide SSR from S. yunnanensis of sect. Drymosphace [68]. Salvia
yunnanensis was also included in this study as well as in another independent analysis [28],
in which the samples were from Guizhou and Yunnan Province, China, respectively, but
neither study identified the penta-nucleotide SSR in these species. Therefore, there is a
lack of the penta-nucleotide within sect. Drymosphace, or at the very least, it is rare. Even
though the mono-nucleotide SSRs showed significant differences among species, ranging
from 123 (S. miltiorrhiza) to 134 (S. yunnanensis), no significant differences were observed in
the number of the other four types of SSRs.

A total of 478 long repeat sequences with lengths greater than 30 bp, including 222
forward and 255 palindromic repeats and one complementary repeat, were detected in sect.
Drymosphace (Figure 5, Table S3). The number of repeats for each taxa varied from 42 to 49
and had lengths that ranged from 30 to 99 bp. Most of the long repeats were located in IR
(389, 81.38%) regions, followed by LSC (79, 16.53%) and SSC (10, 2.09%). In particular, most
of these repeats were detected in coding regions (378, 79.08%), with a few being located
in intergenic regions (50, 10.46%) and in introns (50, 10.46%). Long repeat sequences may
play a pivotal t role in plant evolution and could promote variation and rearrangement in
the plastid genome [69–71]. All of these repeats, together with the aforementioned SSRs,
may have potential utility in population studies.

3.4. Comparative Genomic Analyses

The contraction and expansion of IR regions at the borders is a main reason for size
variation in plastomes and plays an important role in the evolution of seed plants [72–75].
To explore the expansion and contraction of the IR regions, the boundaries between the SC
and IR regions of sect. Drymosphace were analyzed. The rps19 gene spanned the LSC/IRb
boundary in all species and had a length of 234 bp or 236 bp in the LSC and 43 bp or 45 bp
in the IRb, which generated a short rps19 pseudogene (ψrps19) that was 43 bp or 45 bp in
length at the IRa/LSC border. The ndhF crossed the IRb/SSC border and had an equal
length of 32 bp in the IRb and of 2185 bp or 2203 bp in the SSC. The SSC/IRa boundary
was located within the ycf1 gene and had lengths ranging from 4452 bp to 4470 bp in the
SSC and of 1056 bp or 1167 bp in the IRa, resulting in a pseudogene (ψycf1) at the IRb/SSC
border with 1056 bp or 1167 bp overlapping with the ndhF gene. In addition, the IRa/LSC
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boundary resided between the ψrps19 and trnH, and the distance from trnH was 8 bp or
10 bp (Figure 6). In Salvia, IR/LSC junctions are considered to be highly conserved, and the
expansion/contraction of the IR regions is infrequent [28]. Although a few IR contractions
have been reported in Salvia (e.g., S. hispanica, S. mekongensis, and S. rosmarinus) [28], no
contractions were detected in this study, suggesting that IR contraction events may not
occur in sect. Drymosphace.

Figure 4. Comparison of simple sequence repeats (SSR) among the plastomes of 10 taxa of Salvia sect.
Drymosphace. (A). Number of different types of SSRs; (B). number of different of SSR repeat units;
(C) frequencies of SSRs in LSC, IR, and SSC regions.
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Figure 5. Analysis of repetitive sequences in the plastomes of 10 taxa of Salvia sect. Drymosphace.
(A). Number of different types of longer repeats; (B). frequencies of longer repeats in the LSC, SSC,
and IR regions; (C). frequencies of longer repeats in protein coding regions, intergenic spacers, and
intron regions.

Figure 6. Comparison of junctions between the LSC, IR, and SSC regions among plastomes of 10 taxa
of Salvia sect. Drymosphace. Genes are denoted by colored boxes, with ψ indicating a pseudogene.
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Comparison of complete plastome sequences showed that the genes within sect.
Drymosphace were arranged in the same order and that the IR regions were more conserved
than the LSC and SSC regions (Figure 7), which may be related to the copy corrections
caused by gene conversion between the two IR regions [76,77]. In addition, noncoding
regions were found to be more divergent than coding regions, and the most varied regions
occurred in intergenic regions, such as accD-psaI, rps4-trnL, rps16-trnQ, and trnH-psbA.
Genome rearrangement analysis showed a collinear relationship, suggesting that there was
no rearrangement or inversion events in the plastomes of sect. Drymosphace (Figure S1).

Figure 7. Sequence alignment of the whole plastomes of 10 taxa of Salvia sect. Drymosphace using
mVISTA with S. bowleyana as a reference. The vertical scale indicates percentage of identity, ranging
from 50% to 100%.

Sequence divergence analyses showed that the nucleotide variability (Pi) values of
the sect. Drymosphace plastomes ranged from 0 to 0.01376, with an average value of 0.0014
(Figure 8). Nine highly variable regions with Pi values > 0.005 were detected, including
two genes (clpP and ycf1) and seven intergenic spacers (trnH-psbA, trnK-rps16, petN-psbM,
rps4-trnT, rbcL-accD, rpl32-trnL-ccsA, and ndhD-psaC). Among these hyper-variable regions,
six loci were located in the LSC, three were located in the SSC, and none were located
in the IR regions. trnH-psbA is the most variable region (Pi = 0.01376) among the nine
hypervariable regions. Due to high rates of insertion/deletion and universal primers,
trnH-psbA has been selected to be a plant barcode for species discrimination [78–81] and
has been used for phylogenetic analyses in Lamiaceae [82–84]. However, the resolution of
this DNA marker is not high enough to solve phylogenetic relationships at the section and
below levels for Salvia [2,85]. For the two hypervariable genic regions, the clpP gene has
not been used as a marker in phylogenetic study of Salvia, and ycf1 has been demonstrated
to be a promising maker for phylogenetic analyses within Salvia [28,86].
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Figure 8. Sliding window analysis of plastomes of 10 taxa of Salvia sect. Drymosphace. The X-axis
indicates the position of the midpoint of a window, and the Y-axis represents the nucleotide diversity
of each window. The nine hyper-variable regions with Pi > 0.005 are marked.

3.5. Phylogenetic Analysis

Seven matrices including 17 taxa were employed to conduct phylogenetic analyses
(Table 1). The aligned CP dataset had the longest length (145,835 bp), and the combined
nine HVRs had the shortest length (10,298 bp). The highest percentage of constant sites
were from the IR data set (99.11%), and the lowest were from the HVR data set (88.33%).
As opposed to the constant sites, the percentage of the informative sites in the HVR data
set was the highest (3.52%), and lowest percentage was in the IR regions (0.31%) (Table 2).

The topologies that were inferred by ML and BI analyses for each matrix were identical,
with the exception of a few weakly supported nodes. Therefore, only an ML tree with
posterior probabilities (PP) indicated above the branches and the ML bootstrap (BS) values
provided below.

In all of the analyses, monophylies of subg. Glutinaria and sect. Drymosphace were
recovered, and sister relationships between Salvia honania and S. meiliensis, S. dabiesha-
nensis, and S. bowleyana within sect. Drymosphace were strongly supported (Figure 9 and
Figures S2–S7). Within sect. Drymosphace, with the exception of the CR matrix, all of the
analyses supported the finding that S. honania and S. meiliensis together to be sister to the
rest of the section; with the exception of the IR regions, all of the topologies that were
inferred from other data set showed that S. dabieshanensis, S. bowleyana, S. miltiorrhiza, and
S. plectranthoides formed a strongly supported subclade. The phylogenetic positions of S.
nanchuanensis, S. yunnanensis, and S. subbipinnata varied slightly in different data set.
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Figure 9. Phylogenetic tree inferred from maximum likelihood and Bayesian inference based on
complete chloroplast genome. Posterior probabilities are provided above the branches, and the ML
bootstrap values are indicated below, with the ML bootstrap values <50% and PP < 0.90 indicated
by ‘-’.

Integrating molecular phylogenetic with morphological evidence, Hu et al. [2] estab-
lished a new sect. Drymosphace, but the interspecific relationships within the section are
confused, and the supported values for most subclades are weak. For example, S. honania
and S. meiliensis are two morphologically similar species [87]. They are easily distinguished
from the other species within sect. Drymosphace, as characterized by small and oblong
upper corolla lips and clearly exserted stamens that adhere laterally to the corolla [2,87].
The two species should have been sister group. However, they did not gather together
in previous analyses that were based on only a few DNA markers [87]. In this study, all
of the analyses indicated that the two species formed a sister relationship, supporting the
finding that S. honania is closely related to S. meiliensis [2,87]. Additionally, compared to
previous studies including sect. Drymosphace based on short DNA fragments [2,12,85], the
plastid phylogenomic analyses in this study based on all of the matrices greatly improved
the phylogenetic resolution (Figure 9). Although monophyly of sect. Drymosphace and
sister relationships of S. honania and S. meiliensis were confirmed in this study, the rela-
tionships between some of the taxa presented here are inconsistent with those inferred by
morphological characteristics. Morphologically, Salvia plectranthoides, S. nanchuanensis, and
S. nanchuanensis var. pteridifolia share long tubular corolla tubes and straight upper corolla
lips and are therefore placed in ser. Plectranthoidites [4,16]. They should have been found to
be closely related and grouped together in phylogenetic trees, especially S. nanchuanensis
and S. nanchuanensis var. pteridifolia. However, in this study, S. nanchuanensis is sister to S.
subbipinnata instead of S. nanchuanensis var. pteridifolia, and S. plectranthoides is sister to S.
miltiorrhiza, indicating that S. nanchuanensis and ser. Plectranthoidites are not monophyletic.
Therefore, the plastid genome is still unable to completely determine the interspecific
relationships of sect. Drymosphace.

Of all seven data sets, the IR regions generated the poorest phylogenetic resolution,
with four subclades having very low support values within sect. Drymosphace (PP < 0.9 and
BS < 50%) (Figure S4). Wu et al. [27] also reported similar results in plastid phylogenomic
results for Salvia [27]. The sequence length as well as informative sites may lead to this
result. Previous studies indicate that more and longer DNA sequences may greatly improve
the phylogenetic resolution and the support values of the branches [28,88,89]. In this
study, the IR regions (25,563 bp) and HVR (10,298) were the two shortest data sets, so the
phylogenetic resolutions that were inferred from them are lower than those of the other five
matrices (Figures S4 and S7). On the other hand, the IR region has the lowest percentage of
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informative sites, which may be the result of the low resolution. Therefore, the use of IR
regions separately is not suggested for phylogenetic analysis in Salvia.

4. Conclusions

In this study, we sequenced and assembled eight Salvia sect. Drymosphace plastomes.
The reported plastid genomes are conservative, showing high levels of consistency and
similarity to the chloroplast genomes of other species of Lamiaceae in terms of gene content,
order, and structure. Comparative analyses revealed that there is no rearrangement or
inversion events in the plastomes of sect. Drymosphace and that single-copy regions and
intergenic regions are more variable than IR regions and coding regions. Phylogenomic
analyses can recover the monophyly of the newly established sect. Drymosphace, consider-
ably improve phylogenetic resolution, and determine interspecific relationships for some
of the species within this section.
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sect. Drymosphace, Figure S2: Phylogenetic tree inferred from maximum likelihood and Bayesian
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Abstract: The Qinghai–Tibet Plateau includes the Himalayas and Hengduan Mountains and is well
known for its rich biodiversity. Evolutionary radiation is one of the main ways by which plants
diversify in mountains, particularly the Qinghai–Tibet Plateau. It presents a large challenge to the
classification of taxa that radiate quickly. One way to overcome these challenges is to continue
conducting detailed field studies while integrating morphological and molecular evidence to classify
these taxa. The aim of this research was to provide a case for the systematic study of the complex taxa
Rhodiola, which rapidly radiate. During the field study, we found two unique variants of Rhodiola in
an alpine dry meadow and beds of pebbles on beaches, respectively. We utilized a morphological
principal component analysis, scanning electron microscopy and molecular phylogenetic analysis to
propose two new species: Rhodiola wangii S.Y. Meng and Rhodiola namlingensis S.Y. Meng. R. wangii is
similar to R. stapfii (Hamet) S.H. Fu, but it differs in having an intensely broad rhombus and alternate
leaves, a distinct petiole, stamens gathered together and reflexed purple scales. R. namlingensis is
similar to R. prainii (Hamet) H. Ohba, but it differs in its exerted alternate leaves, the presence of more
than four leaves on the stem, thick leaf blades, an obovate to inverted triangle, and short petioles.
The conservation status of these two species was also assessed.

Keywords: Xizang; Rhodiola namlingensis; Rhodiola wangii; new species; taxonomy; radiation

1. Introduction

The Qinghai–Tibet Plateau (QTP) and adjacent high-altitude areas contain more than
12,000 species of flowering plants, which renders it one of the areas of the world with the
highest richness of species and a high level of endemism because of its habitats, such as high
mountainous ranges, steep gorges, rocky outcrops, desert steppes and alpine meadows
among others [1,2].

Evolutionary radiation is one of the main ways by which plants diversify in mountains,
particularly the Qinghai–Tibet Plateau [3,4]. However, radiated taxa are often inconsistent
between molecular phylogenetic and morphological classifications [5,6]. It is possible that
these inconsistencies are caused by inadequate sampling or limited genomic sampling with
insufficient molecular markers. In addition, some morphological characters are homoge-
neous [6]. Therefore, it is essential to recruit more molecular markers while conducting
more field surveys to find valid characters and more types of variation. Several attempts
by different types of molecular markers have been made to define the species of these
genera [7–9], but the importance of field study has been neglected. However, hundreds of
new plant species in the Qinghai–Tibet Plateau have been described in recent years [10],
indicating that the surveys conducted so far are highly insufficient.

Rhodiola L. are members of the Crassulaceae DC., which includes more than 70 different
species that are primarily distributed throughout the alpine zone of the northern hemi-
sphere, particularly in the Qinghai–Tibet Plateau and adjacent high-altitude areas. Their
major characteristics include well-developed thick rhizomes and apical parts with scaly
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leaves [11–13]. Rhodiola species occupy many habitats. For example, R. yunnanensis (Franch.)
S.H. Fu, R. macrocarpa (Praeg.) S.H. Fu, and R. liciae (Hamet) S.H. Fu are distributed in
thickets at low-to-medium altitudes; R. sacra (Prain ex Hamet) S.H. Fu and R. bupleuroides
(Wall. ex Hook. f. et Thoms.) S.H. Fu grow in rocky outcrops at medium-to-high altitudes,
and R. coccinea (Royle) Borissova and R. crenulata (Hook. f. et Thoms.) H. Ohba occupy
mountain tops that exceed 4500 m. Rhodiola are highly diverse morphologically, and Fu
and Fu [14] divided the genus into eight sections with seven series based on morphological
studies. However, molecular phylogenetic research showed that only three of the eight
sections (Sect. Trifida Fu, Sect. Prainia H. Ohba, and Sect. Pseudorhodiola (Diels) H. Ohba)
can be considered monophyletic, while two important characters (dioecy and marcescent
flowering stems) evolved multiple times within Rhodiola [15]. Molecular dating analysis
showed that the primary diversification of Rhodiola occurred during two periods of the
QTP uplifts, at 15–6.5 mya and 5–1.8 mya ago [15]. Rapid diversification, simplicity and
the homogeneity of morphological characters lead to taxonomic difficulties in Rhodiola,
particularly in the delimitation of species [16]. Thus, further intensive studies are still
merited with more extensive sampling to clarify the systematic relationships of Rhodiola.

Our aim was to explore the diversity of Rhodiola in the Qinghai–Tibet Plateau and
define species by combining morphological and molecular evidence. An extensive study of
the systematic evolutionary biology research of Rhodiola in the wild has been conducted
since 2010, which has led to the publication of some new Rhodiola species [17]. Here, we pro-
pose two new species of Rhodiola that are distributed on the platform of the Qinghai–Tibet
Plateau. One of them is distributed on the shores of the plateau valley, whereas the other
grows in the alpine dry meadow. These new species are very small and can easily avoid de-
tection. The discovery of these two new species will help to understand the rapid radiation
of Rhodiola in the Qinghai–Tibet Plateau.

2. Materials and Methods
2.1. Materials Collection and Field Investigation

Habitat plays an important role in the diversification of Rhodiola [15], and we took
great pains to record that habitat during field investigations. Samples of two putative new
species were collected in the field, including one from Lhünzê County (one population,
28◦06′00′′ N, 91◦55′53′′ E) and another from Namling County (Namling 1: 30◦04′91′′ N,
89◦06′27′′ E; Namling 2: 29◦55′56′′ N, 89◦07′01′′ E). Their close relatives were also collected
from Xizang Province, China. The type specimens and other specimens of R. prainii and R.
stapfii were examined, and specimens of the other related taxa were obtained from herbaria
(CVH, K, PE) and examined for comparative research.

2.2. Morphological Analysis

Leaf characters play an important role in the definition of Rhodiola species [16], while the
flowers are morphologically simple. Thus, the morphological analysis is primarily based on
the leaf characters. To avoid the influence of artificiality and find key delimitation traits, we
used a principal component analysis (PCA) to perform statistical analyses on the traits. We
observed and measured the leaf traits and conducted the PCA using Origin 2020 (OriginLab
Corporation, Northampton, MA, USA). All the data were quantitative, including the leaf
length (L), leaf width (W), length of petiole (P), relative length of the petiole (B = P/L), the
distance between the widest part of blade and the base of petiole (H), relative width of the
petiole (K = M/W), relative length of the distance between the widest part of blade and base
of petiole (D = H/L) and the shape of the blade (S = W/L) (Figure S1).

2.3. Scanning Electron Microscopy (SEM) Analysis

Although Gontcharova et al. [18] showed that the seed coats of Rhodiola in the Russian
Far East vary considerably, they correspond to the features of gross morphology at the
species level. Thus, we conducted a scanning electron microscopy (SEM) analysis using a
Helios NanoLab G3 UC (Thermo Fisher, Waltham, MA, USA). First, seeds were directly
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fixed on the sample shuttle. Secondly, the sample was coated with gold using a vacuum
sputter coater. Finally, the sample was transferred to the stage of the sample room for
observation. The terminology of seed coat sculpturing and anatomy were those described
by Gontcharova et al. [18]. The sizes of seeds were measured using Photoshop CC 2018
(Adobe, San Jose, CA, USA).

2.4. Phylogenetic Analysis

DNA barcoding research showed that the nuclear ribosomal internal transcribed
spacer (ITS) was the best single-locus barcode, resolving 66% of the Rhodiola [19]. Thus, the
ITS regions were used as molecular markers. The DNA of the new species was extracted
and amplified by PCR as described by Zhang et al. [17]. The ITS sequences of 33 specimens
of Rhodiola were downloaded from NCBI along with two accessions of Phedimus, another
genus of the Crassulaceae, as outgroups. The GenBank accession numbers are shown in
Table S1.

Phylogenetic analyses were performed using Bayesian inference (BI) and maximum-
likelihood (ML) methods in PhyloSuite [20]. The ITS sequences were aligned with MAFFT
v. 7 [21] and manually checked in PhyloSuite [20]. The evolutionary models for the ML and
BI analyses were determined by ModelFinder [22] using the Akaike Information Criterion
(AIC). ML trees with 1000 bootstraps (BS) were produced using an IQ-tree [23]. BS analyses
were used to evaluate the support for individual clades with 5000 replicates. A BI analysis
was performed using MrBayes [24]. Four chains of the Markov Chain Monte Carlo (MCMC)
were run for 2,000,000 generations, sampling one tree every 100 generations, starting with
a random tree. The average standard deviation of the split frequencies was used to assess
the convergence of two runs. A majority rule (>50%) consensus tree was constructed after
removing the burn-in period samples (the first 25% of the sampled trees) and posterior
probabilities (PP) to estimate the robustness of the BI trees.

3. Results
3.1. Habitat

During the field investigation, we found that these two new species and similar ones
grow on alpine meadows, but the habitats can be differentiated from each other. The
Lhünzê population grows on the soil slopes of alpine meadows that are relatively dry,
while R. stapfii grows in the moist parts of alpine meadows. The Namling populations
primarily grow on the beds of pebbles on beaches or in rock crevices on the shore of the
Xiangqu (Jiacuo Zangbo), which is one of the Yarlung Zangbo’s tributaries. In contrast, R.
prainii primarily grows on rocks or trees in the subtropical rain forest on the southern slope
of the Himalayas and the slope rocks on the plateau of the Qinghai–Tibet Plateau.

3.2. Morphological Analysis

Morphologically, the Lhünzê population is closely related to R. stapfii. However,
several characters differentiate them. First, rhizomes of the Lhünzê population are glossy,
while those of R. stapfii are enfolded by the remnants of old shoots. Secondly, flowering
stems with some leaves are alternate in the Lhünzê population, whereas all four to six
pieces of the leaves are in whorls and on the apical part of the R. stapfii rhizomes. Third, the
leaves of Lhünzê population have obvious petioles, while those of R. stapfii are very short or
sessile. Finally, the stamens of the Lhünzê population are gathered together, and the scales
are purple and reflexed. In contrast, the stamens of R. stapfii do not gather together, and
the scales are white. A principal component analysis (PCA) based on the 8 qualitative leaf
traits revealed considerable variability among the 44 individuals considered in this study
(Figure 1A). The PC1 scores, which accounted for 48.9% of the total variation, showed very
high correlation with length of the leaf (L) and petiole, including the relative width of the
petiole (K = M/W) and relative length of the petiole (B = P/L). The scores of PC1 were also
highly correlated with other traits, such as shape of the blade (S = W/L), relative length of
the distance between the widest part of blade and base of petiole (D = H/L), and the length
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between the widest part of blade and base of petiole (H). The PC2 scores, which explained
31.8% of the total variation, were highly correlated with the width of the leaf (W), between
the widest part of blade and the base of petiole (H) and length of the leaf (L).

Figure 1. Principal component analysis based on the leaf traits. (A) Lhünzê population and Rhodiola
stapfii (Raymond-Hamet) S.H. Fu. (B) R. namlingensis S.Y. Meng and R. prainii (Hamet) H. Ohba.

A morphological analysis indicated that the Namling populations are similar to those
of R. prainii with flattened leaf blade and similar inflorescences and flower structures.
However, the plants can be differentiated by several characters. First, the Namling popula-
tions contain more developed flowering stems, while R. prainii contains short flowering
stems, which usually have only two nodes on the stem. Secondly, leaves on the stems in
Namling populations are alternate, while the leaves of R. prainii often have four whorls
at the top of stem. The lower part of the stem leaves is opposite and has a developed
pseudopetiole that is 1 to 3 cm long. Third, R. prainii flowers from July to August, while
the Namling populations flower from September to mid-October. The PCA based on the
eight quantitative traits revealed a considerable variability among the 47 individuals. The
first two PCs together explained 89.7% of the total variation (Figure 1B). The PC1 scores,
which accounted for 61.5% of the total variation, were showed very high correlation with
the length of the leaf (L), width of the leaf (W), length between the widest part of blade and
base of the petiole (H) and length of the petiole (P). The scores of PC2, which explained
28.2% of the total variation, were highly correlated with the relative width of the petiole
(K = M/W), relative length of the petiole (B = P/L) and relative length of the distance
between the widest part of blade and base of petiole (D = H/L).

3.3. SEM Analysis

The seeds of R. stapfii are triangular with a wing-like projection at the chalazal end,
920 µm long, and 400 µm wide (Figure 2A). The testa cells are morphologically uniform
or vary only slightly in their shape and are less regularly arranged. The outer periclinal
cell walls are flat and smooth, while the anticlinal cell walls are thickened and bulging
(Figure 2E). The cells are quadrangular and isodiametric, and the cell boundaries are well-
defined and curved. The outer periclinal cell wall is convex. The seeds of the Lhünzê
population are square and lack wing-like projections at the chalazal end, and they are
519 µm long and 324 µm wide (Figure 2B). The testa cells are not readily apparent and
have dense stripes in the outer periclinal wall (Figure 2F). The seeds of R. prainii are
similar to those of R. stapfii. They are triangular but small (761 µm long and 309 µm wide)
(Figure 2C,G). They lack a wing-like projection at the chalazal end, and the anticlinal cell
walls are thin and sunken. The outer periclinal cell wall is thickened and convex. The
seeds of Namling populations are oblong and lack a wing-like projection at the chalazal
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end, and they are 835 µm long and 203 µm wide (Figure 2D). The testa cells have obvious
longitudinal edges on the surface; the width between the longitudinal edges is 23.6 µm,
and there are obvious horizontal stripes in the depressions between the edges that extend
to the longitudinal edges, forming a regular pattern of orbital decoration. (Figure 2H).

Figure 2. Scanning electron microscopy of four Rhodiola seeds. (A,E) R. stapfii (PEY0067558);
(B,F) Lhünzê population (PEY0067593); (C,G) R. prainii (PEY0068682); (D,H) Namling population
(PEY0067596); (A–D) The shape of seeds; (E–H) Local magnification of the seed micromorphology.
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3.4. Molecular Analyses

Following the alignment, we obtained a matrix of 588 base pairs (bp) and selected SYM+G4
for the Bayesian and ML analyses (Figure S2). The 50% majority rule consensus tree of all the
post burn-in trees is shown in Figure 3 with the Bayesian posterior probabilities (PPs).

 
Figure 3. A Bayesian phylogenetic tree based on ITS sequences for the two new Rhodiola species
described and their close relatives. The topology of the maximum likelihood (ML) tree was highly
compatible with that of the Bayesian tree. Bayesian posterior probabilities (PPs: left) and bootstrap
support (BP: right) values (>50%) are shown above the branch.

The BI tree strongly supported the monophyly of Sect. Trifida, Sect. Prainia, and Sect.
Pseudorhodiola. The two samples of Namling populations from different sites are shown as a
distinct clade (Posterior Probability [PP] = 1.0, Bootstrap value [BP] = 100%). The Namling
populations formed a monophyletic clade with the species of Sect. Trifida and Sect. Prainia
(PP = 0.84, BP = 64) (Figure 3), whereas the Lhünzê population formed a monophyletic
clade with R. smithii and R. humilis (PP = 0.70, BP = 62).

4. Discussion

This survey found that species of Rhodiola have spread to the dry soil slopes of alpine
meadow and beds of pebble beaches on the Qinghai–Tibet Plateau. It shows that Rhodiola
has occupied various habitats on the Qinghai–Tibet Plateau. The habitat reflects the
radiation of Rhodiola, which is consistent with the results of molecular systematics [15,25].

Seed micromorphology provides many characters that are potentially useful to identify
species and perform phylogenetic inference in the Crassulaceae [26–28]. However, there
has been little research on the seed coat micromorphology of Rhodiola [18]. In this study,
we conducted an SEM analysis of the seed coats of R. prainii, R. stapfii, and the Namling
and Lhünzê populations. The results show that the two morphological types of these four
species differed from those previously reported [18]. The surface ornamentation of the
seed coats of the Namling populations clearly differ from those of R. prainii, as do those
of the Lhünzê population and R. stapfii. Thus, the seed coat characters of Rhodiola show
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considerable diversity and have some value in the delimitation of species. Thus, there
should be more focus on the seed coat micromorphologies of Rhodiola, which includes more
than 70 species. Recently, many molecular systematic studies have been conducted, and
Rhodiola has been an ideal material on which conduct research on radiated taxa [15,16,25,29],
but few studies have integrated the ornamentation of seed coats.

In this research, we integrated morphological studies, SEM and ITS using PCA and a
phylogenetic analysis for the delimitation of Rhodiola. A morphological comparison indi-
cated that the Lhünzê population is similar to that of R. stapfii. In contrast, a phylogenetic
analysis showed that the Lhünzê population is more closely related to R. smithii and R.
humilis than R. stapfii phylogenetically. However, scale-like leaves were identified in the
rhizome apex of the Lhünzê population, whereas the leaves in the rhizome apex of R. smithii
and R. humilis were developed. The Namling populations are morphologically similar to
those of R. prainii, but the PCA results show that they can be easily differentiated by the
leaf shape (the length of the leaf, width of the leaf, length of between the widest part of
blade and base of petiole and length of the petiole). A phylogenetic analysis shows that the
Namling populations form a monophyletic clade with the species of Sect. Trifida and Sect.
Prainia. In this monophyletic clade, the Namling populations were placed at the base.

Thus, based on the phylogenetic analysis, leaf morphological analysis and habitat in-
formation, we believe that the Lhünzê population and Namling population are distinct new
species of Rhodiola that have not yet been described, and will provide detailed information
to help understand the radiation of Rhodiola.

5. Description of the New Species

1. Rhodiola wangii S.Y. Meng sp. nov. (Figures 4 and 5)
urn:lsid:ipni.org:names: 77260717-1.

Type:—China. Xizang, Lhünzê Co., 28◦06′00′′ N, 91◦55′53′′ E, 4914 m, 20 July 2014, S.Y.
Meng et al. MHW0071 (holotype PEY0067593, isotype, PEY0068681).

Diagnosis:—Similar to Rhodiola stapfii (Raymond-Hamet) S.H. Fu but differs in having an
intensely broad rhombus and alternate leaves, a distinct petiole, stamens that are gathered
together and have reflexed purple scales. (vs. middle stem leaves 5- or 6-verticillate, ovate
to ovate-oblong, white nectar scales).

Description:—A low and delicate herbaceous perennial, 0.5–1 cm high. Caudex nearly
erect, fewer branches, slightly thicker, usually 4–8 mm across; apical part often short,
branched and accrescent, crowned by the scaly radical leaves. Scaly radical leaves membra-
nous, persistent, purple, long ovate with an entire margin, 1.4–1.7 mm long, 0.8 mm wide.
Roots very slender. Flowering stems 1–3 from the apex of each caudex branch, deciduous,
0.5–1 cm long, erect, simple, terete, smooth. Leaves alternate, flattened, broad rhombus,
closely arranged on the stem, ascending-spreading, distinct petiole, spurless, glabrous,
5–7 mm long, 2–5 mm wide, entire. Inflorescences terminal, 1–3 flower buds form cymes,
inconspicuous bracteates, bracts leafy. Flower green, 4(5)-merous, dioecious. Female flow-
ers (♀) white-green, sepal 4 (5), free, long triangular, apex acuminate, entire, green, slightly
fleshy, 1.2–1.6 mm long, 0.7–0.8 mm wide. Petals 4 (5), triangular free, green, with a short
tip at the apex, 2 mm long, 0.8 mm wide, entire along the margin. Nectar-scales purple,
trapezoid, rolling outward, truncate at the apex, 0.5 mm long, 0.4 mm wide. Carpel 4–5,
free, erect, triangular ovate, ca. 2 mm long, style 0.5 mm long, curved outward. Follicles
erect. Ovules ca. 5–9 in each locule. Seed orbicular-ovate ca. 0.8 mm long, 0.6 mm wide.
Male flowers (♂) 4(5)-merous, sepals 4(5), green, free, long triangular, with a short tip at
the apex, 1.2–1.5 mm long, 0.8–1.0 mm wide. Petals 4 (5) free, pale green, 1.8–2.0 mm long,
0.8–1.0 mm wide. Stamens 8–10, shorter than petals, antepetalous ones inserted 0.5 mm
from petal base, long ca. 1.8 mm, antesepalous ones ca. 2 mm long, anther yellow. Nectar
scales 4(5), broadly quadrangular, purple-red, 0.5 mm long, 0.2 mm wide. Carpel 4(5),
erect, undeveloped.
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Distribution and Habitat:—Perennial herb on mountain slopes, 4914 m. The distribution
of R. wangii S.Y. Meng is somewhat limited (Figure 6). To date, only one population has
been found on an arid hillside in the southeast region of Xizang, China.

Phenology:—Flowers from July to August, and fruits from August to September.

Etymology:—The epithet ‘wangii’ is used to commemorate the famous Chinese botanist
and plant science popularization pioneer, Professor Wang Jinwu, Peking University. He
published many popular articles and an illustrated handbook of botanical taxonomy, which
promoted public attention and love for plants.

Common name (assigned here):—Jing Wu Hong Jing Tian (劲武红景天; Chinese name).

Proposed IUCN conservation status:—The new species grows in the arid meadows of Mt.
Shangala. We collected only one population near Mt. Shangala, while another population
was found between the road of Lhünzê County to Comai County in Lhünzê County in 2021.
Although the habitat of the Qinghai–Tibet Plateau is relatively stable, more active economic
and construction activities, such as grazing, may affect the population. The species is
considered to be “Vulnerable” (VUD1) according to the IUCN Red List Criteria [30].

Figure 4. Rhodiola wangii S.Y. Meng. (A). Rhizome and flowering stem; (B). Female flower; (C). Nectar;
(D). Male flower; (E). Petal and Stamens; (F). Sepal; (G). Follicles; (H). Seeds. Drawing by Ye Lv
from PEY0067593.
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2. Rhodiola namlingensis S.Y. Meng sp. nov. (Figures 7 and 8)
urn:lsid:ipni.org:names: 77260718-1.

Type:—China. Xizang: Namling Co., 30◦04′91′′ N, 89◦06′27′′ E, 4208 m, 18 September 2015,
S.Y. Meng et al. 2015091802 (holotype, PEY0067596; isotype PEY0067595).

Diagnosis:—Similar to Rhodiola prainii (Hamet) H. Ohba but differs in its exerted alternate
leaves, more than four stem leaves, thick leaf blades, obovate to inverted triangle, short
petiole (vs. stem leaves 4, verticillate, oblong-elliptic leaf blades, ovate, broadly ovate, or
reniform-orbicular, base abruptly narrowed to long attenuate.)

Description:—A perennial herb, 2–4 cm tall. Roots slightly thicker, branches, 4–9 cm long.
Caudex cylindrical, slender, 2–7 mm thick, erect, the apical part densely covered with
scaly radical-leaves. Scaly radical-leaves broadly triangular with entire margin, persistent,
acuminate at the apex, 1.5–1.8 mm long, 1.5 mm wide, reddish brown. Flowering stems 1–4
from each branch apex of rhizomes, erect, simple, terete, glabrous. Leaves alternate, densely
arranged on the upper part, ascending-spreading, spurless, thick herbaceous, flattish,
yellowish green, obovate to inverted triangle, round at the apex; very short attenuate at the
base; entire along the margin, 12–16 mm long, 6–8 mm wide, glabrous on both surfaces. The
costa not obvious, with a short petiole. Inflorescences simple or few branches, corymbiform,
1–4 flowered; bracts shortly petiolate, obovate, 5–7 × 3–4 mm. Flowers bisexual, white
or red, unequally 5-merous; pedicel 4–6 mm. Sepals 5, green, succulent, triangular-ovate,
5–7 mm long, 3–3.5mm wide, obtuse at the apex, entire. Petals 5, white or red, sometimes
white with red plaques, oblong-ovate, 10–12 mm long, the united part 0.5 mm long, the
free part 9–11 mm long, 6–8 mm wide, apex acuminate, tapering to the base. The petals do
not fully open at maturity but stand upright surrounded by stamens and ovaries. Stamens
10, slightly shorter than petals, antepetalous ones inserted 2–3 mm from petal base, long
ca. 5 mm, antesepalous ones 7–8 mm long, the filaments slender, sub-linear, anther tip,
blue. Nectar scales trapezoid, ca. 1 mm long, ca. 0.8 mm wide, apex emarginate. Carpels 5,
slightly connate at base, erect, long elliptic, 6–7 mm long, style 2–3 mm long, erect; each
carpel has about 20 ovules. Seeds long elliptic, 1.5 mm long and 0.5 mm wide.

Distribution and Habitat: R. namlingensis was only known from southeast Xizang (Nam-
ling), China (Figure 6). Now, two populations have been found. It grows in gravel crevices
or rock crevices on the beach of the Jiacuo Zangbo Valley, between 3800 and 4000 m above
sea level.

Etymology:—The specific epithet is derived from Namling county, southeast of Xizang, China.

Phenology:—Flowering in August to September, fruiting in September to October.

Common name (assigned here):—Nan Mu Lin Hong Jing Tian (南木林红景天; Chinese name).

Proposed IUCN conservation status:—This new species is only known from southeast
Xizang (Namling) where two populations were found in gravel crevices or rock crevices on
the beach of the Jiacuo Zangbo Valley, between 3800 and 4000 m above sea level. The species
is considered to be “Vulnerable” (VUD1) according to the IUCN Red List Criteria [30].

Additional specimens examined (paratype):—China. Xizang: Namling Co., 4313 m,
18 September 2015, S.Y. Meng et al. 2015091804 (PEY0068680, PEY0067594); Namling
Co., 4313 m, 30 July 2015, S.Y. Meng & Z.M. Wang MWH110 (PEY0066822); Namling Co.,
4212 m, 11 August 2010, S.Y. Meng msy05 (PEY0068679).
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Abstract: Gynomonoecy, the occurrence of both pistillate (female) and perfect (hermaphroditic)
flowers on the same plant, has received little attention compared to gynodioecy and other plant
sexual systems. Eremurus anisopterus is a perennial ephemeral in the cold desert of northwest China
with a hermaphrodite–gynomonoecious sexual system in the same population. The primary aim of
this study was to compare the early life history traits and inbreeding depression between progeny
from pistillate and hermaphrodite flowers in hermaphrodites and gynomonoecious individuals.
All of the traits of progeny from outcrossed pistillate flowers on gynomonoecious plants were
significantly greater than for other pollination types. Selfing (vs. outcrossing) resulted in a decrease
in all traits, indicating inbreeding depression (ID) during early life history stages of gynomonoecious
and hermaphroditic plants. ID for seed mass, seed germination and seedling survivorship under
water stress for pistillate flowers on gynomonoecious plants was significantly higher than it was for
hermaphrodite flowers on both gynomonoecious and hermaphrodite plants. The advantage of the
offspring of pistillate (vs. hermaphrodite) flowers may contribute to the maintenance of gynomonoecy
in E. anisopterus in its cold desert sand dune habitat.

Keywords: early seedling growth; Eremurus anisopterus; hermaphrodite–gynomonoecious sexual
system; inbreeding depression; offspring fitness; seed germination; seed mass

1. Introduction

Flowering plants exhibit a diversity of sexual systems that have combined male
and female functions within and among individuals in seemingly every possible combi-
nation [1–3]. These sexual systems include hermaphroditism, monoecy, andromonoecy,
gynomonoecy, dioecy, androdioecy and gynodioecy [3–5]. In recent decades, evolutionary
biologists have been interested in the evolution and maintenance of diverse sexual systems
because they might be an important mechanism in the promotion of outcrossing [6]. In flow-
ering plants, this process is demonstrated by the transition from bisexual (hermaphrodite)
to unisexual flowers and from bisexual to unisexual individuals [7]. Plants exhibit re-
markable diversity in their sexual systems, which acts as a major driver of the genetic and
evolutionary dynamics of flowering plants [8–10]. The evolution of plant sexual systems
has been an important research issue since Darwin’s studies [1]. Theoretical models suggest
that the fitness consequences of selfing and outcrossing, the optimal allocation of resources
to female and male functions, the genetic control of sex expression and environmental
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conditions may be the result of the selective pressure of sex expression and can affect the
sexual systems of flowering plants [9,11–13].

Gynomonoecy refers to the co-occurrence of female (pistillate) and perfect (hermaphrodite)
flowers on the same plant [2,14,15]. Within populations, occurrence of the two types of flow-
ers on gynomonoecious plants is due to genetic effects, including incomplete restoration of
a male-sterile cytoplasm by one or many nuclear loci, and maternal effects, pollination sys-
tem, resource allocation and herbivory effects [16]. Several hypotheses have been proposed
to explain the evolution and maintenance of gynomonoecy. (1) As in other systems with
unisexual flowers, the presence of the two flower types may permit the flexible allocation
of resources to female and male reproductive functions in response to variations in environ-
mental factors [17–19]. (2) Pistillate flowers may outcross more than perfect flowers. The
outcrossing rate of pistillate ray florets of the radiate morph was significantly greater than
that of perfect disc florets of either the radiate or nonradiate morph [20]. (3) The advantage
of the pistillate flowers in aster heads lies in their attractiveness to pollinators [14]. (4) Pis-
tillate flowers would be favored if perfect flowers were susceptible to biased predation by
florivores [3,21,22]. In recent decades, most studies on gynomonoecy have focused on flow-
ering phenology and female fitness [23], breeding system [24,25] floral sex ratios [14,26],
sexual phenotypes [27], sex allocation and reproductive success [5], phylogeny [4,7,28] and
the effects of biotic and abiotic factors of the environment on sex expression [3,29] on plants
with gynomonoecy or the co-occurrence of gynomonoecious and other sexual systems.
However, few studies have examined the effect of gynomonoecious sexual systems on
progeny performance [30].

Theoretical and empirical work suggests that inbreeding depression (ID) will coevolve
with the mating system, resulting in a positive correlation between outcrossing rates and
inbreeding depression [31–33], and this is thought to play a key role in the evolution of plant
breeding systems [11,34–37]. ID can vary between stages of the plant life cycle, and several
studies have compared ID for seed production, seed mass, germination, survival and other
plant life history traits in gynodioecious species (coexistence of females (male-sterile) and
hermaphroditic individuals) [7,38,39]. However, other than studies on the eudicot genus
Silene (S. acaulis [40] and S. nutans [41]), little is known about the effects of selfing versus
outcrossing on the progeny fitness of gynomonoecious species.

Eremurus anisopterus Regel. (Xanthorrhoeaceae, formerly Liliaceae), is an early spring
flowering perennial ephemeral that occurs in the cold deserts of Kazakstan and north-
west China [42]. In China, E. anisopterus grows on fixed and semi-fixed sand dunes of
the Gurbantunggut Desert of northern Xinjiang. Generally, the shoots of E. anisopterus
begin to emerge aboveground in late March [15], and the temperature is low and fluctu-
ates greatly during this period [43]. This species has a hermaphrodite–gynomonoecious
sexual system [5]. About 30% of the pollen received by perfect (hermaphrodite) flowers
of E. anisopterus is outcrossed pollen, while more than 60% of that received by pistillate
(female) flowers is outcrossed pollen (J. Mamut, unpublished data). Furthermore, pistil-
late flowers produce larger seeds than hermaphroditic flowers in gynomonoecious plants,
thereby compensating (in part) for the loss of pollen (male gamete) production [5]. Thus,
we hypothesized that the progeny of pistillate flowers would have a greater performance in
the early life history stages than those from hermaphrodite flowers in both hermaphrodites
and gynomonoecious individuals. To test this hypothesis, we compared the progeny
performance and inbreeding depression from different pollination types of pistillate and
hermaphrodite flowers in both hermaphrodites and gynomonoecious individuals under
stressful conditions.

2. Materials and Methods
2.1. Study Species and Seed Collection Site

Each flowering individual of E. anisopterus produces one large raceme with dozens
of flowers. The racemes of gynomonoecious individuals have basal pistillate and distal
perfect flowers. Flowering begins from late April to early May. Flowers do not have nectar
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and are mainly pollinated by halictid bees and honeybees, which usually fly upwards when
visiting receme inflorescences. Thus, pistillate flowers are more likely to produce outcrossed
seeds [5]. E. anisopterus populations have both hermaphrodite (H) and gynomonoecious
(Gm) plants, and the proportion of Gm individuals varies significantly from 2 to 17% among
the populations [19].

Freshly matured seeds were collected from 900 plants in a large population of E. anisopterus
growing on a cold desert sand dune in the Mosuowan region of the Gurbantunggut
Desert (44◦55′19.4” N, 85◦33′20.2” E; 313 m a.s.l) in Xinjiang Uyghur Autonomous Region,
northwest China. This region has a wide range of mean monthly temperatures. The coldest
month is January (−23 ◦C), and the hottest month is July (33 ◦C), with a mean annual
temperature of 7 ◦C. The annual precipitation (including rain and snow) is 147.3 ± 8.6 mm,
with ~64% occurring in spring and summer. The monthly precipitation ranges from 5
(February) to 22 mm (July) (data from Mosuowan weather station, 1991–2010). Mean
annual potential evaporation is 1942 mm [44].

2.2. Pollination Type

To examine the characteristics of seeds from different flower morph types and differ-
ent types of pollination, we randomly labeled 900 hermaphroditic and gynomonoecious
individuals in the population on 24–28 April 2014, and performed the following polli-
nation treatments: (1) For hermaphrodite flowers, we tagged 300 hermaphroditic and
300 gynomonoecious individuals and established three pollination types (S, Op, Ou) of
100 hermaphrodite (H) and three pollination types of gynomonoecious (Gm) plants (see
left and middle group of pollination types in Figure 1). Ten hermaphroditic (H) flowers
were marked at the bud stage on each plant and enclosed in a mesh bag to avoid accidental
pollination events. As soon as flowers opened, their stamens were cut, and the following
hand pollinations were performed once stigmas became receptive: (a) open (designated as
treatment Op), natural pollination without any floral manipulation; (b) self-pollinations
were performed with pollen collected from other flowers of the same plant (S); or (c) out-
cross pollinations were made using a mixture of pollen from three hermaphrodites from the
same population (Ou) (Figure 1). (2) For pistillate flowers, of the 300 selected Gm plants,
we also marked 10 flowers in a basal position, using between four and seven pistillate
(P) flowers on each plant, because E. anisopterus individuals generally produce between
one and seven pistillate flowers. The pistillate flowers in each study group received three
similar pollination types (see the group of pollination types on the right in Figure 1) as in
the hermaphroditic plants. Flowers receiving treatments 2 and 3 were bagged after pollina-
tion to exclude any subsequent open pollination. Nonpollinated flowers were removed to
keep the number of flowers per mother plant similar and to avoid resource allocation to
nontarget flowers.

To easily distinguish the results of different plant, flower and pollination types, we
used three-letter acronyms to refer to specific groups of results. The three letters of the
acronym refer to the plant type (hermaphrodite (H) vs. gynomonoecious (Gm), the flower
type (hermaphroditic flowers of H, hermaphroditic and pistillate flowers of Gm) and
the pollination type (open pollination, selfing and outcrossing) (Figure 1). For example,
GmP-S refers to seeds produced by a pistillate flower on a gynomonoecious plant that was
self-pollinated.

2.3. Seed and Seedling Traits Measured

For seeds produced using the above treatments, we measured seed set, seed mass,
embryo growth, germination percentage and seedling survival and growth.

2.3.1. Seed Set

Seed set was measured by randomly sampling one fruit each from 20 individuals of
each pollination type, and the seed set per fruit was determined for all treatments.
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Figure 1. Schematic diagram showing the sequence of pollination types and stress treat-
ments. H—hermaphrodite plants; Gm—gynomonoecious plants; HH—hermaphrodite flowers on
hermaphroditic plants; GmH—hermaphrodite flowers on gynomonoecious plants; GmP—pistillate
flowers on gynomonoecious plants. S—selfed; Op—open pollinated; Ou—crossed.

2.3.2. Seed Mass

Seed mass was measured by randomly sampling 30 seeds (one seed per fruit from
each of 30 plants) from each pollination type, and the individual seeds were weighed using
a Sartorius BS210S electronic balance (0.0001 g).

2.3.3. Phenology of Embryo Growth

Embryos in seeds of E. anisopterus are underdeveloped, and consequently they must
grow inside the seed before radicle emergence (germination) [45]. To determine the initial
length (size) of the embryo, 25 seeds from each pollination type were placed on moist filter
paper in Petri dishes at room temperature on 27 June 2014. After 24 h, each seed was cut
open with a razor blade, and embryo length and seed length (E:S ratio) were determined
using a dissecting microscope equipped with a micrometer.

To monitor the phenology of embryo growth, 30 freshly mature seeds of each pollina-
tion type were placed in 10 fine-mesh nylon bags and buried in clay pots (30 cm diameter,
30 cm height) to a depth of 3 cm in sand from the natural habitat of E. anisopterus. The pots
were buried in soil (top of pot level with soil surface) in an experimental garden on the
campus of Xinjiang Agricultural University, Urumqi, on 27 June 2014. Sand in the pots
was kept moist throughout the monitoring period. After burial, 25 or 30 seeds (some seeds
decayed during burial) were removed from one haphazardly selected bag every 15 d until
26 October 2014 and the E:S ratio was determined as described above. Sand temperatures
at a depth of 3 cm were recorded at 2 h intervals throughout the burial period using a Tiny
Tag data logger (Model Micro Lite LITE5016, Fourier Technologies, Beijing, China). Daily
mean, maximum and minimum temperatures were calculated from these data.

2.3.4. Seed Germination

One hundred freshly mature seeds of each of the nine levels of pollination types
were sown on wet filter paper with 12 cm diameter Petri dishes and cold stratified at
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5/2 ◦C (12/12 h) for 8 weeks in darkness [45]. After cold stratification, four replicates
of 25 seeds each were transferred to 9 cm diameter Petri dishes under green light and
incubated in darkness at 15/2 ◦C for 30 days. Seeds incubated in darkness were checked
after 30 d for germination, and distilled water was added every 7 d (in green light). After
the germination trials were complete, non-germinated seeds were tested for viability, and
germination percentages were calculated based on number of viable seeds [45].

2.3.5. Seedling Growth and Survival

To compare the early growth of seedlings from the nine pollination types, we used
seeds that had been stored dry at room conditions for 6 months. One hundred seeds from
each of the nine pollination types were placed on moist sand in 12 cm diameter Petri dishes
and cold stratified at 5/2 ◦C for 8 weeks in darkness. After treatment, four replicates
of 25 seeds were transferred under green light to new 12 cm diameter Petri dishes and
incubated in darkness at the 15/2 ◦C temperature regime for 4 weeks. These procedures
have been shown to break seed dormancy, thus allowing for the measurement of subsequent
seedling traits.

In addition to growing seedlings in the 15/2 ◦C optimal condition, we also exam-
ined seedlings’ response to two types of stressful conditions often found in the natural
environment of this species—specifically, high temperature and low soil water content.

Temperature

For these treatments, we transferred four replicates of 10 3-week-old seedlings from
moist filter paper in Petri dishes into a hydroponic system. In this system, individual
seedlings were placed into 1 cm diameter holes (1 seedling per hole) bored into round
pieces of styrofoam (1 cm thick templates) that covered the Petri dishes (12 cm diameter,
2.5 cm deep) containing 80 mL of 1/2 strength Hoagland nutrient solution. Roots of the
seedlings reached into the nutrient solution, which was replaced with fresh Hoagland
solution 2 weeks after the initial transplantation, at the mid-point of the experiment. Using
this setup, we incubated two groups of seedlings at daily (12/12 h) temperature regimes of
5/2 and 20/10 ◦C in light for 28 d, representing suboptimal, and superoptimal temperature,
respectively. The optimum temperature regime for the seed germination of E. anisopterus is
15/2 ◦C [45]. Thus, we grew an additional group of seedlings at 15/2 ◦C to serve as the
control. Seedlings were arranged haphazardly, and all Petri dishes were rotated several
times weekly to reduce the possibility of positional effects. Seedling survival was monitored
at 1-week intervals and height, root length and mass of seedlings were measured only at
the end of the experiment.

Water Stress

The design used to grow seedlings under water stress was very similar to the one used
to test the effect of temperature stress on seedling growth. Three replication of 10 3-week-
old seedlings were transferred from the moist filter paper into Petri dishes containing 0
(control, 1/2 strength Hoagland nutrient solution only (HNS)), −0.15 and −0.51 MPa PEG
(HNS+ PEG) solutions at 15/2 ◦C for 28 d [46]. Seedling survival was monitored at 1-week
intervals and height, root length and mass of seedlings were measured only after 28 d.

2.4. Effect of Inbreeding Depression on Seed Set, Mass, Germination and Seedling Growth
and Survival

Using the measurements from different pollination types, we calculated the inbreeding
depression (δ) for individual traits (seed set, seed mass, embryo growth, seed germination
and seedling growth and survival) using the equation δ = 1— (Ws/Wo), where Ws and
Wo were the measurement of individual fitness traits for selfed and out-crossed progeny,
respectively. Thus, (Ws/Wo) is relative fitness [47,48]. In this study, Ws was lower than Wo
in all cases; thus, our measurement of inbreeding depression was always positive.
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2.5. Multiplicative Fitness of Early Life History Traits

The effects of inbreeding are cumulative (multiplicative) across the life cycle [48]. Thus,
the cumulative fitness of the early life history stages of E. anisopterus was estimated by
calculating the product of relative fitness (Ws/Wo) for seed set, seed mass, embryo growth,
germination percentage and seedling survival/growth (cumulative relative fitness, CRF);
1—CRF = total ID for these three stages of E. anisopterus.

All calculations for inbreeding depression were conducted separately for the three
types of flowers: hermaphrodite and pistillate flowers on gynomonoecious plants, and
hermaphrodite flowers on hermaphrodite plants.

2.6. Data Analysis

A linear-mixed model was used to explore the effects of explanatory variable (plant
type, flower type and pollination type) on response variable (seed set, seed mass, embryo
growth and seed germination). In the linear-mixed model, fixed effects were detected by
the main and all potential interactive effects among these explanatory variables except
for the interactive effect between plant and flower types, since flower type was not fully
crossed with plant type. Plant type was also considered a random factor nested with
individuals, which was randomly sampled. The linear-mixed model was conducted by
“lme” function in “nlme” packages in R software [49]. If fixed factors had significant main
or interactive effects in the linear-mixed model, we further used the “lsmean” function in
“lsmean” package to conduct multiple comparisons [50].

To express the relative importance of each explanatory variable on response variables,
we firstly calculated adjusted R2 for the whole linear-mixed model. Then, the main and
interactive effects of each explanatory variable were removed from the whole model, and
their adjusted R2 was calculated as suggested by de Vries et al. [51]. The relative importance
of each explanatory variable was depicted by its adjusted R2 calculated from the removed
model [51]. In particular, the adjusted R2 was calculated by the “r. squared LR” function in
“MuMIn” packages [52]. Finally, we used the linear regression to examine the relationship
between seed mass and seed germination and seedling traits.

3. Results
3.1. Seed Traits

The linear-mixed model results revealed that flower type and pollination type signifi-
cantly affected all measured traits except embryo growth (however, flower type significantly
affected the final E:S ratio) (Table 1). There were no significant effects of plant type on
seed mass or seed germination, nor was there a significant interaction between flower type
and pollination type or between plant type and pollination type. However, plant type
significantly affected seed set (Table 1). More specifically, flowers that were cross-pollinated
produced more (Table 1; Figure 2A) and larger (Table 1; Figure 2B) seeds than self-pollinated
flowers, and the open pollinated flowers exhibited intermediate trait values in all cases.
The germination of cross-pollinated flowers was significantly higher (Table 1; Figure 2C)
than that of self-pollinated flowers except HH.

3.2. Phenology of Embryo Growth

The initial E: S ratio (28 June) for fresh seeds of each pollination type ranged from
0.707 ± 0.009 for selfed seeds of HH to 0.735 ± 0.018 for outcrossed seeds of GmP, and
differences among pollination types were not significant (Table 1, Figure 3).

Embryos grew only a little during summer 2014; however, between 11 September and
26 October 2014, during which time mean daily maximum and minimum sand temperatures
were 14.8 and 4.6 ◦C, respectively, embryos grew rapidly (Figure 3A). The final E: S ratio
(26 October) ranged from 0.868 ± 0.007 for HH-S to 0.899 ± 0.007 for GmP-Ou, and the
differences among the flower types were significant (Table 1). Embryos from GmP-Ou
and GmP-Op reached the critical E:S ratio required for germination on 26 October 2014, at
which time 2% of the seeds in the bags had germinated.
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Table 1. Results of the linear mixed model showing the effect of plant type (hermaphroditic vs.
gynomonoecious), flower type (hermaphroditic flowers of H, hermaphroditic and pistillate flowers
of Gm), pollination type (open pollination, selfing and outcrossing) and their interactions in terms of
seed set, seed mass and seed germination. Effects with p < 0.05 are shown in boldface type.

Source of Variation d.f. F p

Seed set
Plant type (PT) 1, 19 20.799 0.0002

Flower type (FT) 1, 133 86.986 <0.0001
Pollination type (PT′) 2, 133 11.448 <0.0001

FT * PT′ 2, 133 10.258 0.0001
PT * PT′ 2, 133 0.0241 0.976

Seed mass
Plant type (PT) 1, 29 2.215 0.147

Flower type (FT) 1, 203 44.407 <0.0001
Pollination type (PT′) 2, 203 32.104 <0.0001

FT * PT′ 2, 203 0.967 0.382
PT* PT′ 2, 203 1.359 0.259

Initial E:S ratio
Plant type (PT) 1, 218 0.620 0.433

Flower type (FT) 1, 218 0.300 0.255
Pollination type (PT′) 2, 218 0.130 0.324

FT * PT′ 2, 218 0.010 0.987
Final E:S ratio
Plant type (PT) 1, 218 1.230 0.268

Flower type (FT) 1, 218 5.110 0.024
Pollination type (PT′) 2, 218 1.580 0.209

FT * PT′ 2, 218 0.920 0.401
Seed germination

Plant type (PT) 1, 3 9.320 0.055
Flower type (FT) 1, 21 25.329 0.0001

Pollination type (PT′) 2, 21 24.533 <0.0001
FT * PT′ 2, 21 1.4868 0.249
PT* PT′ 2, 21 0.8807 0.429
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Figure 2. Mean (± SE) seed set (A), seed mass (B), and germination percentage (C) of seeds from
selfed (S), open pollinated (Op) and crossed (Ou) flowers of Eremurus anisopterus. HH, hermaphrodite
flowers on hermaphrodite plants; GmH, hermaphrodite flowers on gynomonoecious plants; GmP,
pistillate flowers on gynomonoecious plants. Different letters above each group indicate significant
differences between pollination types within each flower type (p < 0.05).

3.3. Seedling Traits

Flower type, pollination type and stress treatment had significant effects on seedling
survival and biomass (Table 2). There were no significant effects of plant type on survival,
but plant type significantly affected biomass. However, flower type, pollination type
and stress treatment interactions (p < 0.05) had no significant effects on seedling survival
or flower type, and pollination type and stress treatment interactions (p < 0.05) had no
significant effects on biomass (Table 2). Seedling survival and biomass were higher for the
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control than for seedlings exposed to stress treatments. Selfed progeny had significantly
lower survivorship and lower biomass than outcrossed progeny incubated in –0.51 MPa
in three flower types except the GmH in biomass. Seedlings from the two groups of
hermaphroditic flowers (from the H and Gm plants) were similar in terms of survival and
biomass (Figure 4).
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Table 2. Results of linear mixed model showing the effect of plant type (hermaphroditic vs. gynomo-
noecious), flower type (hermaphroditic flowers of H, hermaphroditic and pistillate flowers of Gm),
pollination type (open pollination, selfing and outcrossing), stress treatment (control, 2 temperatures,
and 2 water stresses) and their interactions in terms of seedling survival and seedling biomass. Effects
with p < 0.05 are shown in boldface type.

Source of Variation Survival Biomass

d.f. F p d.f. F p

Plant type (PT) 1, 2 4.939 0.1563 1, 19 44.918 <0.0001
Flower type (FT) 1, 86 10.623 0.0016 1, 817 131.391 <0.0001

Pollination type (PT′) 2, 86 26.427 <0.0001 2, 817 126.087 <0.0001
Stress treatment (ST) 4, 86 124.124 <0.0001 4, 817 333.552 <0.0001

FT * PT′ 2, 86 1.213 0.3023 2, 817 5.477 0.0043
FT * ST 4, 86 3.896 0.0059 4, 817 2.831 0.0238
CT * ST 8, 86 3.53 0.0014 8, 817 1.402 0.1918
PT * PT′ 2, 86 3.049 0.0525 2, 817 6.697 0.0013
PT * ST 4, 86 3.721 0.0077 4, 817 0.074 0.9901

FT * PT′ * ST 8, 86 0.257 0.9778 8, 817 1.199 0.2967
PT * PT′ * ST 8, 86 0.426 0.9023 8, 817 0.058 0.9999
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Figure 4. Mean (±SE) seedling survival (left) and biomass (right) of offspring from seeds of selfed
(S), open pollinated (Op) and crossed (Ou) flowers of Eremurus anisopterus under different stress
conditions. HH, hermaphrodite flowers on hermaphrodite plants; GmH, hermaphrodite flowers on
gynomonoecious plants; GmP, pistillate flowers on gynomonoecious plants. Different letters above
each group indicate significant differences between pollination types within each treatment (p < 0.05).
Marginally significant differences are not shown here.

3.4. Effect of Seed Mass on Germination and Seedling Traits

Germination percentage of different pollination type seeds from H and P flowers
from hermaphrodite and gynomonoecious plants was positively correlated with seed mass
(R2 = 0.93, p < 0.001) (Figure 5). Outcrossed seeds from pistillate flowers on gynomonoe-
cious plants were significantly larger than those of selfed seeds from gynomonoecious and
hermaphroditic plants. ANCOVA showed that germination percentage was independent
of seed mass (Table 3).
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open pollinated; Ou—crossed.
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Table 3. Analysis of covariance (ANCOVA) of the effect of seed size on germination.

Source of Variation d.f. MS F p

Pollination type 8 202.272 3.239 0.011
Seed mass 1 49.132 0.787 0.383

Error 26 62.456
R2 = 0.588

Seed mass tended to affect seedling survival and biomass, and its effect varied under
stressful conditions. However, there was no significant effect in the control and PEG
—0.15. The survival and biomass of selfed progeny from larger outcrossed seeds from
pistillate flowers on gynomonoecious plants (which were larger than selfed seeds from
gynomonoecious and hermaphroditic plants) was significantly higher than that of selfed
seeds from both gynomonoecious and hermaphroditic plants (which were smaller than
outcrossed seeds from female flowers on gynomonoecious plants), especially for outcrossed
progeny from pistillate flowers on gynomonoecious plants under PEG —0.51 MPa (Figure 6).
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3.5. Effect of Inbreeding Depression on Seed and Seedling Traits

Inbreeding depression for seed mass and germination was much stronger for GmP
than for GmH and HH. However, seed set and embryo growth did not differ in inbreeding
depression among three flower types. All of the germinated seeds survived in the con-
trol, suggesting that inbreeding did not affect survival under benign conditions. Under
suboptimal and superoptimal temperatures (5/2 ◦C and 20/10 ◦C), seedling survivor
exhibited weak inbreeding depression. However, under water stress (−0.51 Mpa) seedling
survivorship exhibited a much stronger inbreeding depression (Table 4).

Total ID for the early growth stages for GmH, GmP and HH ranged from 0.53 to 0.65,
0.59 to 0.80 and 0.46 to 0.64, respectively (Table 5).
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Table 4. Inbreeding depression for seed set, seed mass, embryo growth, germination and seedling
survival of Eremurus anisopterus under different stress conditions. GmH—hermaphrodite flowers on
gynomonoecious plants; GmP—pistillate flowers on gynomonoecious plants; HH—hermaphrodite
flowers on hermaphrodite plants. S-C; seedling survivorship in control (1/2 strength Hoagland
nutrient solution); S-T—seedling survivorship under temperature stress; S-W—seedling survivorship
under water stress. Different letters within a row indicate significant differences (Tukey’s HSD,
p < 0.05).

Treatment
Flower Type

F p
GmH GmP HH

Seed set 0.188 ± 0.082 a 0.188 ± 0.073 a 0.164 ± 0.211 a 0.010 0.990
Seed mass 0.102 ± 0.006 a 0.165 ± 0.007 b 0.097 ± 0.009 a 26.219 0.000

Initial E:S ratio 0.024 ± 0.006 a 0.026 ± 0.013 a 0.021 ± 0.008 a 0.061 0.941
Final E:S ratio 0.019 ± 0.002 a 0.024 ± 0.006 a 0.017 ± 0.004 a 0.502 0.607
Germination 0.205 ± 0.031 a 0.256 ± 0.017 b 0.202 ± 0.046 a 16.523 0.003

S-C 0.000 ± 0.000 a 0.000 ± 0.000 a 0.000 ± 0.000 a — —
S-T 5/2 ◦C 0.086 ± 0.016 a 0.088 ± 0.003 a 0.062 ± 0.003 a 2.353 0.176

S-T 20/10 ◦C 0.074 ± 0.016 a 0.077 ± 0.021 a 0.052 ± 0.003 a 0.773 0.503
S-W —0.15 Mpa 0.129 ± 0.012 a 0.157 ± 0.007 b 0.125 ± 0.010 a 13.251 0.001
S-W —0.51 Mpa 0.268 ± 0.016 a 0.294 ± 0.005 b 0.271 ± 0.030 a 12.933 0.003

Table 5. Total inbreeding depression (TID) for seed set, seed mass, final E:S ratio, seed germination
and seedling survival/growth of Eremurus anisopterus under different environmental stresses. GmH—
hermaphrodite flowers on gynomonoecious plants; GmP—pistillate flowers on gynomonoecious
plants; HH—hermaphrodite flowers on hermaphrodite plants. S-C; seedling survivorship in control
(1/2 strength Hoagland nutrient solution); S-T—seedling survivorship under temperature stress;
S-W—seedling survivorship under water stress.

Treatment GmH GmP HH

S-C 0.529 0.719 0.567
S-T 5/2 ◦C 0.604 0.714 0.597

S-T 20/10 ◦C 0.605 0.593 0.627
S-W —0.15 Mpa 0.566 0.772 0.464
S-W —0.51 Mpa 0.648 0.798 0.639

4. Discussion

All traits of outcross seeds from pistillate flowers on gynomonoecious plants were
significantly higher than they were for those of the other pollination types. Thus, our
hypothesis that the life history traits of pistillate flowers are more fit and that ID would be
higher for the progeny of pistillate flowers than for those of hermaphrodite flowers in both
hermaphrodites and gynomonoecious individuals is supported.

Seeds produced by different pollination types may affect the fitness of the post-
germination traits of the progeny [47,53,54]. In natural populations of E. anisopterus,
pistillate flowers received more outcross pollen than perfect flowers, resulting in 60%
of the seeds being outcrossed, while perfect flowers received more pollinator visits than
pistillate flowers but had a higher proportion of geitonogamy, resulting in 30% of the seeds
being outcrossed (J. Mamut, unpublished data). Hence, the presence of pistillate flowers
on gynomonoecious plants could help reduce selfing rates, in support of the outcrossing
hypothesis of gynomonoecy.

Seed mass is important in the life history of plants [55–57], because it has a strong in-
fluence on seed germination, seedling emergence, survivorship, seedling size and seedling
competitive ability [56,58]. Various studies have shown that seeds from female flowers
of gynodioecious species are larger than those of perfect flowers [30,59]. Perfect flowers
of E. anisopterus produced significantly more seeds than pistillate flowers [5]. However,
the mass of individual outcrossed seeds from pistillate flowers on gynomonoecious plants

346



Diversity 2022, 14, 268

was significantly greater than that from the other pollination types (Figure 2B, Table 1),
suggesting that pollination type had a significant effect on seed mass and that the pistillate
flowers on plants of this gynomonoecious species increase female function via seed quality.

Seeds of E. anisopterus are dispersed in late June and, at this time, the embryos of all
pollination types of seeds are underdeveloped. The embryos began to elongate in summer,
but they grew slowly. Between mid-September and late October, embryos grew rapidly
and reached their critical length for radical emergence (germination) [5]. The critical E: S
ratio of GmP-Ou was significantly greater than that of other pollination types, indicating
that embryos of outcrossed seeds of pistillate flowers (GmP-Ou) elongate more than those
of selfed (GmH-S, GmP-S and HH-S) embryos. Ours is the first study on the effect of flower
cross-type on embryo growth.

Some species described as gynodioecious are truly gynomonoecious–gynodioecious,
with three phenotypes: females, perfect-flowered hermaphrodites and gynomonoecious in-
dividuals [41,60]. In the gynomonoecious–gynodioecious species Silene acaulis, seeds from
three flower types (pistillate flowers on females, pistillate flowers on gynomonoecious and
perfect flowers on gynomonoecious plants) did not differ significantly in germination per-
centage in either the greenhouse or field [40]. In another gynomonoecious–gynodioecious
species, S. nutans, Dufay et al. [41] observed that crossed seeds of hermaphrodites germi-
nated to a higher percentage than selfed seeds of both gynomonoecious and hermaphrodite
plants. In E. anisopterus, the germination percentage and seedling performance of larger
outcrossed seeds from pistillate flowers on Gm plants were significantly higher than those
of selfed seeds from hermaphrodite flowers on both Gm and H plants [56,61,62].

The relative frequency of selfing and outcrossing influences the offspring fitness and
genetic diversity of flowering plants [63]. The production of pistillate flowers enhances
the opportunity for outcrossing. Many studies of gynodioecious species found that the
offspring of females germinates to a higher percentage and grows larger than the offspring
of hermaphrodites [38,64,65]. In E. anisopterus, pollination type had a significant effect
on early seedling growth and survival. Under stressful conditions, seedlings from cross-
pollinated pistillate flowers on gynomonoecious plants grew and survived better than those
of seedlings from the other pollination types (Figure 4). This suggests that seedlings from
female flowers on gynomonoecious plants have more potential to grow and survive in the
unpredictable environment (with regard to timing and amount of precipitation) of the cold
deserts in Central Asia in early spring than those from perfect flowers of gynomonoecious
or hermaphroditic plants.

Inbreeding depression is thought to be a major selective factor in the evolution of
reproductive system diversity in flowering plants, particularly in maintaining outcrossing
in spite of the automatic gene transmission advantage of self-fertilization [66–68]. For
E. anisopterus, we found inbreeding depression in gynomonoecious and hermaphroditic
plants for different life cycle traits. A decrease in both seed mass and germination per-
centage resulting from selfing in E. anisopterus is consistent with the results reported for
gynomonoecious–gynodioecious species S. acaulis [40], Dianthus sylvestris [69] and S. nu-
tans [41]. Furthermore, we found significant inbreeding depression in GmH, GmP and HH
for different life cycle stages. ID for seed mass, germination and seedling survivorship
under water stress for GmP was significantly higher than ID for GmH and HH. How-
ever, there was no difference between GmH and HH, suggesting that flower type had a
significant effect on inbreeding depression. ID may or may not increase with stress (See
Table 1 in [48] for references on the effect of competition and physical environment on
inbreeding depression in plants). For E. anisopterus, inbreeding depression was found for
the survivorship of seedlings under environmental stress, and especially for those under
water stress. The outcrossed progeny of E. anisopterus had higher survivorship than selfed
progeny, suggesting that, for this species, recessive alleles are more deleterious under
stressful conditions [39].
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5. Conclusions

Several hypotheses have been proposed to explain the evolution and maintenance of
gynomonoecy. They suggest that this sexual system may enhance outcrossing [5,21,69],
avoid pollen–pistil interference [14,26], act as a defense against herbivores [3,21,23], enhance
attractiveness to pollinators [21,70] and/or permit flexible resource allocation [17]. Our
study shows that total ID was higher for the progeny of pistillate flowers than for those
of hermaphrodite flowers in hermaphrodites and gynomonoecious individuals across
the early history stages. Seed mass, seed germination and seedling survival/growth of
outcrossed seeds from pistillate flowers on gynomonoecious plants were significantly
higher than they were for those of the other pollination types. Thus, the female flower has
an advantage over the hermaphrodite flower in E. anisopterus. These results are consistent
with the outcrossing-benefit hypothesis for gynomonoecy, which proposes that female
flowers of gynomonoecious plants can partially avoid inbreeding depression by favoring
outcrossing rates [21,29].
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Abstract: Seeds of exotic plants transported with imported goods pose a risk of alien species invasion
in cross-border transportation and logistics. It is critical to develop stringent inspection and quaran-
tine protocols with active management to control the import and export accompanied by exotic seeds.
As a result, a method for promptly identifying exotic plant seeds is urgently needed. In this study,
we built a database containing 3000 images of seeds of 12 invasive plants and proposed an improved
YOLOv5 target detection algorithm that incorporates a channel attention mechanism. Given that
certain seeds in the same family and genus are very similar in appearance and are thus difficult to
differentiate, we improved the size model of the initial anchor box to converge better; moreover, we
introduce three attention modules, SENet, CBAM, and ECA-Net, to enhance the extraction of globally
important features while suppressing the weakening of irrelevant features, thereby effectively solving
the problem of automated inspection of similar species. Experiments on an invasive alien plant
seed data set reveal that the improved network model fused with ECA-Net requires only a small
increase in parameters when compared to the original YOLOv5 network model and achieved greater
classification and detection accuracy without affecting detection speed.

Keywords: weed seeds; seed identification; target detection; convolutional neural network; YOLOv5

1. Introduction

Invasion by alien species refers to the introduction of certain organisms into a new
ecological environment through natural or man-made activities from a different place
of origin, which then reproduce and spread independently in the new environment and
eventually exhibit a significant ecological impact, endangering the local biodiversity [1].
China is among the countries with the richest biodiversity in the world. The impact of
alien species in China has become increasingly severe with the increased frequency of
worldwide commerce and transit of products and persons, as well as the rapid expansion
of international tourism and logistics industries. As of 2020, more than 660 invasive alien
species have been discovered in China, with 370 of them being invasive plants [2]. Every
year, invasive species cause massive environmental and economic damages totaling more
than USD $30 billion.

In terms of biosecurity protocols, customs inspection and quarantine are considered
first passes of defense against alien species invasion and the most critical part of invasive
alien species prevention and control management. In 2020, the Chinese customs inter-
cepted 69,500 batches of 384 species of quarantine pests and 4270 batches of 1258 alien
species among inbound and outbound articles. As the world’s largest grain importer, strict
inspection and quarantine of imported grain are critical to the biosecurity of China. Taking
Huangpu and Nansha ports in Guangdong province as an example, more than 4 million
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tons of sorghum imported from the United States alone were detected with a maximum
quantity of 100 seeds per kilogram of 106 species of invasive plant seeds in 19 families from
2014 to 2016 [3]. The interception frequency and content of invasive plant seeds are high,
and the huge quantity has brought great difficulties to the detection of customs staff. The
rapid and accurate detection of the seeds of some notorious invasive plants is related to
the biological security and food security of our country. Because some seeds in the same
genus exhibit only slight differences in morphological characteristics, customs staff cannot
successfully identify them without the assistance of specialists. Moreover, the traditional
artificial detection and identification procedure is difficult, time-consuming, and inefficient.
Therefore, it is critical to establish an invasive plant seed image data set and an automatic
classification system.

With the rapid development of computer vision technology, the detection method
based on image recognition technology of the species has been widely adopted, the sec-
ondary detection, identification, and classification of various species have achieved signifi-
cant effect. The image-based target detection task involves identifying the target objects
in the image, detecting their location, and determining their category. The target detec-
tion algorithm is divided into the traditional artificial feature extraction algorithm and
the convolutional neural network (CNN) feature extraction algorithm. In the early stage,
traditional machine learning methods were mainly used. Chtioui et al. [4] extracted the
size, shape, and texture features of the four color seed images, respectively, and then used
the stepwise discriminant analysis method and artificial neural network as the classifier to
classify the four seeds and achieved the recognition rates of 92% and 99%. However, due to
the small experimental data set and the prior knowledge required to extract features, this
result has no practical generalization ability. The traditional feature extraction methods
rely heavily on features designed based on prior knowledge. If the extracted features are
insufficient, it will seriously affect the accuracy of recognition.

Thanks to the quick advances of GPU hardware and parallel computing performance,
CNN (convolutional neural network) represented by AlexNet [5] algorithm provides new
approaches for image recognition. In addition, the subsequent R-CNN (region with CNN
features) [6] algorithm was widely adopted in image recognition due to its significantly
improved performance of deep learning methods in target detection tasks. CNN-based
deep learning algorithms are mainly divided into two categories: One is a two-stage target
detection algorithm based on R-CNN and its improved algorithms, such as Fast R-CNN [7],
Faster R-CNN [8], Mask R-CNN [9], etc. The other is a one-stage target detection algo-
rithm, such as the SSD (Single Shot MultiBox Detector) [10] algorithm and the YOLO (You
Only Look Once) [11–14] series algorithm. Compared with the two-stage target detection
algorithm, one-stage does not need to map the anchor box to the feature map but directly
classifies and regresses the anchor box. Overall, the classification detection accuracy of the
one-stage target detection algorithm will be slightly lower than that of the two-stage target
detection algorithm, but the detection speed will be enhanced. CNN-based deep learning
algorithms have also been widely used in seed image recognition. Javanmardi et al. [15]
employ a deep CNN as a general feature extractor for corn seed varieties. Luo et al. [16]
compared the classification and detection capabilities of six popular CNN-based deep
learning algorithms (AlexNet, VGG-16, Xception, GoogleNet, SqueezeNet, NasNet-Mobile)
for weed seeds. Loddo et al. [17] proposed a new deep convolutional neural network,
SeedNet, and compared it with other convolutional neural networks in two plant seed
data sets. SeedNet can achieve the best results in terms of comprehensive performance.
However, as a lightweight target detection algorithm, YOLOv5 has a faster classification
and detection speed. Kundu et al. [18] developed a “Mixed Cropping Seed Classifier and
Quality Tester (MCSCQT)” system using the YOLOv5 algorithm, which can classify the
healthy and diseased seeds of pearl millet and maize. However, the application of the
YOLOv5 algorithm in weed seed is scarce so far.

Therefore, we adopted the YOLOv5 algorithm to classify and detect invasive plant
seeds in real time in this paper. The YOLO algorithm was proposed in 2016 and has under-
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gone development from v1 to v5. YOLOv5 is a deep learning model based on PyTorch [19].
Benefiting from PyTorch’s mature ecosystem, YOLOv5’s environment support and model
deployment are simpler and easier. YOLOv5 algorithm belongs to the one-stage target
detection algorithm. Compared with the two-stage target detection algorithm, YOLOv5
has a smaller weight file and faster reasoning speed of the model [19]; meanwhile, it can
still surpass many two-stage target detection algorithms in public data sets to obtain higher
accuracy. In the present work, we apply YOLOv5 to classify invasive plant seeds in real time
by refining the size model of the initial anchor box using a produced data set comprising
captured seed images of 12 invasive plant species. In addition, we propose an improved
YOLOv5 target detection algorithm, which combines the ECA attention mechanism. In
addition, we also compared the improved model with the original YOLOv5 algorithm
and several other attention mechanisms. The improved YOLOv5 method enhances the
extraction ability of key features of plant seeds and achieves greater classification and
detection accuracy without compromising detection speed.

2. Materials and Methods
2.1. YOLOv5

The YOLOv5 algorithm includes four network models: YOLOv5s, YOLOv5m, YOLOv5l,
and YOLOv5x, listed in order of increasing network depth and weight file size. To realize
high performance on real-time classification on handheld devices, such as cell phones
and tablets, we chose the YOLOv5s model for experimental training from the perspective
of minimizing computational cost and network weighting in this study. The improved
YOLOv5s network model architecture incorporating the ECA-Net attention mechanism is
shown in Figure 1. The entire network structure is divided into four parts: input, backbone,
neck, and output. A part of the unit structure of the network model is shown in Figure 2.
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2.1.1. Input

There were fewer small targets in our self-constructed invasive plant seed data set
owing to the capture of images with a macro lens, so we used the Mosaic [19] data en-
hancement method for the input part. Four images were scaled randomly and spliced
into a picture to enhance the model’s ability to detect small targets. The anchor box of
YOLOv5 clustered out nine different sizes of a priori boxes under the three sizes of receptive
fields based on the COCO [20] data set. Anchor boxes are statistics from all ground truth
boxes in the training set, which are the most frequently occurring box shapes and sizes
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in the training set. The anchor box can effectively restrict the range of predicted objects
in the training process and accelerate the convergence of the model. According to our
data set, we use a genetic algorithm plus k-means [21] to re-cluster anchors, and the new
anchor box is given as follows. [87, 88, 107, 107, 116, 137], [132, 136, 152, 155, 175, 197],
[230, 244, 262, 266, 352, 372]. The training phase learns the offset parameters continuously
along with the zoom ratio parameters through the anchor box and ground truth. The
prediction phase uses these parameters to fine-tune the anchor box, and finally, a better
prediction box is obtained from the test data.

2.1.2. Backbone

The backbone of the network architecture includes Focus, C3, Conv, SPP, and ECA
attention modules.

Figure 2a shows the structure of the Focus module. Its main function is the slicing
operation. As shown in Figure 3, the 4 × 4 × 3 image is sliced into a 2 × 2 × 12 feature
map. After the slicing operation of the Focus module, the double down sampling feature
map without information loss is obtained. The main purpose of the Focus layer is to reduce
layers, reduce parameters, reduce FLOPS (floating-point operations per second), reduce
CUDA memory, increase forward and backward speed while minimally impact on model
accuracy [19].
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The Conv module is a standard convolution module. A structure diagram is shown in
Figure 2b. It consists of the Conv2d+BatchNorm2d+SiLU activation function. The SiLU
(sigmoid linear unit) [22] activation function is used in the Conv module to further improve
the detection accuracy of the algorithm and optimize the convergence effect of the model.
SiLU is an improved, smoother version of the ReLU (rectified linear unit) [23] function. The
formula of its activation function is as follows, and x represents the input of convolution.

ReLU = max(0, x) (1)

Sigmoid(x) =
1

1 + e−x (2)

SiLU = x ∗ Sigmoid(x) (3)

The activation functions of SiLU and ReLU are similar in appearance, as shown in
Figure 4. When the input value is less than 0, the output of the ReLU is always zero, as is
the first-order derivative. As a result, some neurons may not be activated, and thus the
corresponding parameters cannot be updated. The first-order derivative formulas of SiLU
and ReLU are as follows.

ReLU′ = max(0, 1) (4)

SiLU′ = Sigmoid(x) + SiLU ∗ (1− Sigmoid(x)) (5)
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As shown by the curve marked ReLU′ in Figure 4, the ReLU activation function is not
monotonically increasing, and the smooth ReLU has better stability, effectively avoiding
neuron death and gradient explosion problems in the deep convolutional network.

The C3 module is a residual block based on cross-stage partial (CSP) networks and
contains three convolution modules. As shown in Figure 2c, it is composed of a standard
bottleneck residual module with three convolution modules. It draws on the design idea of
the cross-stage local area network CSPNet [24], which can enhance the feature extraction
ability and reduce the model parameters to reduce the memory cost.

As shown in Figure 5, in the spatial pyramid pooling (SPP) module [25], the feature
output of different receptive fields is achieved by using three max-pooling layers with
different kernel sizes. This can effectively solve the problem that the input image size of the
convolutional neural network must be fixed and can avoid repeated extraction of image
features to reduce computational costs.
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2.1.3. Neck

The neck part adopts a structure combining an FPN (feature pyramid network) and a
PAN (path augmentation network) framework, as shown in Figure 6. FPN transfers strong
semantic features from top to bottom and then transfers strong positioning features upward
through the bottom-up feature pyramid structure of the two PAN structures, and multiple
feature fusions achieve full extraction of the three feature layers of the network.
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Figure 6. FPN+PAN structure.

2.1.4. Output

The output part uses GIoU_Loss (generalized intersection over union loss) func-
tion [26] for the bounding box. Compared with IoU_Loss (intersection over union loss), it
increases the measurement of the intersection scale, which effectively alleviates the poor
recognition caused by seed stacking in photos of invasive plants. GIoU finds a minimum
closed box C to include them based on any two target boxes, A and B. It then calculates the
ratio of the area of C that is not covered by A and B to the total area of C and then subtracts
this ratio from the IoU of A and B, which is calculated as follows.

IoU =

∣∣∣∣
A∩ B
A∪ B

∣∣∣∣ (6)

GIoU = IoU− |C(A∪ B)|
C

(7)

2.2. Attention Mechanism

The concept of attention mechanisms was derived from the study of human vision.
Hence, attention mechanisms in deep learning are essentially similar to the selective
attention mechanism of humans. Their core purpose is to select more critical information
on the current task goal from many information centers while ignoring other relatively
unimportant information. Attention mechanisms are mainly divided into three types,
including spatial, channel, and mixed mechanisms.

2.2.1. Spatial Attention Mechanism

The spatial attention mechanism only focuses on an area related to the task target and
only looks for the most important part of the network for processing. A representative
model is the spatial transformer network (STN) [27] proposed by Google DeepMind, and
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the network structure is shown in Figure 7. It contains three parts: a localization network, a
grid generator, and a sampler.
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2.2.2. Channel Attention Mechanism

The channel attention mechanism learns the importance of each feature channel and
then enhances the useful feature channels for different tasks and suppresses those that are
less useful to realize the adaptive calibration of the feature channels.

As a representative model of the channel attention mechanism, Squeeze and Excitation
Networks (SENet) [28] was the champion model of the 2017 ImageNet classification com-
petition. The SE module proposed by SENet is shown in Figure 8, which mainly includes
two operations: squeeze and excitation. The SE module first performs a squeeze operation
on the feature map obtained by convolution to obtain the channel-level global features
and then performs an excitation operation on the global features to obtain the weights of
different channels and the relationship between the channels.
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Figure 8. Squeeze and excitation structure.

Efficient channel attention networks (ECA-Net) [29] are introduced as an improved
network based on SENet, which uses one-dimensional convolution to replace the bottle-
neck structure composed of two fully connected layers in SENet. The structure of the ECA
module is illustrated in Figure 9. Given the aggregated features obtained by global average
pooling (GAP), the local cross-channel interaction strategy without dimensionality reduc-
tion and the method of adaptively selecting the size of the convolution kernel is proposed
to significantly reduce the complexity of the model while maintaining performance.
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Figure 9. Efficient channel attention networks structure.

2.2.3. Mixed Attention Mechanism

The convolutional block attention module (CBAM) [30] was proposed to combine
spatial and channel attention mechanisms. This model proposed a channel attention
module and spatial attention module, as shown in Figure 10. The channel attention module
processes the feature maps of different channels, and the spatial attention module processes
the feature regions of the feature maps.
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3. Experiment

The hardware and software configuration of the experimental environment is shown
in Table 1.

Table 1. Experimental environment configuration.

Item Configuration

OS CentOS 7.9
GPU Tesla K80 (24GB)
CPU Intel(R) Xeon(R) CPU E5-2690 v2@3.00GHz

Framework Pytorch 1.7.1
Data annotation LabelImg

Visualization Tensorboard

3.1. Invasive Plant Seed Data Set

We selected 12 species of invasive plants in 10 genera and 7 families, and each species
collected 50–80 seeds for shooting. To improve the reliability of the experiment content and
results and to better fit the actual situation of customs inspection, we considered both the
size of the seeds (the smallest seed of Nicandra physalodes (L.) Gaertner is less than 2 mm
in average length and the largest seed of Leucaena leucocephala (Lam.) de Wit is more than
8 mm in average length) and their similarity (some sets of seeding having high similarity,
such as Solanum viarum Dunal and Solanum elaeagnifolium Cav., as well as Ipomoea lacunosa L.
and Ipomoea triloba L.) when selecting species to construct the invasive plant seeds data set.
We did not choose seeds with a length of less than 1 mm, because too small seeds cannot
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better display surface features when shooting with mobile phones. Most of the selected
seeds are between 3 and 5 mm in size, and only the length of Leucaena leucocephala is
8.5 mm. The number of invasive plant seeds larger than 5 mm intercepted by the customs
is small, and it is easier to identify with the naked eye due to the large individual. The
details of 12 species are shown in Table 2. Figure 11 shows the seed screenshot samples
from the data set, which will be closer to the shooting in the actual environment.
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Figure 11. Screenshots of 12 species in the data set.

When shooting the data set for the selected 12 species, we use the mobile phone
macro lens (xiaomi10; 2 million pixels; F/2.4 aperture) to shoot the seeds under the light of
5500 K color temperature, which is more suitable for the application scenario of real-time
quarantine of customs staff. To obtain more detailed features of seed appearance and
improve the generalization ability of the data set, we used 5× optical zoom and 10× optical
zoom to shoot seeds, respectively, taking 480 photos of single species and 520 photos of
mixed species. Each picture contains a different number of targets, and some data sets are
shown in Figure 12. Through random vertical and horizontal mirror flipping and random
brightness adjustment, we expand the number of samples in the data set to three times
the original image, a total of 3000 images and 14,682 targets. The target distribution of
the 12 species is shown in Figure 13, and the target number of each species was evenly
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distributed. We used the LabelImg [31] data annotation tool to label the seed data, divide
the data set into a training set, and test set according to a ratio of 4:1, and the picture
resolution was 4344 × 3940.

Table 2. Details of 12 species in the data set: including family and genus information of the species
and average data of seed length, width, and height of the species.

Scientific Name Family Genus Length
(mm)

Width
(mm)

Height
(mm)

Ipomoea lacunosa L. Convolvulaceae Ipomoea 4 ± 0.3 3.5 ± 0.3 2.9 ± 0.4
Ipomoea triloba L. Convolvulaceae Ipomoea 4.1 ± 0.5 3.1 ± 0.3 2.5 ± 0.3

Solanum viarum Dunal Solanaceae Solanum 2.3 ± 0.1 2 ± 0.1 0.7 ± 0.1
Solanum pruinosum Dunal Solanaceae Solanum 3 ± 0.2 2.3 ± 0.2 0.9 ± 0.1

Nicandra physalodes (L.) Gaertner Solanaceae Nicandra 1.7 ± 0.2 1.6 ± 0.1 0.6 ± 0.1
Datura stramonium L. Solanaceae Datura 3.5 ± 0.2 2.8 ± 0.1 1.4 ± 0.1

Sida spinosa L. Malvaceae Sida 2.2 ± 0.2 2 ± 0.2 1.5 ± 0.1
Leucaena leucocephala (Lam.) de Wit Fabaceae Leucaena 8.5 ± 0.5 5.4 ± 0.4 1.5 ± 0.2

Sesbania cannabina (Retz.) Poir. Fabaceae Sesbania 4 ± 0.5 2.4 ± 0.5 1.6 ± 0.2
Veronica hederifolia L. Plantaginaceae Veronica 2.2 ± 0.3 2 ± 0.3 1.6 ± 0.3

Hexasepalum teres (Walter) J. H. Kirkbr. Rubiaceae Diodia 3.4 ± 0.2 2.2 ± 0.2 1.6 ± 0.1
Paspalum urvillei Steud. Poaceae Paspalum 1.8 ± 0.3 1.3 ± 0.2 0.5 ± 0.1
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3.2. Network Performance Evaluation

Common evaluation indicators for two-class problems are precision, recall, F1-score,
mAP (mean average precision), FPS (frames per second), etc. A correctly identified sam-
ple is called a true positive (TP), whereas a negative sample incorrectly identified as a
positive sample is called a false positive (FP), and a positive sample incorrectly identified
as a negative sample is called a false negative (FN). Precision, recall, and F1-score are
defined below.

Precision =
TP

TP + FP
(8)

Recall =
FP

FP + FN
(9)

F1− score =
2 ∗ Precision ∗ Recall

Precision + Recall
(10)

According to the calculation formula of the evaluation index of the two-class problem,
we derive the precision and recall rate of the multi-class problem. As shown in Table 3, we
considered five classes (class 1–5) as an example (listing the details of class 1). In addition to
the statistics of the five categories of predictions, we also show statistics that had content but
did not predict the results and those that had no content but had the predicted results. The
calculation formulas of Precision1 (P1), Recall1 (R1), and F1-score1 of class 1 are as follows.

Precision1 =
TP1

TP1 + FP2 + FP3 + FP4 + FP5 + FP6
(11)

Recall1 =
TP1

TP1 + FN2 + FN3 + FN4 + FN5 + FN6
(12)
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F1− score1 =
2 ∗ Precision1 ∗ Recall1

Precision1 + Recall1
(13)

Table 3. Examples of five-classification precision and recall. TP (true positive), FP (false positive),
and FN (false negative). In particular, when the real target is class1, but the prediction result is empty,
we are defined as FN6. When there is no real target, but the prediction result is class1, we define it
as FP6.

Multi-Class
Prediction

Class1 Class2 Class3 Class4 Class5 Null

Real

class1 TP1 FN2 FN3 FN4 FN5 FN6
class2 FP2 TP2
class3 FP3 TP3
class4 FP4 TP4
class5 FP5 TP5

Null FP6

AP is the area under the P-R curve, indicating the accuracy in a category. The map
represents the average accuracy of all categories and is used to measure the performance
of the deep learning model in all categories. Among mAP@.5 indicates that the IoU
(intersection over union) threshold of NMS (non-maximum suppression) is greater than
the map value of 0.5, mAP@.5:.95 means that the IOU threshold is calculated every 0.05
from 0.5 to 0.95, and finally, the average value is calculated. AP and mAP are calculated
as follows:

AP =

1∫

0

P(R) dR (14)

mAP =
∑N

i=1 AP
N

(15)

where P is precision, R is recall, and N represents the number of classes in the data set.
Finally, the evaluation result was the average of all the classes. FPS represents the

number of image frames that can be processed by the target detection method per second,
which verifies the real-time performance of the detection method.

3.3. Experimental Implementations and Settings

This research integrates the SENet, CBAM, and ECA-Net modules in the backbone of
YOLOv5s. We also conducted comparative experiments with the original YOLOv5s. The
hyperparameter settings in the model are listed in Table 4. We refer to the application of
the YOLOv5 target detection algorithm in other fields [32–34], and the network input size
was 640 × 580, the batch size was set to 64 according to the performance of the GPU, and
the initial learning rate was set to 0.01. The amount of data was not large; therefore, we
used the Adam optimization algorithm to optimize the network parameters.

Table 4. Hyperparameter settings applied in the YOLOv5s.

Hyperparameter Image Size Batch Size Epoch Optimizer Learning Rate Beta1 Beta2

Value/Type 640 64 400 Adam 0.01 0.937 0.999

3.4. Experimental Results and Analysis

We tested YOLOv5s and three improved models that integrate attention mechanisms
on the invasive alien plant seed data set. We recorded the differences between the models
on the five aspects of Params, Precision, Recall, F1-score, and FPS. In terms of model
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parameters and detection speed, the original YOLOv5s has the best effect, but after integrat-
ing the ECA attention module, the three performance evaluation indicators of the model,
Precision, Recall, F1-score, mAP@.5, and mAP@.5:.95 have been improved. The results are
shown in Table 5, and in Figure 14, we show the prediction results of some test sets in the
YOLOv5s+ECA model.

Table 5. Experimental comparison of YOLOv5s integrated attention module. Bold data represent the
best result.

Models Params Precision/% Recall/% F1-Score/% mAP@.5 mAP
@.5:.95 FPS

YOLOv5s 7,093,209 93.02 89.28 91.06 90.65 80.40 32
YOLOv5s+SE 7,414,233 93.09 88.87 90.99 90.08 80.52 28

YOLOv5s+CBAM 7,137,121 92.83 89.52 91.22 90.83 81.16 29
YOLOv5s+ECA 7,283,164 93.96 90.11 91.94 91.67 82.77 29
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Data analysis shows that in terms of detection speed when the inference size was 4344,
the four network models were able to achieve millisecond-level real-time classification
detection using an Nvidia Tesla K80 GPU. The number of parameters of all models that
incorporate the attention module has different increases in parameters. Among them, the
YOLOv5+SE model has a maximum increase of 4.53% in parameters, and FPS decreased
by four frames, the final F1-score has a slight decrease. The minimum increment of the
YOLOv5+CBAM model parameters is only 0.62%, and FPS is reduced by three frames, but
it obtains a better detection effect than YOLOv5s+SE. The final F1-score is increased by
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0.16% compared to YOLOv5s. YOLOv5s+ECA model has the best optimization results.
Compared with YOLOv5s, the parameters of YOLOv5s+ECA increased by 2.68%, and
FPS was only reduced by three frames, but the precision, recall, F1-score, mAP@.5, and
mAP@.5:.95 increased by 0.94%, 0.83%, 0.88%, 1.02%, and 2.37%, respectively.

For a single category, the test results of the four algorithms on the alien invasive plant
seed data set are shown in Table 6. Compared with other individuals, Sida spinosa showed
obvious differences. The F1-scores of Sida spinosa in the four models were not high. We
speculate that this is because the number of samples in the data set Sida spinosa is relatively
small compared to other species. Ipomoea lacunosa and Ipomoea triloba belong to the
same genus and are very similar in appearance, which may lead to poor recognition of the
YOLOv5s network model. However, F1 scores were improved to different degrees after
fusing the SENet, CBAM, and ECA-Net modules, and the ECA-Net module had the best
effect. Sesbania cannabina also performs poorly in the models of YOLOv5s and integrated
SENet. Because the seed surface of Sesbania cannabina is extremely smooth to reflect light
and appear light spots in the case of flash photography. We cannot effectively solve this
problem by adjusting the photographing method, which may lead to some models being
unable to obtain more surface features and poor performance. The YOLOv5s+ECA model
exhibited suitable detection results in 12 categories and achieved the highest F1-score
among the four models in six categories.

Table 6. Comparison of F1-score detection results for 12 invasive plant seeds based on four algorithms
with the produced data sets. Bold data represent the best result.

Category YOLOv5s YOLOv5s+SE YOLOv5s+CBAM YOLOv5s+ECA

Ipomoea lacunosa 0.8904 0.8906 0.8976 0.9127
Ipomoea triloba 0.9056 0.9106 0.9214 0.9186

Solanum viarum 0.9440 0.9383 0.9398 0.9405
Solanum pruinosum 0.9170 0.9134 0.9087 0.9322
Nicandra physalodes 0.9071 0.9164 0.9180 0.9164
Datura stramonium 0.9153 0.9188 0.9090 0.9168

Sida spinosa 0.8921 0.8985 0.8966 0.8980
Leucaena leucocephala 0.9136 0.9028 0.9108 0.9182

Sesbania cannabina 0.8978 0.8890 0.9030 0.9076
Veronica hederifolia 0.9284 0.9258 0.9207 0.9406
Hexasepalum teres 0.9000 0.8934 0.9000 0.9120
Paspalum urvillei 0.9156 0.9214 0.9217 0.9187

Based on the above analysis, we find that the integration of YOLOv5s with the ECA-
Net attention module may be expected to increase the number of model parameters only
slightly and not to reduce detection speed while improving detection accuracy. Moreover,
it can achieve better performance in the real-time detection of invasive plant seeds.

4. Discussion
4.1. Potential Applications

In this paper, we establish a weed data set and offer a method for automatic detection
of invasive plant seeds, which has a promising potential to assist customs staff in analyzing
inbound alien plant seeds. We evaluate different improved methods on the invasive plant
seed data set. The results show that the detection speed of the YOLOv5 method fused with
ECA-Net is close to 30 FPS, which can meet the basic requirements of real-time detection
of inbound plant seeds by customs staff. However, it should be noted that many species
have small differences due to the particularity of plant seeds. Therefore, in the process of
real-time classification and detection of plant seeds, it is necessary to achieve sufficient
illumination intensity and high enough shooting resolution so that the deep learning model
can effectively read the subtle characteristics of seeds.
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4.2. Hyperparameter Exploration

In the previous experimental implementations and settings part, we used Adam
optimizer to train the model. The image input size is resized to 640, each batch of model
input was 64, the initial learning rate is 0.01, and the loss stabilized after 400 training
iterations. To verify whether the settings of these hyperparameters are optimal, we observe
the performance changes of the YOLOv5s model fused with ECA-Net on the invasive plant
seed data set by adjusting these hyperparameters. The experimental results are shown in
Table 7. The six experiments of “exp1–exp6” modified different hyperparameters, and the
results showed that the F1-score of exp1 was the best. Because our invasive plant seed
data set is a small data set, the Adam optimizer is obviously more suitable for our data
set. This also verifies that our hyperparameter settings are optimal. The F1-score of exp4 is
the worst. We speculate that the learning rate is too high, which makes the depth model
unable to converge effectively. An appropriate learning rate is very important for the deep
learning model.

Table 7. Hyperparameter adjustment and results. Exp1–6 represents six experiments performed.

Number Image Size Batch Size Learning Rate Optimizer Epoch F1-Score

Exp1 640 64 0.01 Adam 400 91.94%
Exp2 320 64 0.01 Adam 400 90.54%
Exp3 640 32 0.01 Adam 400 91.26%
Exp4 640 64 0.1 Adam 400 71.23%
Exp5 640 64 0.001 Adam 400 91.10%
Exp6 640 64 0.01 SGD 400 90.92%

5. Conclusions

Because of the difficulty of conventional customs biosecurity protocols based on
human labor in detecting invasive plant seeds and the long detection process required, in
this study, we proposed a real-time classification and detection network based on YOLOv5s
fusion attention modules and constructed an image data set consisting of 12 types of
invasive plant seeds. In order to better extract the important characteristics of invasive
plant seeds and strengthen the comparison of similar species in the model, we combined
the YOLOv5s network with the three attention modules of SENet, CBAM, and ECA-Net,
and then conducted a comparative experiment with the original YOLOv5s network on the
invasive plant seed data set. Using the invasive plant seed data set, the network model
composed of the YOLOv5s fusion ECA-Net module achieved higher classification detection
accuracy while only adding a small number of parameters and without loss of detection
speed. By fusing the ECA-Net attention module, the ability to extract important features of
similar species is enhanced, and the classification and detection accuracy of similar species
are improved. In the experimental environment, the model FPS integrated with the ECA
network can reach 32 frames, which can meet the real-time detection conditions of customs
staff. The overall experimental results show that the modified model can achieve better
results in the actual application of invasive plant seed detection.

In future studies, expanding the species and target number of the data set is crucial
to improve the classification impact and practicability of the model on invasive plant
seeds. Furthermore, we will continue to investigate the strategy of fusing the characteristic
information of other modalities to improve the seed classification and detection accuracy,
especially for the seeds of closely related species with high morphological similarity.
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Abstract: In this study, distyly was clearly confirmed in Polygonum criopolitanum Hance, which exhibited
strict self-incompatibility. Unlike other distylous species, style-morph ratios of P. criopolitanum often
deviated obviously from 1:1, and many populations were solely composed of long or short stylous
flowers; the 1:1 style-morph ratio was occasionally found in very large populations. P. criopolitanum
was dimorphic for intrinsic features such as style height and anther height and ancillary features
such as pollen size and number. The L-morph flowers produced a significantly smaller and higher
number of pollen grains than the S-morph flowers, and the stigma papillae of both morphs were not
significantly different. We nearly found no seed sets in most wild populations and very low seed sets
occasionally occurred in large populations, which was different from other species of Polygonaceae.
Mating experiments showed that P. criopolitanum has a strict self-incompatibility system and clonal
propagation was more common than sexual propagation, which was adaptive with the unisexual wild
populations. Hygrocolous habitat, 20–60% soil water content, and height gap less than 4 m to the
adjacent water were the main limiting factors for the distribution of P. criopolitanum.

Keywords: Polygonum criopolitanum; distyly; style-morph ratios; seed sets; strict self-incompatibility

1. Introduction

Heterostyly is a genetic polymorphism in which plant populations are composed of
2 (distyly) or 3 (tristyly) floral morphs. The morphs exhibit reciprocal positioning of anthers
and stigmas. Flowers with the L-styled morphology have a stigma(s) positioned above
the anthers, whereas flowers with the S-styled morphology have anthers placed above
the stigma(s) [1,2]. Besides the differences in floral morphology, distyly is often linked to
a sporophytically controlled, diallelic incompatibility system that results in intramorph
incompatibility [3].

Heterostyly has been documented in at least 193 genera of 30 angiosperm families [2,4].
Some families-genera possess hundreds of heterostylous species, e.g., Oxalidaceae-Oxalis,
Primulaceae-Primula, and Rubiaceae [3], and the occurrence of heterostyly has been recently
reported in Perovskia [5]. Distyly in Polygonaceae was first described by Hildebrand in
Fagopyrum esculentum over 100 years ago [6]; subsequently, many distylous species have
been reported for the genera Oxygonum and Aconogonum [7–10]. The type genus for the
family, Polygonum (which has more than 300 species) [11], has a worldwide distribution,
but it has been seldom reported to be heterostylous. The first distylous Polygonum chinense
was documented in detail by Reddy et al. (1977) [8]. To date, some other distylous species
in Polygonum have been reported [12–17].

Polygonum criopolitanum Hance is an annual herb with a tufted, prostrate stem at the
base that grows to 10–15 cm. Its inflorescence is terminal and capitate, and the perianth
is composed of 5-parted purplish-red tepals. The species is always distributed in the
sand by riversides and wet ditches. Most of the previous studies on this species focused
mainly on its ecology [18], mating system [19], and plant resources [20], and, to the best of
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our knowledge, the reproductive characters of P. criopolitanum have never been reported
in detail.

In this study, we examined variations in floral and reproductive traits and incompat-
ibility systems in natural populations of P. criopolitanum. The aims of this study were as
follows: (1) to determine whether P. criopolitanum is typically distylous as other documented
distylous species; (2) to record the morph ratios of wild populations of P. criopolitanum;
(3) to test the compatibility system after pollen germination, stigma receptivity, and seed
set tests; and (4) to discuss the relationship between ecological factors and environmental
factors by using canonical correlation analysis (CCA).

2. Materials and Methods
2.1. Study Materials

This study was conducted along the Yangzi River and in Anhui, Jiangxi Province
(Figure 1). Herbarium specimens or living materials of P. criopolitanum from Anhui and
Jiangxi Province, China, were used for this study. All vouchers were deposited at the
herbarium of Anhui Normal University (ANUB), China.
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Figure 1. Study sites of Polygonum criopolitanum (•: Population. JXC = Jinxian County;
HJC = Huangjiacun; TPL = Taiping Lake; MFR = Mafeng River; ZR = Zhang River; AQ = Anqing;
GC = GuiChi; TL = Tongling; WH = Wuhu; MAS = Maanshan; PR =Pi River).

2.2. Study Methods
2.2.1. Floral Characters

To document distyly in P. criopolitanum, the height of stigma, height of anther, stigma-
anther separation, length of tepal, and flower diameter (sketched in Figure 2) were recorded
for 50 or 100 flowers of each morph at random from the Wuhu Mafeng River population
(Figure 1), using a vernier caliper with a resolution of 0.01 mm.

To count the number of pollen produced, anthers from 100 flowers per morph of the
Wuhu populations were placed on individual microscope slides. The numbers of pollen
grains per flower were counted using a light microscope, and the diameter of 10 moderate
pollen grains from each flower was measured [12,21]. Pollen counts for the style morphs
were compared using Student’s t-test.

2.2.2. Scanning Electron Microscopy

According to the standard acetolysis method [22], pollen grains were mounted in
glycerin jelly and sealed with paraffin. The size of well-formed pollen grains from each
sample was measured. Scanning electron microscopy was performed using acetolyzed
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pollen grains coated with Au/Pd under a Hitachi S4800 scanning electron microscope
(SEM). Fresh stigmas were mounted in a slow-drying glue and observed under the SEM.
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2.2.3. Population Structure Survey

To determine the relative frequencies of the 2 style morphs in populations of
P. criopolitanum, we surveyed 44 samples to test whether L- and S-morphs occurred at
equal frequencies. The chi-square test was performed in R software [23]. We sampled all
plants in sporadic populations and 1 × 1 m in patches of populations; for larger samples,
and we performed 10 × 10 m sampling.

2.2.4. Environmental and Ecological Factors

Nineteen samples were obtained in Huangshan Taiping Lake, AnqingYingjiang Tower,
Guichi Shibasuo, Tongling Shizishan, Yangzi River in Wuhu, Longwo Lake, and Zhang
River. Four samples were obtained along the Yangzi River, Longwo Lake, and Zhang River.
The first sample was located at the water side, and the other three samples were located
along a line drawn perpendicular to the shore at 1-m intervals in altitude up the slope of the
riverbank. The number of plants, height, relative coverage, species richness, and presence
or absence of P. criopolitanum was recorded. The altitude, height gap to the adjacent water,
habitat, annual precipitation, annual average temperature, slope, and canopy density of
each sample were also documented, and1 kg of soil from each sample was transferred to
the laboratory to test ecological factors such as soil water content, pH, organic matter, total
nitrogen (TN), and total phosphorus (TP). The soil water content was measured using the
GB9834-88 method; soil TN, Kjeldahl method; and soil TP, Mo-Sb colorimetric method [24].

2.2.5. CCA

CCA was performed using Canoco for Windows 4.5. The graph settings were con-
firmed using the data for the environmental and ecological factors.

2.2.6. Fluorescent Microscopy

To identify the extent of incompatibility of the breeding system of P. criopolitanum,
pollen germination, and pollen tube growth were determined. The style morphs from each
population were pollinated; we waited for 12 h to observe growth in the pollen tube, then
they were stored in FAA until staining. To estimate the pollen germination, theharvested
styles were softened in 8 mol/L NaOH for 24 h rinsed with distilled water. Then, they were
stained for 4 h in 0.4 mg/mL aniline blue solution in phosphate buffer (pH 8.0) and gently
squashed in a small drop of glycerol mounting medium under a cover slip. The pistil and
pollen were scanned with an Olympus (BX61) epifluorescence microscope (420–470 nm
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excitation, 490–535 nm emission). For each style, pollen germination was detected by the
presence of a pollen tube projecting from the grain, and 10 replicates were performed.

2.2.7. Seed Set Experiments

The seed set experiments were performed using natural populations and controlled
pollination populations. For the natural populations, we set 14 1 × 1 m samples in Taiping
Lake (2 samples), Luan Pi River (1), Guichi (1), Anqing (1), Tongling (1), Wuhu (5), and
Jinxian (3). We calculated the style-morph ratio and then obtained all infructescences of
one plant to count the number of seeds (n = 45).

The hybrid experiments were conducted in the laboratory. Legitimate and illegitimate
pollination (including selfing) were performed; the seed sets were recorded in every treat-
ment mode: emasculation and bagging, selfing, illegitimate (intramorph) pollination, and
legitimate (intermorph) pollination. Each mode was conducted using 100 flowers.

2.2.8. Seed Germination Experiments

Normally developed seeds were soaked in water for 48 h and then disinfected in 75%
ethyl alcohol for 30 s. Thirty treated seeds were placed in a culture dish in an illumination
incubator to observe the seed germination, with 3 replicates.

3. Results
3.1. Floral Biology

P. criopolitanum is an annual herb with terminal and capitate inflorescence. The pe-
duncle is covered by dense glandular hair, and each bract is 1-flowered. The pattern of
floral variation in the wild populations demonstrates that P. criopolitanum has conventional
distylous floral syndrome (Figure 3A–D). The tepal lengths of the long stylous flower
(hereafter L-morph) and short stylous flower (hereafter S-morph) were 2.53 ± 0.44 and
2.47 ± 0.29 mm, respectively, and the tepal diameters of the L-morph and S-morph were
6.58 ± 0.47 and 6.42 ± 0.25 mm, respectively. No significant differences were observed
between the tepal lengths as well tepal diameters of the L-morph and S-morph (Table 1,
p > 0.05). The anthers and stigma are reciprocally positioned in the flowers of the two
morphs (Figures 4 and 5). Five stamens are situated between the base of adjacent tepals, and
the anthers are purple. Styles 2, seldom 3, connate at the middle-upper part
(Figure 5A–D). In addition, the two morphs have five nectaries arranged at the base of each
ovary (Figure 3C,D). The stigma and anther heights of the L-morph were
4.02 ± 0.66 and 2.19 ± 0.42 mm, respectively, and the stigma and anther heights of the
S-morph were3.90 ± 0.42 and 1.83 ± 0.55 mm, respectively; significant differences were
observed between the heights of the stigma and anther of both morphs (p < 0.05, Table 1).
We found that the stigma-anther separation of the L-morph (2.06 ± 0.39) was longer than
that of the S-morph (1.83 ± 0.55; p < 0.05, Table 1).

The stigma, which is capitate or spherical with globular papillae on the stigma surface,
is similar in the L-morph and S-morph. No significant differences were observed in the
size and shape of the stigma papillae (Figure 5C–F).

The pollen grains of P. criopolitanum are spheroidal in both morphs, and the pollen
grain surface is covered with reticulate exine structures that are pentagonal or hexagonal.
Each reticular mesh in the pollen contains many smooth papillae (Figure 5G–J).

The pollen size and number of the two morphs of P. criopolitanum showed significant
differences. The mean pollen diameters of the L-morph and S-morph were 51 ± 1.92 µm
and 62 ± 2.51 µm, respectively, and the mean pollen number per flower of the L-morph
and S-morph was 647 ± 40 and 526 ± 38, respectively (Table 1). Although an overlap was
detected in the pollen sizes of both morphs, flowers of the L-morph produced significantly
more and smaller pollen grains than the ones of the S-morph (Table 1, p < 0.01).
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Table 1. Morphological features of the long- and short-morph flowers of P.criopolitanum. Differences
between the means were analyzed using one-way analysis of variance (ANOVA; mean ± standard error).

Flower Characteristic L-Morph S-Morph p-Value Sample Number

Length of tepal(mm) 2.52 ± 0.44 2.47 ± 0.29 >0.05 50
Flower diameter(mm) 6.58 ± 0.47 6.42 ± 0.25 >0.05 50
Height of stigma(mm) 4.02 ± 0.66 1.84 ± 0.26 <0.001 50
Height of anther(mm) 2.19 ± 0.42 3.90 ± 0.42 <0.001 50

Stigma-anther
separation(mm) 2.06 ± 0.39 1.83 ± 0.55 <0.05 100

Pollen number 647 ± 40 526 ± 38 <0.01 100
Pollen diameter(µm) 51 ± 1.92 62 ± 2.51 <0.001 100
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Figure 5. Micromorphological characteristics of P. criopolitanum (SEM). (A) pistil of L-morph; (B) 
pistil of S-morph; (C) stigma of L-morph; (D) stigma of S-morph; (E) stigma papillae of L-morph; 
(F) stigma papillae of S-morph; (G) pollen of L-morph; (H) pollen of S-morph; (I) pollen epidermal 
ornamentation of L-morph; (J) pollen epidermal ornamentation of S-morph. 

Figure 5. Micromorphological characteristics of P. criopolitanum (SEM). (A) pistil of L-morph; (B) pistil
of S-morph; (C) stigma of L-morph; (D) stigma of S-morph; (E) stigma papillae of L-morph; (F) stigma
papillae of S-morph; (G) pollen of L-morph; (H) pollen of S-morph; (I) pollen epidermal ornamentation
of L-morph; (J) pollen epidermal ornamentation of S-morph.
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3.2. Style-Morph Ratios

The chi-square test is a measure of whether the style-morph ratios deviate from 1:1. The
survey results showed that the style-morph ratios of P. criopolitanum obviously deviated from 1:1,
and parthenogenetic populations were always detected in the wild populations. We found that
many populations were solely composed of long or short stylous flowers (e.g., ZhengfengTower
or Jinxian County populations), whereas the 1:1 morph ratio was seldom found in larger
populations (Jinxian County, Taiping Lake, and Mafeng River populations; Table 2).

Table 2. Style-morph ratios in 44 natural populations of P. criopolitanum.

Geographic
Position Sample Sites

Sample
Size
(m2)

Flower
No. of L-
Morph

Flower No.
of S-Morph

L-Morph:S-
Morph χ2 p-Value

Deviate
from
1:1

Anqing City ZhengfengTower 1 211 0 - 211 2.2 × 10−16 Y
Zongyang County 1 185 0 - 185 2.2 × 10−16 Y

Guichi City Huamiao 1 12 0 - 12 5.32 × 10−4 Y
Shibasuo 1 0 97 - 97 2.2 × 10−16 Y

Tongling
City

Shizishan 1 1 0 37 - 37 1.18 × 10−9 Y
Shizishan 2 1 0 285 - 285 2.2 × 10−16 Y

Wuhu City

MafengRiver 100 785 721 1.08 2.72 9.91 × 10−2 N
MafengRiver 1 1 0 63 - 63 2.07 × 10−15 Y
MafengRiver 2 1 82 0 - 82 2.2 × 10−16 Y
MafengRiver 3 1 46 0 - 46 1.18 × 10−11 Y

QingyiRiver 1 0 81 - 81 2.2 × 10−16 Y
Zhang River 1 100 102 0 - 102 2.2 × 10−16 Y
Zhang River 2 1 150 162 0.93 0.46 0.50 Y
ZhaojiaRiver 1 72 0 - 72 2.2 × 10−16 Y
LongwoLake 1 0 95 - 95 2.2 × 10−16 Y

Wanzhi 1 0 89 - 89 2.2 × 10−16 Y

Manshan
City

Yushanqu 1 1 19 0 1 19 1.31 × 10−5 Y
Yushanqu 2 1 36 0 1 36 1.97 × 10−9 Y
Yushanqu 3 1 22 16 1.38 0.95 0.33 N
Yushanqu 4 1 21 0 1 21 4.59 × 10−6 Y
Yushanqu 5 1 18 92 0.20 49.78 1.72 × 10−12 Y

Tunxi City

Taiping Lake 100 340 316 1.08 0.88 0.35 N
Taiping Lake 1 100 54 0 - 54 2 × 10−13 Y
Taiping Lake 2 1 31 0 - 31 2.58 × 10−8 Y
Taiping Lake 3 1 0 49 - 49 2.56 × 10−12 Y
Taiping Lake 4 1 11 0 - 11 9.11 × 10−4 Y

Luan City

Luan Pi River 100 345 67 5.15 187.58 2.2 × 10−16 Y
Luan Pi River1 1 121 0 - 121 2.2 × 10−16 Y
Luan Pi River2 1 56 0 - 56 2.2 × 10−16 Y
Luan Pi River3 1 0 160 - 160 2.2 × 10−16 Y

Luan 1 1 42 24 1.75 4.91 0.03 Y
Luan 2 1 35 0 1 35 3.30 × 10−9 Y
Luan 3 1 33 18 1.83 4.41 0.04 Y

Nanchang
City

Jinxian County 100 895 842 1.06 1.62 0.20 N
Jinxian County 1 100 112 0 - 112 2.2 × 10−16 Y
Jinxian County 2 1 56 12 4.67 28.47 9.51 × 10−9 Y
Jinxian County 3 1 0 90 - 90 2.2 × 10−16 Y
Huangjiacun 1 1 34 11 3.09 11.76 6.1 × 10−4 Y
Huangjiacun 2 1 0 34 1 34 2.2 × 10−16 Y
Huangjiacun 3 1 26 0 1 26 3.41e−7 Y
Huangjiacun 4 1 43 0 1 43 5.47 × 10−11 Y
Huangjiacun 5 1 27 30 0.90 0.16 0.69 N
Huangjiacun 6 1 0 30 1 30 4.32 × 10−8 Y
Huangjiacun 7 1 29 27 1.07 0.07 0.79 N

3.3. CCA Results
3.3.1. Characteristics of the Environmental Factors

The environmental factor indices of 19 samples are listed in Table 3.

375



D
iv

er
si

ty
20

22
,1

4,
22

2

Ta
bl

e
3.

C
ha

ra
ct

er
is

ti
cs

of
th

e
en

vi
ro

nm
en

ta
lf

ac
to

rs
of

P.
cr

io
po

lit
an

um
.

Sa
m

pl
e

Po
pu

la
ti

on
N

o.
A

lt
it

ud
e

(m
)

H
ei

gh
t

G
ap

to
th

e
A

dj
ac

en
t

W
at

er
(m

)

So
il

W
at

er
C

on
te

nt

H
ab

it
at

(1
:A

qu
at

ic
,2

:
H

yg
ro

co
lo

us
,3

:
X

er
om

or
ph

ic
)

A
nn

ua
l

Pr
ec

ip
it

at
io

n
(m

m
)

A
nn

ua
l

A
ve

ra
ge

Te
m

pe
ra

-
tu

re
(°

C
)

Sl
op

e
(°

C
)

C
an

op
y

D
en

-
si

ty
pH

O
rg

an
ic

M
at

te
r

(g
/k

g)

To
ta

l
N

it
ro

-
ge

n
(g

/k
g)

To
ta

l
Ph

os
ph

or
us

(g
/k

g)

al
t

he
ig

w
at

ha
b

pr
e

te
m

sl
o

ca
d

pH
or

m
to

n
to

p

W
us

hi
To

w
n

1
18

0.
5

0.
39

2
15

64
.5

15
.4

6
0.

7
6.

56
38

.5
0.

40
9

0.
20

8
Ta

ip
in

g
La

ke
2

17
0.

8
0.

38
2

15
64

.5
15

.4
12

0.
56

6
50

.4
0.

25
4

0.
45

A
nq

in
gY

in
gj

ia
ng

To
w

er
3

21
1

0.
32

2
14

00
15

.5
49

0.
1

5.
6

48
.6

0.
10

2
0.

34
5

G
ui

ch
is

hi
ba

su
o

4
17

1.
2

0.
25

2
15

78
.3

15
.9

8
0.

32
5.

72
19

.5
0.

39
3

0.
41

To
ng

lin
gs

hi
zi

sh
an

5
15

6
2.

1
0.

34
2

15
89

.1
15

.8
32

0.
38

7
22

.7
0.

32
7

0.
20

8
Ya

ng
zi

R
iv

er
1

6
6.

5
0

1
1

10
54

.8
16

.2
12

0
7.

32
33

.5
0.

25
6

0.
46

7
Ya

ng
zi

R
iv

er
2

7
7.

5
1

0.
38

2
10

54
.8

16
.2

25
0.

75
6.

33
21

.9
0.

27
8

0.
28

5
Ya

ng
zi

R
iv

er
3

8
9.

5
3

0.
32

2
10

54
.8

16
.2

25
0.

76
6.

38
34

.6
0.

34
6

0.
15

6
Ya

ng
zi

R
iv

er
4

9
11

.5
5

0.
09

3
10

54
.8

16
.2

25
0.

56
6.

36
34

.9
0.

16
5

0.
23

4
Z

ha
ng

R
iv

er
1

10
9

0
1

1
10

54
.8

16
.2

6
0

7.
39

44
.6

0.
28

7
0.

35
Z

ha
ng

R
iv

er
2

11
11

2
0.

51
9

2
10

54
.8

16
.2

23
0.

63
7.

17
29

.3
0.

15
8

0.
4

Z
ha

ng
R

iv
er

3
12

12
3

0.
48

5
2

10
54

.8
16

.2
25

0.
42

7.
14

28
.6

0.
40

2
0.

32
1

Z
ha

ng
R

iv
er

4
13

13
4

0.
12

3
3

10
54

.8
16

.2
26

0.
35

7.
52

44
.7

0.
48

3
0.

23
5

Lo
ng

w
oL

ak
e

1
14

10
0

1
1

10
54

.8
16

.2
42

0
7.

23
45

.6
0.

30
6

0.
40

8
Lo

ng
w

oL
ak

e
2

15
11

1
0.

34
2

10
54

.8
16

.2
12

0.
23

7.
26

48
.9

0.
41

5
0.

29
6

Lo
ng

w
oL

ak
e

3
16

13
3

0.
26

2
10

54
.8

16
.2

28
0.

25
7.

42
21

.3
0.

43
9

0.
31

8
Lo

ng
w

oL
ak

e
4

17
15

5
0.

45
3

10
54

.8
16

.2
12

0.
27

7.
05

20
.5

0.
30

8
0.

37
5

Pi
R

iv
er

1
18

56
1.

5
0.

29
2

11
00

16
.3

21
0.

32
5.

67
42

.6
0.

44
6

0.
28

4
Pi

R
iv

er
2

19
62

5
0.

03
3

11
00

16
.3

19
0.

29
5.

62
38

.6
0.

47
9

0.
36

8

376



Diversity 2022, 14, 222

3.3.2. Characteristics of Ecological Factors

The ecological factor indices of 19 samples are listed in Table 4.

Table 4. Characteristics of ecological factors of P. criopolitanum.

Samples Sample
Number

Plants
Number

Relative
Coverage Height(cm) Relative

Frequency
Species

Richness
Exist or

Not

Wushi Town 1 118 0.85 16 0.76 3 1
Taiping Lake 2 12 0.34 15 0.54 4 1

AnqingYingjiangTower 3 4 0.16 14 0.12 1 1
GuichiShibasuo 4 3 0.12 11 0.21 2 1

TonglingShizishan 5 4 0.15 13 0.18 5 1
Yangzi River 1 6 0 0 0 0 0 0
Yangzi River 2 7 28 0.8 15 0.76 2 1
Yangzi River 3 8 39 0.82 14 0.82 5 1
Yangzi River 4 9 0 0 0 0 8 0
Zhang River 1 10 0 0 0 0 1 0
Zhang River 2 11 105 0.82 17 0.76 4 1
Zhang River 3 12 90 78 16 0.74 8 1
Zhang River 4 13 0 0 0 0 1 0

Longwo Lake 1 14 0 0 0 0 0 0
Longwo Lake 2 15 7 0.13 15 0.26 5 1
Longwo Lake 3 16 4 0.08 15 0.21 4 1
Longwo Lake 4 17 0 0 0 0 4 0

Pi River 1 18 29 0.76 16 0.35 6 1
Pi River 2 19 0 0 0 0 12 0

Note: pln: plants number; rec: relative coverage; heig: height; ref: relative frequency; spr: species richness; exn:
exist or not; 1 = exist, 0 = absence.

3.3.3. CCA of P. criopolitanum Samples

The relationship between ecological factors and environmental factors is shown in
Figure 6.
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In the CCA ordination diagram, the red lines and arrowheads refer to the environ-
mental factors, and the length of the segment refers to the relationship degree between the
sample distribution and environmental factors. The angle between the ordination axes and
arrowhead connecting the line indicates the correlation degree between the environmen-
tal factor and its ordination axes, and the quadrant where the arrowhead is distributed
indicates the positive or negative relationship between the environmental factor and its
ordination axes. Figure 6 shows the major ecological factors that affect the population
distribution of P. criopolitanum: habitat, soil water content, and height gap to the adjacent
water. Hygrocolous habitat, 20–60% soil water content, and height gap less than 4 m to the
adjacent water were the main limiting factors for the distribution of P. criopolitanum. Annual
precipitation maydirectly influence the soil water content and hygrocoloushabitat. The
population distribution of P. criopolitanum had no obvious relationship with the slope, pH,
altitude, organic matter, TN, and TP. The axes showed that the soil water content increased
progressively from top to bottom.

3.4. Mating System Relationships

The fluorescent experiments showed that the rate of pollen germination in the style of
the intermorph was obviously higher than that of the self- and intramorph (Figure 7A–F).
The statistics showed that the pollen germination rate of pin style × thrum pollen was
72.0 ± 4.0% (n = 10) and that of thrum style × pin pollen was 73.0 ± 3.5% (n = 10). During
intramorph pollination, the pollen germination rate of pin style × pin pollen was 43 ± 2.6%
(n = 10) and that of thrum style × thrum pollen was 42.0 ± 3.1% (n = 10).
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During self-pollination, the rate of pollen germination of the pin self was 9.0 ± 0.7%,
whereas no pollen germination was identified in the case of the thrum self.

3.5. Seed Sets

The statistics showed that the seed sets of P. criopolitanum were very low in the wild
populations; moreover, the seed sets in the population were often 0, and, even in larger
populations with both L- and S-morph, the seed sets were always less than 10% (Table 5).

Table 5. Seed sets of P.criopolitanum in different populations under natural conditions.

Population
Population

Fruit Sets
L-Morph S-Morph

Taipinghu 1 156 32 4.17
Taipinghu2 58 0 0

Luan Pi River 145 0 0
Guichi Shibasuo 0 45 0

Anqing Zhengfeng
Tower 32 0 0

Tongling 49 0 0
Wuhu MafengRiver 176 152 3.16
Wuhu Qingyijiang 65 0 0

Wuhu Longwo Lake 0 47 0
Wuhu Zhang River 1 89 0 0
Wuhu Zhang River 2 80 11 0

Jinxian County 1 215 208 6.67
Jinxian County 2 0 73 0
Jinxian County 3 87 0 0

The statistics showed that the seed set rate was 0 under emasculation, selfing, and
illegitimate pollination conditions. Moreover, the seed set rate was low under legitimate
pollination (Table 6).

Table 6. Seed set rate under different treatment conditions.

Process Mode
Pin Thrum

Flowers Seeds Seed Sets (%) Flowers Seeds Seed Sets
(%)

Emasculation, bagged 100 0 0 100 0 0
Selfing 100 0 0 100 0 0

Illegitimate pollination
(intramorph) 100 0 0 100 0 0

Legitimate pollination 100 3 3% 100 5 5%

3.6. Seed Germination

The statistics showed that the seed germination of L-morph and S-morph was
13.33 ± 3.87% and 16.67 ± 3.87%, respectively, with no significant differences between the
seed germination of L-morph and S-morph (p < 0.01). We found widespread asexual clonal
reproduction phenomena in the fields.

4. Discussion

This study revealed that P. criopolitanum has all the polymorphic intrinsic features with
respect to style and stamen heights and accessorial characteristics with respect to pollen
size and number. The polymorphic density of stigma papillae has recently been reported
for the tristylous Lythrumsalicaria [25] and distylous Polygonum jucundum [12]. However,
in this study, we found no significant differences between the L-morph and S-morph of
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P. criopolitanum, including tepal size; thus, P. criopolitanum is typically distylous in intrinsic
features and not in all ancillary features.

Flower morph frequencies have always received much attention [26], especially with
respect to the consequences for inbreeding [27] or long-term population persistence [28].
In addition, discrepancies in the morph ratio have been found to be much higher in small
rather than large populations of Primula veris [29] and Primula elatior [30], but populations
solely composed of the L-morph or S-morph were seldom reported. Interestingly, we
observed that the monotypic populations of P. criopolitanum were always found in wild
populations, which perfectly accounted for the particularly low seed sets of the species.

Fluorescent microscopy showed that pin × pin crosses do occur at a low rate, and
no pollen germination was identified in the case of the thrum self, which can explain
slight deviations from the 1:1 ratio in a large population. Very common clonal growth in
P. criopolitanum can explain why the populations fixed for the L-morph or S-morph were
always distributed in the fields.

In distylous species, different taxa havebreeding systems with different compatibility
levels. Most heterostylous species have a mating system with strict self-incompatibility;
for example, a diallelic self-incompatibility system was reported in Tylosema esculentum
through in vivo and in vitro diallel crossing experiments. The major site of pollen tube
inhibition in the intramorph crosses was found to be in style [31]. Arnebia szechenyi has also
been recorded to show heteromorphic self-incompatibility, which was further supported by
the fact that no fruit was produced by flowers subjected to self-pollination or intramorph
pollination [32]. In contrast, some species do not exhibit a strict self-compatibility system.
In many species of Primula, selfing or crossing with a plant of the same morph will also
produce a small numberof seeds [33]; for example, the fertility of a legitimate crossof
Primula merrilliana was high, whereas the fertility of an illegitimate cross waslow [34],
and Pulmonaria officinalis and Ceratostigma willmottianum were found to bepartially self-
compatible [35,36]. Unlike most heterostylous species, Primula oreodoxa was found to be
fully self-compatible under controlled self- and cross-pollinations [37]; flowers of Psychotria
carthagenensis were also self-compatible [38], and atypical distylous Psychotria goyazensis
was proven to be an intramorph self-compatible species [39]. In Europe, Armeria maritima is
completely self-incompatible, but it lost its self-incompatibility during its migration to the
New World through the Arctic regions [40]. Seed production is thought to be more sensitive
to habitat fragmentation in heterostylous plants than in plants with other breeding systems
because potential mating partners are more limited [41].

In this study, we nearly found no seed sets in most wild populations and very low
seed sets occasionally occurred in large populations, which was different from other species
of Polygonaceae; for example, the seed set of Polygonum perfoliatum has a high seed set rate
(even up to 84%) [42], and bagging experiments have shown that 47% flowers of Polygonum
thunbergii are self-pollinated because of no pollinator visits. Despite a high probability of
cross-pollination, the probability of fruit set within the ramet was 0.30 because of resource
limitations [43]. What interested us the most was that we found a similar scenario in
Polygonum viviparum. The fruit set of P. viviparum has never been observed in North
American populations, and sexual reproduction is clearly a rare event in this species [44].
The lack of viable seed production in P. viviparum has no single developmental explanation.
A similar adaptive reproduction mechanism may exist in these species. On the basis of a
common monotypic distribution, pollen germination during the stigma experiments, and
the absence of seed sets in the wild populations, we inferred that P. criopolitanum has a strict
self-incompatibility system.

Previous surveys of the incompatibility status of island flora such as the flora of New
Zealand, Hawaii, and the Galápagos have shown a deficit in taxa with heteromorphic
incompatibility when compared with continental areas [45]. We found that the dependence
on water and environmental characteristics of the hydro-fluctuation belt may be important
factors for the establishment of thereproduction system of P. criopolitanum. On the basis
of the seed sets (natural and artificial conditions) and shoreside distribution along the
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Yangzi River or other lakes, the strict self-incompatibility, as well as the sex reproduction
efficiency, of P. criopolitanum was less dominant than asexual clonal reproduction and
uniparental reproduction occurred by clone and not by self-compatible sex reproduction.
Baker (1955) referred mainly to self-fertilization as a trait that would confer reproductive
assurance during colonization, but we found a different scenario in P.criopolitanum [40].
Somes pecies have been reported to abandon sexual reproduction for some form of clonal
reproduction, at least in some habitats or parts of their geographic range [46,47].

In conclusion, P. criopolitanum was typical distylous species with a strict self-incompatibility
reproductive system. The wild population of P. criopolitanum deviated obviously from 1:1,
and 1:1 style-morph ratios were occasionally found in very large populations. The strict
self-incompatibility reproductive system, main environmental factors stress, and common
monomorphic populations resulted in the low seed sets, which can explain the general asexual
clonal reproduction instead of sexual reproduction in the species. To understand the molecular
adaptation mechanism of P. criopolitanum, further studies on pollen flow and gene flow at the
molecular level need to be performed.
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Abstract: Urbanization is one of the primary forces driving worldwide pollinator decline. Moderate
urban expansion with appropriate green space planning can help in maintaining pollinator diversity
and pollination service. We investigated the relative effects of landscape and local factors on the
diversity of flower-visitor functional groups in a moderately urbanized city, Wuhan, located in central
China. We found that the proportion of impervious surface had no significant effect on the number of
visitations, but it was negatively associated with the diversity of flower-visitor groups. The number
of visitations by Halictidae and Lepidoptera correlated positively with local flower density and
flowering plant species richness, respectively. Flowering plant species richness was also positively
correlated with the diversity of flower-visitor groups. The proportion of green space was negatively
associated with the visitation number of Muscidae and the overall diversity of flower-visitor groups,
revealing the potential influence of green space quality on pollinator assemblage. The pollination
networks under three urbanization levels (with a total of 11 flower visitor groups and 43 plant species)
were asymmetric, highly nested, and generalized. The suburb sites contained the highest diversity
of interactions. Core flowering plants (Oenothera speciosa, Coreopsis grandiflora and Cyanus segetum)
are exotic species with attractive flowers. Improving green space quality (high flower density and
flowering plant species richness) and using attractive native flowering plants (Nandina domestica, Rosa
chinensis, Astragalus sinicus, Cirsium arvense var. integrifolium, and Zabelia biflora) would enhance the
function of urban green space to maintain pollinator diversity and ecosystem stability.

Keywords: flower-visitor; insect pollination; plant species; urbanization; diversity; functional group;
pollination network; green space

1. Introduction

The sustainable development of human societies relies on ecosystem services provided
by nature, among which pollination service is vital and vulnerable [1]. Pollinators, such as
bees, butterflies, and hoverflies have declined globally [2–6]. Flying insects in the nature
reserves of Germany have declined by more than 75% during 1989–2016 [7]. The relative
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abundance of four bumblebee species in North America has decreased by 96% from 1980s
to 2009 [8]. The primary factors causing large-scale pollinator decline include habitat loss
and fragmentation, agricultural intensification, use of agricultural chemicals, pathogen
infestation, invasive alien species, climate change, light pollution, and their collective
interactions [8–11].

Urbanization is a dynamic process involving dramatic and continuous changes in
land use, including a decrease in bare land, an increase in the area covered by impervious
surfaces, and the loss of natural vegetation [10,12,13]. In general, urbanization causes
habitat loss and reduces the habitat suitability of pollinators, and consequently reduces the
abundance and diversity of pollinators [14–17]. However, some studies have found that
moderate urban expansion or artificial land-use may increase the number of certain pollina-
tors and their pollination services. Landscape heterogeneity is improved at the landscape
level, resulting in diverse habitat types for different pollinator groups [18]. On the other
hand, urban green spaces can provide suitable alternative habitats and food sources for
pollinators [19,20]. Some studies have shown that floricultural suburban gardens contribute
more to bumblebee population growth and nesting than agro-ecosystems or other rural
landscapes [21–23]. Gardens with high flower diversity and density are considered to be
pollinator-friendly [24]. To increase the local nectar resources, the cutting frequency of the
green space should be reduced, in order to retain herb and shrub layers [25]. Therefore,
suitable urbanized areas may play an important role in pollinator conservation.

At the landscape scale, residual semi-natural habitats in urban environments can serve
as habitats and shelters for pollinators [26]. The impact of urban environments on insects
is largely determined by the number and distribution of semi-natural habitats such as
green spaces, lawns, hedges, and so forth [25]. Urban night light may directly affect the
nocturnal pollinators and pollination networks, and indirectly affect the diurnal pollinators.
Artificial night light disturbs nocturnal pollination and reduces plant reproduction, which
also provide food resources for diurnal pollinators [27]. On the other hand, the night light
may decrease nectar depletion by nocturnal pollinators and favor foraging by diurnal
pollinators [28]. At the local scale, vegetation type and abundance of flower resources
affects the habitat suitability and food availability for pollinators. For example, a high
abundance and species richness of flowering plants can provide nectar and other food
resources in different seasons, which can help maintain high pollinator diversity [20,29].
The plant species differ markedly in their attractiveness to pollinators [30,31], and species
of Origanum, Agastache, Lavandula, and Nepeta were reported to be highly attractive [30].
Pollinators differ in their preference of floral traits [32], so the species of flowering plants
also affects the pollinator assemblage. Therefore, studies of both landscape factors and
local factors in moderately urbanized areas can help reveal the impact of urbanization on
pollinator diversity and provide guidance in the planning of urban green spaces.

In this study, we investigated the effects of landscape factors and local factors driven
by urbanization on the diversity of flower visitors in urban and suburban green spaces in
Wuhan, central China. The objectives of this study were: (1) to investigate the effects of
landscape factors (percentage of impervious surface, percentage of green space, and night
light intensity) and local factors (species richness of flowering plants, and flower density)
on the abundance and diversity of flower-visitor groups; (2) to investigate the effects of
urbanization level on interaction between plants and flower-visitor groups, and clarify the
key plant species that may play an important role in maintaining urban pollinator diversity.

2. Materials and Methods
2.1. Study Area

The study system we surveyed was located in Wuhan City (113◦41′–115◦05′ E, 29◦58′–
31◦22′ N, ranging between 19.2 and 873.7 m in elevation and with a total area of 856,915
hectares) in Hubei Province, central China. This is one of the most rapidly growing cities in
central China, where urban and arable areas have largely expanded over natural vegetation.
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According to Wuhan’s General Plan for Land Use (2006–2020), construction land was
expected to reach 185,000 ha, accounting for 21.58% of total land area in 2020 [33].

Field investigations were conducted from May to July in 2019 at 19 independent sites
in urban parks, covering an urbanization gradient. The study sites were selected on the
basis of the proportion of impervious surfaces around the park within a 2000 m radius
(Table A1, Figure 1), using Google satellite imagery 2016 and Hubei land cover maps
(resolution of 30 m) [34]. We used 2000 m as the research scale of landscape variables for
the following reasons. Firstly, some flower-visitors are capable of flying long distances, for
example, the foraging flight of bumblebee workers is greater than 1 km and their maximum
measurement reaches approximately 2 km [35]. Consequently, the habitat and resource that
pollinators can reach cannot be evaluated at a small scale, and the effects of impervious
space on the pollinator abundance are more apparent on a larger scale [36]. Secondly,
the area of urban parks usually exceeds 100 hectares (for example, the area of Shizishan
Parkland is 495 hectares, and the area of Wuhan Garden Expo Park is 213.8 hectares).
We excluded the park area in calculation of impervious surface, because the parks with
large squares and pavements usually lead to overestimation of urbanization level in their
settings, especially for exurb parks. The water cover was excluded in the calculation of land
cover composition following the approach used by Xie et al. (2017) [37]. Study sites were
situated at least 3 km from each other. In keeping with McKinney‘s categorization of urban
landscapes [38], the “City core” represented the area in which the impervious surfaces were
greater than 80%, in the “Suburb” the impervious area was between 50 and 80%, and the
impervious surface cover of the “Exurb” comprised sites with less than 50% coverage.

Figure 1. Location of the study sites. (a) The location of Wuhan City in Hubei Province, central China.
(b) The location of 19 study sites in Wuhan. (c) The categories of urbanization level based on the
proportion of impervious surface.
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2.2. Landscape Variables

We calculated the proportion of green space within a 2000 m radius (excluding areas
covered by water) around the study sites (Tables 1 and A1). Green space included parklands,
protective green space, affiliated green space, regional green space, and other categories of
non-developed settings.

Table 1. Description of landscape and local factors.

Factor Scale Description Level

Proportion of
impervious surface r = 2000 m

Proportion of impervious surface
around the park, as an indicator

of urbanization level

Continuous
variable, 0–100%

Proportion of green
space r = 2000 m

Proportion of green space
around the study site, including
parkland, protective green space,

affiliated green space, regional
green space, and other types

Continuous
variable, 0–100%

Night light intensity r = 2000 m Average brightness of night light
around the sites

Continuous
variable

Density of flowers 20 m × 20 m
plot Number of flowers per m2 Continuous

variable
Species richness of

flowering plant
20 m × 20 m

plot
Number of flowering plant

species Discrete variable

Sampling time The month of field survey Nominal variable,
May, June, July

The night light data were obtained from remote sensing images by the Luojia No.
1 night remote sensing satellite and have a resolution of 130 m. The average night light
intensity within a 2000 m radius around the sites was calculated using Arcmap software
(Version:10.6.1) (Tables 1 and A1).

2.3. Local Floral Resources and Flower-Visitors

At each site we selected a representative 20 × 20 m plot in which the floral resources
were relatively abundant, and the level of human disturbance was low or absent. We
conducted surveys between 1000 and 1700 h on sunny and calm days. Three survey rounds
were performed in each site once a month.

Before our observations of flower-visitors, we recorded flowering plant species rich-
ness and the density of flowers (the number of flowers per meter squared) in each plot.
The density of flowers was sampled in 10 randomly selected 1 × 1 m plots. The number of
flowers were counted according to the procedure described by Gong and Huang (2009) [32].
Single flower plants (e.g., Oenothera speciosa) and plants with clustered florets in their
inflorescence (e.g., Trifolium repens and composites) were counted as single floral units. For
inflorescences with wide and sparse florets that can be visited independently by pollinators
(e.g., Althaea rosea and Oxalis articulate), each floret was counted as a floral unit. Flowering
trees higher than 2 m were not included because of the difficulty in surveying their flowers.
The anemophilous flowers were not included.

In the 20 × 20 m plots, we recorded flower-visitors and visited plant species using
line-transect methodology. We counted and recorded visits to flowers within 1 m of each
side of the transect and 1 m in front of the observer at a steady walking speed. For each
survey round, the transect was positioned across the 20 × 20 m plot and proceeded for
2 km (Figure 2). Due to the difficulty of species identification in the field, the flower-
visitors were identified to genus (Apis spp., Anthophora spp.), family (Halictidae, Vespidae,
Syrphidae), or order level (Lepidoptera, Coleoptera). To avoid interference with insect
visitations, we caught individuals for further identification using a hand net as the survey
round was completed. The flower visitors were transferred to separate vials and stored
at −80 ◦C. Further identification was conducted utilizing DNA sequence comparisons
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(COI-KC and ITS2) based upon insect leg tissue samples (Supplementary Material Table
S1). The insect specimens were deposited in the lab of College of Horticulture & Forestry
Sciences, Huazhong Agricultural University. The flower-visitors were classified into 11
functional groups: honeybee (Apis cerana, A. dorsata, A. mellifera, A. nuluensis), Anthophora
spp., common wasp (Vespidae and Ichneumonidae), Halictidae (Lasioglossum seillean), Mus-
cidae and Tachinidae (Musca domestica, Drino inconspicua), Lepidoptera (Euxoa castanea,
Gonepteryx cleopatra, Graphium sarpedon, Parnara batta, Pseudozizeeria maha, etc.), Orthoptera
(Oedipodidae), Coleoptera (Dytiscus semisulcatus), Odonata, ant (Formicidae), and Syrphi-
dae (Episyrphus balteatus, Eristalis tenax, Sphaerophoria philanthus) (Supplementary Material
Table S1). The functional groups were classified according to the insect body size and
visiting behavior, for example, the short-tongued honeybee, long-tongued and large-sized
bee (Anthophora spp.), solitary bee (Halictidae), long-tongued butterfly, and moth. We used
Shannon’s diversity index (H) to estimate the diversity of flower-visitor groups for each
sample plot during each survey.

H = −∑(Pi)× (ln Pi)

Figure 2. Transect route of flower-visitor survey.

Pi: the percentage of visits by each flower-visitor group to total visits.
Due to revegetation and plant replacement in green space areas, there were four times

when there were no flowering plants present in the sample sites (Shouyi Cultural Park and
Simeitang Park in the second round, Shizishan Parkland and Dijiao Park in the third round).
The sites without flowering plants in the survey round were excluded from analysis.

2.4. Data Analysis

We examined the effect of the proportion of impervious surface, proportion of green
space, night light intensity, local flower density, flowering plant species richness, and the
sampling time (May, June, and July) on the number of visits by flower-visitors and the
diversity of flower-visitor groups during each survey round, using the generalized linear
mixed model (GLMM). The study site was included as a random effect. Variance inflation
factors (VIFs) were checked to ensure that the factors met the assumption of independence.
None of the factors had VIFs greater than 4, so the factors could be included independently
in the model [31].

The number of visits by flower-visitor groups (discrete data with a large variance)
were analyzed with a negative binomial distribution (with log link) [39]. We examined the
number of visits by all groups and also by the main visitor groups (honeybee, Halictidae,
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Muscidae, Lepidoptera). Honeybees are extremely abundant and widely distributed, and
may drive the results. To address this possibility, we also analyzed the number of visits
with honeybees excluded. The diversity of flower-visitor functional groups was analyzed
with a normal distribution.

To illustrate the effect of urbanization level on the interaction between flowering
plants and flower-visitor groups, we applied the Shannon’s diversity index of interactions
(Pi was calculated as the proportion of interactions) for each urbanization level. We also
investigated the pollination networks for the three urbanization levels using R software
(Version:4.0.3, ‘bipartite’ package).

3. Results
3.1. Survey Results

In total, we recorded 4115 floral visits on 53 plant species. The honeybees made 2534
visits and accounted for 61.58% of the total visitation, followed by Halictidae (625 visits,
15.19%), Lepidoptera (449 visits, 10.91%), and Muscidae and Tachinidae (335 visits, 8.14%).
Other groups, including Formicidae (92 visits), Anthophora spp. (35 visits), Coleoptera (17
visits), Syrphidae (15 visits), Vespidae and Ichneumonidae (6 visits), Odonata (5 visits), and
Orthoptera (2 visits), accounted for less than 5% of the total visits.

The study sites supported a diverse array of flowering plant species. We observed
53 plant species across 28 plant families. The most common plant families were the
Asteraceae (13 species) and Leguminosae (4 species). Thirty-one plant species were exotic,
of which nine species were invasive, including Trifolium repens, Erigeron annuus, Trifolium
pratense, Oenothera biennis, Veronica persica, Daucus carota, Geranium carolinianum, Silybum
marianum, and Zephyranthes carinata (Table A2) [40,41]. Each site contained a mean of 2.84
(±2.59) species of flowering plant during each round. The density of flowers ranged from
0.4 to 535.6 flower/m2. The most common flowering plant species was Rosa chinensis,
which was found in six sites, followed by Oenothera speciosa (five sites), Erigeron annuus
(five sites), Trifolium repens L. (four sites), Coreopsis grandiflora (four sites), Cosmos bipinnatus
(four sites), Oxalis articulata (four sites), and Veronica persica (four sites) (Table A2).

In this survey, a few plant species received the most visits (such as Oenothera speciosa,
Coreopsis grandiflora, Centaurea cyanus, and Oxalis articulata). However, no visitor groups
were observed for 10 plant species, Weigela florida, Plantago depressa, Geranium carolinianum,
Salvia miltiorrhiza, Silybum marianum, Oxalis corniculate, Ophiopogon japonicus, Platycodon
grandiflorus, Canna indica, and Zephyranthes carinata. These species were rare, found in only
one survey site and in one survey round.

3.2. Factors Influencing the Number of Visits by Flower-Visitor Groups

The sampling time significantly affected the number of visits by all groups during each
survey round (GLMM, F2,45 = 3.365, p = 0.043; Table 2). Visits by all groups were significantly
higher in May (133.17 ± 125.00) than in June (54.80 ± 63.58) and July (41.53 ± 52.09)
(Figure 3a).

None of the factors affected the number of visits when honeybees were excluded from
the analysis (Table 2).

The number of visits by honeybees was significantly affected by the sampling time
(GLMM, F2,45 = 7.554, p = 0.001; Table 2). During each survey round, honeybee visitations
were significantly higher in May (104.17 ± 117.52) than that in June (26.00 ± 38.75) and July
(9.27 ± 14.069). The visitation number did not differ between June and July (Figure 3c).

Visits by Halictidae were positively correlated with the flower density (GLMM, fixed
coefficient = 0.040, F1,45 = 47.175, p < 0.001; Table 2).

Visits by Lepidoptera were positively associated with flowering plant species richness
(GLMM, fixed coefficient = 0.298, F1,45 = 6.317, p = 0.016; Table 2).
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Visits by Muscidae were affected by the sampling time (GLMM, F2,45 = 10.366, p < 0.001;
Table 2, Figure 3f). During each round, the Muscidae made significantly more visits in May
(13.56 ± 19.986), followed by June (4.35 ± 7.46), making least visits in July (1.27 ± 2.915)
(Figure 2). The number of visits by Muscidae was negatively associated with the proportion
of green space (GLMM, fixed coefficient = −5.384, F1,45 = 4.393, p = 0.042; Table 2).

Table 2. Effects of fixed factors on the number of visits by flower-visitor groups (GLMMs).

Term Factor Fixed
Coefficient F p

All
flower-visitors Proportion of impervious surface −1.579 0.666 0.419

Sampling time — 3.365 0.043 *
Proportion of green space −2.556 0.772 0.384

Night light intensity <−0.001 0.176 0.677
Local flower density 0.001 0.155 0.696

Flowering plant species richness 0.154 2.001 0.164

Non-honeybee
visitors Proportion of impervious surface −2.309 1.410 0.241

Sampling time — 0.338 0.715
Proportion of green space −4.499 2.372 0.131

Night light intensity <−0.001 0.530 0.471
Local flower density 0.003 1.021 0.318

Flowering plant species richness 0.186 2.913 0.095

Honeybee Proportion of impervious surface −2.067 1.722 0.196
Sampling time — 7.554 0.001 ***

Proportion of green space 0.250 0.011 0.917
Night light intensity <0.001 0.121 0.730
Local flower density −0.001 0.037 0.848

Flowering plant species richness 0.119 1.601 0.212

Halictidae Proportion of impervious surface 1.121 0.152 0.699
Sampling time — 1.288 0.286

Proportion of green space −1.607 0.134 0.716
Night light intensity <−0.001 0.043 0.837
Local flower density 0.004 47.175 <0.001 ***

Flowering plant species richness −0.116 0.448 0.507

Lepidoptera Proportion of impervious surface −1.108 0.265 0.609
Sampling time — 0.525 0.595

Proportion of green space −3.400 1.101 0.300
Night light intensity <−0.001 0.641 0.428
Local flower density 0.004 1.673 0.202

Flowering plant species richness 0.298 6.317 0.016 *

Muscidae Proportion of impervious surface −1.023 0.348 0.558
Sampling time — 10.366 <0.001 ***

Proportion of green space −5.384 4.393 0.042 *
Night light intensity <−0.001 2.087 0.155
Local flower density 0.002 0.364 0.549

Flowering plant species richness −0.005 0.003 0.956
Note: * p < 0.05, *** p < 0.01.
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Figure 3. The effects of sampling time on the number of visits by (a) All flower visitors, (b) Non-
honeybee visitors, (c) Honeybee, (d) Halictidae, (e) Lepidoptera, (f) Muscidae. Boxes with different
capital letters indicate significant differences among three sampling months according to GLMMs
(p < 0.05).

3.3. Factors Influencing the Composition and Diversity of Flower-Visitor Groups

There were six, ten, and eight functional groups of flower-visitors recorded in the City
core, Suburb, and Exurb sites, respectively. Honeybees, Halictidae, Lepidoptera, Muscidae,
and Tachinidae occurred under the three urbanization levels. Orthoptera only occurred
in Suburb sites. Vespidae and Ichneumonidae were only found in Exurb sites. The visitor
groups that appeared in City core sites were also recorded in the Suburb and Exurb sites.

The diversity of flower-visitor functional groups during each survey was negatively as-
sociated with the proportion of impervious surface and proportion of green space (GLMM,
proportion of impervious surface, fixed coefficient = −1.179, F1,45 = 4.847, p = 0.033; propor-
tion of green space, fixed coefficient = −1.864, F1,45 = 5.223, p = 0.027; Table 3, Figure 4a,b).
The diversity of flower-visitor groups was positively correlated with the species richness of
flowering plant (GLMM, fixed coefficient = 0.072, F1,45 = 5.005, p = 0.030; Table 3, Figure 4c).
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Figure 4. The correlation between diversity of flower-visitor functional groups and (a) Proportion
of impervious surface, (b) Proportion of green space, (c) Flower plant species richness according to
GLMMs.
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Table 3. Effects of fixed factors on the diversity of flower-visitor functional group (GLMM).

Factor Fixed
Coefficient F p

Proportion of impervious surface −1.179 4.847 0.033 *
Sampling time — 0.172 0.842

Proportion of green space −1.864 5.223 0.027 *
Night light intensity <0.001 0.008 0.929
Local flower density <0.001 0.199 0.658

Flowering plant species richness 0.072 5.005 0.030 *
Note: * p < 0.05, *** p < 0.01.

3.4. The Interaction between Flowering Plants and Flower-Visitor Groups under Three
Urbanization Levels

The Shannon’s diversity index results of interactions in the City core, Suburb, and
Exurb sites were 2.8235, 2.9426, and 2.5174, respectively. The Suburb sites contained the
most flower-visitor groups (10 groups) and flowering plant species (34 species), and it had
the highest diversity of interactions.

The pollination networks were constructed for three urbanization levels, with a total
of 11 flower-visitor groups (P1–P11) and 43 plant species which received visits (F1~F43)
(Figure 5, Tables 4, A2 and A3). For the City core, Suburb, and Exurb sites, the Connectance
(calculated as the abundance of links/abundance of potential links) was 0.31, 0.21, and 0.38,
respectively, indicating that some potential links may have not been observed, especially
at the Suburb sites (Table 4). The nestedness of the pollination network (calculated as
(100-T)/100, T referring to the matrix temperature) was 0.89, 0.95, and 0.88 for three
urbanization levels, indicating that the pollination networks were highly nested (Table 4).
The pollination networks were highly generalized. The most connected visitor groups
were honeybees, Lepidoptera and Muscidae associated with 30, 29, and 28 plant species,
respectively (Table A3). The most connected plant species were Coreopsis grandiflora and
Centaurea cyanus, which were visited by eight groups. The most connected native plant
species was Nandina domestica, which received visits by four groups, followed by Rosa
chinensis, Astragalus sinicus, Cirsium arvense var. integrifolium, Zabelia biflora, and Medicago
falcata, which were visited by three visitor groups (Table 5).

Table 4. Metrics of pollination networks of three urbanization levels.

Metrics City Suburb Exurb Total

Functional groups of
flower-visitors 6 10 8 11

Plant Species 18 34 13 43
Links 754 1433 1928 4115

Max links of flower-visitor
groups 462 994 1078 2534

Max links of plants 177 420 1009 1018
Abundance of links 39 70 40 117

Abundance of potential links 126 340 104 473
Connectance 0.31 0.21 0.38 0.24

Matrix temperature 10.80 5.16 12.12 6.25
Nestedness 0.89 0.95 0.88 0.94
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Figure 5. Visualization of the pollination networks of (a) City core, (b) Suburb, and (c) Exurb. The
width of the lines connecting species is scaled to the number of links. Refer to Tables A2 and A3 for
the code of plant species and flower-visitor groups in network.
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Table 5. Code and links of native plant species in pollination network.

Code in
Network Plant Species Number of

Links
Number of Linked
Pollinator Groups

Normalized
Degree

F5 Nandina
domestica 269 4 0.3636

F9 Rosa chinensis 135 3 0.2727
F10 Astragalus sinicus 89 3 0.2727

F11 Cirsium arvense
var. integrifolium 87 3 0.2727

F18 Zabelia biflora 19 3 0.2727
F21 Ligustrum sinense 14 2 0.1818
F22 Medicago falcata 12 3 0.2727
F25 Sedum lineare 7 2 0.1818

F28 Taraxacum
mongolicum 4 1 0.0909

F29 Dianthus
chinensis 4 2 0.1818

F30 Alcea rosea
Linnaeus 4 2 0.1818

F33 Hemerocallis fulva 3 2 0.1818
F34 Acorus calamus 3 1 0.0909

F37 Orychophragmus
violaceus 2 1 0.0909

F38 Vaccaria hispanica 2 1 0.0909
F41 Kerria japonica 2 2 0.1818

4. Discussion
4.1. Effects of the Proportion of Impervious Surface to Flower-Visitor Groups

The results show that the proportion of impervious surface has no significant effect
on the number of visits by flower-visitor groups (Table 2). Studies have reported that
pollinators tend to prefer (semi-) natural habitats [42], but the visitor groups respond
differently to urbanization. Social bees such as honeybees have different individuals
specialized for pollen and nectar collection [43,44], and they are more likely to respond
to the different spatial and temporal distribution of flower resources. The solitary bees
experience landscapes at small scales [45,46], and may be particularly affected by landscape
intensification and changing habitat [47]. The number of visits by other groups (Halictidae,
Lepidoptera, Muscidae, Formicidae, etc.) was relatively less. The honeybee was the most
abundant, and potentially drove the results.

The composition of flower-visitor groups differed in the three urbanization levels.
The number of flower-visitor groups was the least in City core, where Vespidae and
Ichneumonidae, Formicidae, Coleoptera, Odonata, and Orthoptera were not recorded.
Since Vespidae, Formicidae, and Orthoptera are usually omnipresent and are as abundant
in cities as in exurbs, this likely indicates a lack of detection due to low sampling effort in
the study sites. The diversity of visitor groups negatively correlated with the proportion
of impervious surface (Table 3, Figure 4a). This trend is consistent with previous studies.
Abbate et al. (2019) found that species richness and diversity of bees were lower in highly
urbanized areas [48]. Burdine and McCluney (2019) determined that bee diversity decreased
as the proportion of impervious surface increased [49]. Collado et al. (2019) compared
species richness and diversity of bees in natural habitats with those in urban core areas
and found that natural habitat was better able to maintain bee diversity [42]. Persson
et al. (2020) determined that the species richness of wild bees was decreased in densely
built-up areas [50]. Our approach of categorizing flower-visitors to functional groups has
limitations in clarifying the effect of urbanization on pollinator species, and thus may
hardly be compared with findings of previous studies at species level. More studies at a
species level would better clarify how different genera or species react to urbanization.
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4.2. Effects of Proportion of Green Space on Flower-Visitor Groups

The proportion of green space caused no significant effect on visitation by honeybees,
Halictidae, and Lepidoptera, but, contrary to previous studies, it was negatively associ-
ated with the number of visits by Muscidae and reduced the diversity of flower-visitor
groups (Tables 2 and 3, Figure 4b). Green space is usually considered to be one of the
important habitats for pollinators, and a high proportion of green space can significantly
increase the number of pollinators [51,52]. However, studies also found that visitation by
honeybees did not decrease as the distance between the study site and semi-natural habitat
increased [53,54]. This was likely due to the wider foraging range available and a better
adaptation to environmental change [53]. Honeybees were abundant and may have driven
the results. Additionally, the low detection of visits by Halictidae, Lepidoptera, and other
rare visitor groups increases the difficulty of analyzing the effect of the proportion of green
space at our sample sites. The visits by Muscidae and the diversity of flower-visitor groups
were negatively associated with the proportion of green space. The probable reason is that,
in addition to the size or proportion of green space, the quality of green space also has a
significant impact on pollinator visitation. Artificial green space in the city mainly exists
in the form of park and residential green space, and only functions as a habitat connector
or as temporary habitat. By contrast, natural habitat can better accommodate pollinators
as their long-term habitat [42]. Various studies have investigated on how to enhance the
habitat value of urban green space. First, ‘Pollinator friendly gardens’, with high flower
diversity, abundance, and density, are considered to have a positive impact of maintaining
pollinator diversity [24,55]. Second, as the pollinators diverge in active season, the selec-
tion of pollinator-attractive flowering plants should consider both the flowering period
of plants and the seasonal activity of pollinators [31]. Third, management measures also
play important role in pollinator conservation, including reducing the cutting frequency of
meadows, retaining wide herbaceous margins and shrub layers with high nectar resources,
and avoiding excessive growth in hedgerow height to reduce the barrier effect [25].

4.3. Effects of Night Light Intensity on Flower-Visitors

Night light intensity is caused by the level of urbanization and the magnitude of hu-
man activities, and it also has a significantly negative impact on nocturnal pollinators such
as moths [56]. The artificial night lights reduce nocturnal pollination and the reproduction
of plants. Diurnal pollinators also forage on these plants for food resource, so the effect of
night light may extend through the plant–pollination network, and the diurnal pollinators
are affected in the long run [27]. In this study, the night light intensity had no significant
effect on the number of visits or the diversity of flower-visitor groups (Tables 2 and 3). This
may be due to that no nocturnal pollinators were included in our study. In addition, the
regeneration of flowering plants is frequent in urban parks, so the reproduction of certain
plant species can’t cause long-term effects on plant–pollinator interactions.

4.4. Effects of Local Flower Density and Flowering Plant Richness to Flower-Visitor Groups

Flower density and the species richness of flowering plants generally have positive
effects on pollination, such as increasing pollinator visits [57], and diversity [19,58,59]. In
this study, flower density positively correlated with the number of visits by Halictidae
(Table 2). Flowering plant species richness was positively associated with the number of
visits by Lepidoptera and the diversity of flower-visitor functional groups (Tables 2 and 3,
Figure 4c). Diverse plant resources provide food and nesting resources for more pollinator
groups. Studies have shown that high plant species richness has a positive effect on
maintaining butterfly species richness due to their rapid response to changes in flowering
plant abundance and species richness [60].

4.5. Effects of Urbanization Level on Flowering Plant–Visitor Group Interactions and Core Species

Suburb sites exhibited the highest diversity of interactions. However, the Suburb sites
also contained high number of flower-visitor groups and plant species, and because of
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this, it is possible that some potential links may have been missed (Table 4). Among the
three urbanization levels, the pollination networks were asymmetric, highly nested, and
generalized. When compared with natural habitats and arable land, the urban areas are
occupied by more generalists, which are supported by a higher number of plant species [61].

Core functional groups of flower-visitors (honeybee, Halictidae, Lepidoptera, and
Muscidae) contribute the most links (Table A3). Core flowering plants (Oenothera speciosa,
Coreopsis grandiflora, Centaurea cyanus, and Oxalis articulata) are exotic plant species and
occurred at five, four, three, and four sites, respectively (Table A2). In the urban green
space, flower-visitors may adapt and forage on exotic flowering plants, which somewhat
enhances pollinator diversity by providing nectar or pollen at certain seasons, when native
plants are not actively in flowering period [31,62,63]. However, the presence of attractive
exotic and horticulturally modified flowering plants may displace endemic plants that
pollinators are adapted to, and compete with native plants for pollinators, thus altering
the plant–pollinator network [64–66]. The native plant species, Nandina domestica, Rosa
chinensis, Astragalus sinicus, Cirsium arvense var. integrifolium, and Zabelia biflora, were
relatively attractive to a diversity of visitor groups (Table 5). The use of these native
flowering plants can help maintain the stability of flower–pollinator network and mitigate
the negative effects of urbanization.

4.6. Effects of Sampling Month to Flower-Visitor Groups

The survey covered three months, during which the plant species, richness, and flower
density changed with the seasonal climate. There are significant seasonal differences in the
activity of various pollinator groups. Maintaining a diverse set of flower-visitor groups can
help meet the pollination needs of different flowering plants.

5. Conclusions

This study has some limitations: Firstly, the approach of identifying flower-visitors to
broad taxonomic levels (mostly genus or family) rather than species was inadequate for
clarifying the responses of different flower-visitor species to urbanization. The conservation
status of different flower-visitor species was ignored. Secondly, most of the interactions
were between the abundant plant species and main flower-visitor groups, which are widely
distributed and generalized. The sampling effort was not adequate to assess the flower-
visitor assemblage of less abundant plants, as well as the effect of urbanization on rare and
specialized flower-visitors. Thirdly, in the field survey of flower-visitors, transects in the
plot were close, so the same individual may have been counted twice or more. To ensure
data independence, transects should ideally be linear.

This study provides suggestions for the planning of urban green spaces and provides
a theoretical reference for local vegetation configurations. Improvement of the quality of
green spaces (high plant species richness, and flower density) and the use of attractive
native flowering plants (such as Nandina domestica, Rosa chinensis, Astragalus sinicus, Cirsium
arvense var. integrifolium, and Zabelia biflora) can help to reduce the negative effects of city
expansion on pollinator diversity, and enhancing the function of urban green space in
sustaining biodiversity and ecosystem stability.
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Appendix A

Table A1. Information of Study Sites.

Study Site Latitude Longitude
Proportion of
Impervious

Surface

Proportion of
Greenspace

Average Night
Light Intensity

(DN)

City core
Jiefang Park 30.6091 114.2911 87.35% 22.87% 45141
Shahu Park 30.5758 114.3416 81.95% 17.13% 50630
Luojiashan
Parkland 30.5379 114.3561 86.32% 30.47% 30709

Lianhuahu Park 30.5517 114.2741 82.58% 24.29% 38430
Shouyi Cultural

Park 30.5433 114.3006 84.75% 17.45% 45896

Zhongshan Park 30.5858 114.2674 91.42% 8.93% 45881
Simeitang Park 30.5965 114.3313 82.46% 13.07% 47913

Suburb
Shizishan Parkland 30.4750 114.3380 58.76% 27.81% 25860
Houxianghe Park 30.6115 114.2482 68.63% 11.45% 47191

Heping Park 30.6369 114.3814 62.38% 21.31% 28522
Wuhan Botanical

Garden 30.5483 114.4160 53.32% 49.76% 10606

Dijiao Park 30.6655 114.3331 56.96% 11.27% 21320
Guanshan Holland

Park 30.4964 114.3927 73.86% 12.05% 27054

Exurb
Wuhan Garden

Expo Park 30.6209 114.2156 44.67% 28.30% 38582

Shimenfeng Park 30.5166 114.4735 18.43% 51.55% 16231
Canglongdao
Wetland Park 30.4069 114.4188 37.20% 19.38% 21667

Jiangxia Central
Park 30.3796 114.3159 44.67% 14.10% 24925

Zhuyehai Park 30.6237 114.1607 45.68% 17.89% 29033
Tanghu Park 30.4727 114.1556 40.86% 22.10% 22490

Note: Proportion of impervious surface was calculated within a 2000 m radius (excluding water cover) around
the parks. Proportion of green space was calculated within a 2000 m radius (excluding water cover) around the
study sites. DN refers to digital number of pixel brightness.
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Table A2. List of Surveyed Plant Species.

Family Species Region of Origin Status Distribution Sites
Code in

Pollination
Network

Amaryllidaceae Tulbaghia violacea
Harv. South Africa non-invasive

exotic
Suburb (Houxianghe Park,
Wuhan Botanical Garden) F36

Amaryllidaceae Zephyranthes
carinata Herbert South America invasive Suburb (Wuhan Botanical

Garden) F53

Araceae Acorus calamus L. China native Suburb (Wuhan Botanical
Garden) F34

Asteraceae Carthamus
tinctorius L. Central Asia non-invasive

exotic
Suburb (Wuhan Botanical

Garden) F35

Asteraceae Centaurea cyanus L. Europe, Russia,
north America

non-invasive
exotic

Suburb, Exurb (Shizishan
Parkland, Wuhan
Botanical Garden,

Canglongdao Wetland
Park)

F3

Asteraceae
Cirsium arvense var.

integrifolium
Wimm. & Grab.

East and north
Asia native Suburb (Wuhan Botanical

Garden) F11

Asteraceae
Coreopsis

grandiflora Hogg ex
Sw.

America non-invasive
exotic

Suburb, Exurb
(Houxianghe Park, Dijiao

Park, Jiangxia Central
Park, Tanghu Park)

F2

Asteraceae Cosmos bipinnatus
Cav. Mexico non-invasive

exotic

City, Suburb, Exurb
(Shouyi Cultural Park,

Shizishan Parkland,
Houxianghe Park, Wuhan

Garden Expo Park)

F8

Asteraceae Erigeron annuus (L.)
Pers. North America invasive

City, Suburb, Exurb
(Jiefang Park, Houxianghe

Park, Canglongdao
Wetland Park, Jiangxia
Central Park, Tanghu

Park)

F12

Asteraceae Euryops pectinatus
(L.) Cass. South Africa non-invasive

exotic
Suburb (Houxianghe

Park) F17

Asteraceae Helianthus annuus
L. North America non-invasive

exotic
Suburb (Houxianghe

Park) F26

Asteraceae Leucanthemum
vulgare Lam. West Europe non-invasive

exotic

Suburb, Exurb
(Houxianghe Park,

Jiangxia Central Park)
F15

Asteraceae Sanvitalia
procumbens Lam. Mexico non-invasive

exotic

Suburb, Exurb (Shizishan
Parkland, Canglongdao

Wetland Park)
F23

Asteraceae Silybum marianum
(L.) Gaertn.

Europe,
Mediterranean,

north Africa,
central Asia

invasive Suburb (Wuhan Botanical
Garden) F48

Asteraceae Tagetes erecta L. Mexico non-invasive
exotic

City, Suburb (Shouyi
Cultural Park,

Houxianghe Park)
F31

Asteraceae
Taraxacum

mongolicum
Hand.-Mazz.

China, north
Korea, Mongolia,

Russia
native City (Shahu Park,

Lianhuahu Park) F28

Berberidaceae Nandina domestica
Thunb. China native

City, Suburb (Jiefang Park,
Lianhuahu Park,

Guanshan Holland Park)
F5
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Table A2. Cont.

Family Species Region of Origin Status Distribution Sites
Code in

Pollination
Network

Campanulaceae
Platycodon

grandiflorus (Jacq.)
A. DC.

East and north
Asia native Suburb (Wuhan Botanical

Garden) F51

Cannaceae Canna indica L. Japan non-invasive
exotic

Suburb (Wuhan Botanical
Garden) F52

Caprifoliaceae Weigela florida
(Bunge) A. DC.

China, japan, india,
america native City (Shahu Park) F44

Caprifoliaceae Zabelia biflora
(Turcz.) Makino China, korea native

Suburb, Exurb (Wuhan
Botanical Garden, Tanghu

Park)
F18

Caryophyllaceae Dianthus chinensis
L. China native Suburb (Houxianghe

Park) F29

Caryophyllaceae Vaccaria hispanica
(Miller) Rauschert Europe, asia native Suburb (Shizishan

Parkland) F38

Crassulaceae Sedum lineare
Thunb.

China, japan,
vietnam native Suburb (Houxianghe

Park) F25

Cruciferae
Orychophragmus

violaceus (Linnaeus)
O. E. Schulz

China, north Korea native Suburb (Shizishan
Parkland) F37

Geraniaceae Geranium
carolinianum L. America invasive City (Lianhuahu Park) F46

Lamiaceae Salvia miltiorrhiza
Bunge China, japan native Suburb (Wuhan Botanical

Garden) F47

Lamiaceae Scutellaria barbata
D. Don

India, nepal,
myanmar, laos,

thailand

non-invasive
exotic

City (Shouyi Cultural
Park) F42

Leguminosae Astragalus sinicus
L. China native City (Luojiashan

Parkland) F10

Leguminosae Medicago falcata L. China native
City (Shahu Park,

Luojiashan Parkland,
Lianhuahu Park)

F22

Leguminosae Trifolium pratense L. Central Europe invasive City (Shahu Park) F16

Leguminosae Trifolium repens L. Europe, north
Africa invasive

City, Suburb, Exurb
(Simeitang Park,

Houxianghe Park,
Zhuyehai Park, Tanghu

Park)

F7

Liliaceae Hemerocallis fulva
(L.) L.

China, south
Europe native Suburb (Wuhan Botanical

Garden) F33

Liliaceae
Ophiopogon

japonicus (L. f.)
Ker-Gawl.

China, japan,
vietnam, india native City (Shahu Park) F50

Lythraceae Cuphea hookeriana
Walp. Mexico non-invasive

exotic
City, Suburb (Lianhuahu
Park, Houxianghe Park) F6

Malvaceae Alcea rosea
Linnaeus China native Suburb (Wuhan Botanical

Garden) F30

Oleaceae Ligustrum sinense
Lour. China native Suburb (Houxianghe

Park) F21

Onagraceae Oenothera biennis L. North America invasive Suburb (Wuhan Botanical
Garden) F20
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Table A2. Cont.

Family Species Region of Origin Status Distribution Sites
Code in

Pollination
Network

Onagraceae Oenothera speciosa
Nutt. America non-invasive

exotic

Suburb, Exurb (Shizishan
Parkland, Wuhan

Botanical Garden, Wuhan
Garden Expo Park,

Zhuyehai Park, Tanghu
Park)

F1

Oxalidaceae Oxalis articulata
Savigny South America non-invasive

exotic

City, Suburb (Shahu Park,
Lianhuahu Park,

Simeitang Park, Wuhan
Botanical Garden

F4

Oxalidaceae Oxalis corniculata L.

Temperate and
subtropical Asia,

Europe,
Mediterranean,
north America

native City (Lianhuahu Park) F49

Papaveraceae Papaver rhoeas L. Europe non-invasive
exotic

Suburb, Exurb (Shizishan
Parkland, Wuhan Garden
Expo Park, Canglongdao

Wetland Park)

F14

Plantaginaceae Plantago depressa
Willd.

China, north
Korea, Russia,
Kazakhstan

native Exurb (Canglongdao
Wetland Park) F45

Plantaginaceae Veronica persica
Poir.

Western Asia,
Europe invasive

City, Suburb, Exurb
(Lianhuahu Park,

Simeitang Park, Wuhan
Botanical Garden, Wuhan

Garden Expo Park)

F39

Portulacaceae Portulaca
grandiflora Hook. Brazil non-invasive

exotic
City (Shouyi Cultural

Park) F27

Rosaceae Kerria japonica (L.)
DC. China, japan native City (Lianhuahu Park) F41

Rosaceae Rosa chinensis Jacq. China native

City, Suburb, Exurb
(Jiefang Park, Zhongshan
Park, Houxianghe Park,
Heping Park, Guanshan

Holland Park, Shimenfeng
Park)

F9

Saxifragaceae Heuchera micrantha
Douglas Cenral america non-invasive

exotic
Suburb (Houxianghe

Park) F43

Solanaceae
Petunia ×

atkinsiana D. Don
ex Loudon

South America non-invasive
exotic City (Zhongshan Park F19

Umbelliferae Coriandrum sativum
L. Mediterranean non-invasive

exotic
Suburb (Wuhan Botanical

Garden) F24

Umbelliferae Daucus carota L. Europe invasive

Suburb, Exurb (Wuhan
Botanical Garden,

Canglongdao Wetland
Park)

F40

Verbenaceae

Glandularia ×
hybrida (Groenland

& Rümpler) G.
L.Nesom & Pruski

Panama, honduras,
venezuela

non-invasive
exotic

Suburb (Houxianghe
Park) F32

Violaceae Viola cornuta Desf. Europe non-invasive
exotic City (Zhongshan Park) F13
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Table A3. Code and Links of Flower-Visitor Functional Groups in Pollination Network.

Code in
Network

Functional
Groups

Number of
Links

Number of
Linked Plant

Species

Normalised
Degree

P1 Honeybee 2534 30 0.6977
P2 Halictidae 625 10 0.2326
P3 Lepidoptera 449 29 0.6744

P4 Muscidae and
Tachinidae 335 28 0.6512

P5 Formicidae 92 4 0.0930
P6 Anthophora spp. 35 3 0.0698
P7 Coleoptera 17 3 0.0698
P8 Syrphidae 15 3 0.0698

P9 Vespidae and
Ichneumonidae 6 3 0.0698

P10 Odonata 5 3 0.0698
P11 Orthoptera 2 1 0.0233
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Abstract: Aquatic vegetation has been restored since the removal of seine nets from the lake surface
of Shengjin Lake in 2018. Through four seasons of phytoplankton sampling surveys from 2019–2020,
we analyzed spatial and temporal changes in phytoplankton communities, water quality, and aquatic
plant recovery in conjunction with previous research literature to reveal the response mechanisms of
phytoplankton community structure to rapidly recovering aquatic vegetation. The results showed
that the Secchi depth increased (0.4 m to 0.7 m), the concentration of total phosphorus decreased
(0.053 mg/L to 0.41 mg/L), the species of aquatic plants (5 species to 16 species), phytoplankton
species (210 species to 254 species) and cell density increased after the removal of the seine. Since
the removal of the seine of Shengjin Lake, the aquatic vegetation cover has exceeded 80%, the
phytoplankton biodiversity has increased, and the water quality has recovered to II-III water status.
Our results show that aquatic plants improve water quality through direct and indirect effects and
influence phytoplankton community structure together with the water environment, which can
provide guidance for the restoration situation of the middle and lower reaches of the Yangtze River
through-river lake ecosystems.

Keywords: vegetation restoration; phytoplankton; Shengjin Lake; environmental factors

1. Introduction

Aquatic ecosystems are responsible for the energy flow and circulation in the food
chain of lakes, and phytoplankton is the primary producer in the aquatic ecosystem
(Plus et al., 2015). Because of the high sensitivity of phytoplankton to the environment,
it is used as an indicator in ecological evaluation [1,2]. By studying the changes and
characteristics of phytoplankton community structure, the water quality of lakes was ana-
lyzed, and the nutritional status of lakes was evaluated. Generally speaking, the change
of phytoplankton community structure is mainly affected by water temperature (WT),
pH, Secchi depth (SD), dissolved oxygen (DO), and other hydrological conditions. The
grazing of fish and zooplankton in water is also one of the factors limiting the growth
of phytoplankton [3–5]. Studies have shown that excessive inflow of nutrients such as
nitrogen and phosphorus will lead to a sharp increase in the number of phytoplankton, es-
pecially Cyanophyta, which is also the cause of eutrophication in most lakes in China [6,7].
However, a single environmental factor can not effectively describe the complex dynamic
changes of phytoplankton, and each environmental factor has a coordinated effect on the
phytoplankton community. In order to analyze which environmental factors play a leading
role in affecting the phytoplankton community structure, we conducted an in-depth study
of the lake.

There is a large area of lakes in the middle and lower reaches of the Yangtze River in
Anhui Province. These lakes are connected with the Yangtze River, forming the important
and unique aquatic ecosystem of a river-connected lake. At the same time, these lakes
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constitute both an ecological barrier and an important ecological function of the econom-
ically developed area of the Yangtze River Delta. The unique hydrological conditions
formed by the connection between river-connected lake and the Yangtze River cause the
lake water level (WL) to change seasonally with the Yangtze River. The changing WL,
velocity, and WT are the basic elements to maintain the vitality of the wetland ecosystem,
which is also conducive to the feeding and reproduction of waterfowl and fish, and im-
prove their biological species and density [8]. During the summer, rainfall is heavy. As
a result, the Yangtze River water flow increases to the lakes, leading to a rise in WL. The
WL reaches its highest point in August and remains fairly constant until after September.
This creates a period of high water. After September, the amount of water in the Yangtze
River decreases, the lake sluice opens, and the water flows back into the Yangtze River,
replenishing it. The WL drops to its lowest point in the winter (after December), and the
shoals around the lake are exposed. This is the low water period. At the beginning of April,
the WL gradually returns to normal [9]. Shengjin Lake is a typical river-connected lake
in the middle and lower reaches of the Yangtze River. It is a National Nature Reserve in
Anhui Province that protects wintering migratory birds, and more than a million water-
fowls gather to overwinter every year [10]. This is the most important wintering place for
whiteheaded cranes in China, an important resting place for waterbirds on the migratory
route from East Asia to Australasia, and a place for fish migration and breeding in the
Yangtze River [11–13]. However, starting in 1997, the local residents developed a purse
seine fishery based on river crab culture in order to meet the needs of the economy. This
overexploited the natural resources. Consequently, there are a series of environmental
problems in Shengjin Lake: the aquatic vegetation is seriously degraded, the submerged
vegetation has almost disappeared, the ecological function is degraded, the water quality
deteriorates, and the eutrophication has intensified [14]; the number of birds feeding on the
roots of submerged plants has decreased due to the decrease of food; purse seine blocks
the hydrological connectivity between Shengjin Lake and the Yangtze River, resulting in
the loss of spawning and migration channels for migratory fish, the destruction of fish
physiological habits and the reduction of fish species.

The Chinese government attaches great importance to the ecological restoration of
Shengjin Lake, Huayang Lake, Caizi Lake, and other lakes in the Yangtze River Basin.
Since 2016, the government has implemented the Yangtze River protection policy. The
government has invested hundreds of millions of funds to dismantle the seine in the lake,
ban fishing and compensate the fishermen, enforcing the “no seine, no fishing, no boat”
of the lake, to restore the ecological diversity of the lake and maintain the stability of
wetland ecosystem function. After the removal of purse seine in 2018–2019, the species of
overwintering waterbirds increased to 29, and the diversity of fish and birds increased [15].
In the investigation of Huayang Lake, the diversity of fish showed similar changes [16].
Since the complete removal of the seine net on Shengjin Lake in 2018, aquatic vegetation
has recovered rapidly. Through regular monitoring of the aquatic vegetation of Shengjin
Lake, we have found that the emerged plant Zizania caduuciflora and the floating plant Trapa
incisa has a large distribution in the lake area of Shengjin Lake as pioneer species, especially
in some waters of the upper lake (UL), where the cover of Z. caduuciflora and T. incisa is
as high as more than 90%, and the submerged plant Vallisineria spiralis and Myriophyllum
verticillatum are the main companion species.

Studies have shown that aquatic vegetation will either directly or indirectly affect the
phytoplankton community structure, depending on the type of vegetation. Submerged
macrophytes absorb a lot of nitrogen, phosphorus, and inorganic carbon through their
rhizomes, their leaves block light, and their bodies secrete allelochemicals; large areas of
aquatic vegetation weaken the effect of water flow and wind and impacts the hydrological
conditions such as WT and DO [17,18]. On the other hand, aquatic vegetation provides a
living environment for zooplankton to limit predation by large carnivorous fish, which
increases the biomass of zooplankton and limits the reproduction of phytoplankton [19,20].
Therefore, in order to study the effects of aquatic vegetation restoration and lake envi-
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ronmental factors on the phytoplankton community structure, long-term monitoring of
Shengjin Lake is needed.

In this study, our research team regularly monitored the water environmental factors,
aquatic vegetation distribution, and phytoplankton community structure of Shengjin Lake
from April 2019 to January 2020 with the following purpose: (1) to find out the distribution
of aquatic vegetation through field investigation and remote sensing monitoring data;
(2) by analyzing the temporal and spatial changes of phytoplankton community structure
and water quality data, combined with the previous research literature, the response
mechanism of phytoplankton community structure to rapidly recovering aquatic vegetation
was revealed. The results can provide a more comprehensive scientific basis for the
management and protection of freshwater lakes in the middle and lower reaches of the
Yangtze River.

2. Materials and Methods
2.1. Description of Study Area

The study area is Shengjin Lake National Nature Reserve (E116◦55′~117◦15′, N30◦15′~30◦30′),
which is located in the South Bank of the middle and lower reaches of the Yangtze River
in Anhui Province, China. It is connected with the Yangtze River through a waterway,
Huangpeng Sluice. The main flood season of the Yangtze River is from July to Septem-
ber, which is basically the same as the rainy season due to the influence of rainfall in the
basin. Therefore, the WL of Shengjin Lake rises and falls with the WL of the Yangtze River.
The water source comes from Zhangxi River in the southeast and Tangtian River in the
northeast. The lake area is 132.8 square kilometers. The WL ranges from 0.20 to 8.74 m, and
the average WL is 5.21 m. The area has a subtropical monsoon climate with four distinct
seasons, abundant rainfall, and sunshine. The annual average temperature was 16.1 ◦C,
the average summer temperature was 28.8 ◦C, and the average winter temperature was
3.9 ◦C. Under the influence of the monsoon, the rainfall has obvious seasonal changes, with
the largest rainfall in summer and an average annual rainfall of 1600 mm with abundant
surface runoff [21].

2.2. Data Collection

We collected the samples upper (UL), middle, and lower (ML) of Shengjin Lake, with
8 sections and 24 sampling points (Figure 1). The sampling point SJ1~12 was located in the
UL and SJ13~24 in the ML, including SJ1~2, SJ5~9 and SJ11~14, which was covered by the
floating plant T. incisa, and SJ3, which was covered by the emerged plant Z. caduuciflora.
From April 2019 to January 2020, we collected 4 samples that represented the water quality
of the lake in spring (April), summer (August), autumn (October), and winter (January of
the following year).

We used the SX751 portable water quality analyzer (Sanxin Instrument Co., Ltd. in
Shanghai, China) to measure the water quality of Shengjin Lake on site, including WT,
DO, Cond, and pH. We used a Hach 2100Q portable turbidimeter to calculate the turbidity
(Turb). SD was measured with the Secchi disk, and WL was measured with a scale lead
hammer. Chl a and nutrient concentrations were measured in the laboratory [22], and
total phosphorus (TP) was determined by ammonium molybdate spectrophotometry, total
nitrogen (TN) by alkaline potassium persulfate ablation, and Chl a by acetone extraction
spectrophotometry under an ultraviolet spectrophotometer (UV 2450), respectively [23].

For quantitative analysis of phytoplankton, we collected 1 liter (L) of water sample
and added 10 milliliter (mL) of 1% Lugol iodine solution for fixation. After letting it
stand for 48 h, we slowly siphoned the supernatant to 30 mL in order to identify the
phytoplankton [24,25]. Under the optical microscope, we counted 0.1 mL samples with
40 × 10 magnification and randomly selected 100 fields for the identification and counting
of each sample [26]. We identified phytoplankton species based on morphology [27].
The biomass of phytoplankton is mainly measured by individual traits. Phytoplankton
abundance and biomass were expressed as cell/L and mg/L, respectively [28].
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2.3. Data Analysis

The calculation formula of Mcnaughton dominance index (Y) is as follows:

Y = ni/N × fi (1)

In order to analyze the community structure of the phytoplankton, we applied the
Shannon-Wiener index (H′), the Pielou index (J′), and the Margalef index (D). The calcula-
tion formulas are as follows [29]:

H′ = −
s

∑
i=1

ni
N

ln
ni
N

(2)

J′ = H′/ ln S (3)

D = (S− 1)/ ln N (4)

where ni is the number of individuals of species i, N is the total number of individuals
of all species, S is the total number of phytoplankton species, and fi is the frequency of
individuals in the i species; following [30], we consider (Y) ≥ 0.02 as an indication of
phytoplankton dominance.

Using IBM SPSS Statistics (Version 26.0), we conducted a one-way ANOVA method to
test for significant differences between environmental parameters and phytoplankton com-
munities’ cell density between seasons. We evaluated the effect of water quality parameters
on the phytoplankton density with the Pearson correlation analysis, using IBM SPSS26.0
Statistics, according to the correlation coefficient, the significant correlation between water
quality parameters, and phytoplankton density was tested. We performed RDA utilizing
Canoco 5 to explain the relationship between dominant phytoplankton communities and
environmental factors. To reduce the effect of rare phytoplankton species, we transformed
the phytoplankton data into log10(x + 1) format before data analysis. The results of RDA
were visualized in the form of ordination plots based on AX 1 and AX 2 axes generated
by Canoco for Windows 5 software. Environmental variables and species are designated
by arrows. The position of each species in the ordination plot indicates the point corre-
sponding to the optimum value of that species in the gradient. We produced the bar graphs
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with Microsoft Excel and the spatial interpolation of cell abundance and the distribution of
aquatic vegetation with the ArcGIS 10.2 software applying the kriging method.

3. Results
3.1. Environmental Characteristics Parameters

The following table shows the main environmental factors of Shengjin Lake from
2019 to 2020 (Table 1). The results revealed that there were significant differences in the
seasonal and spatial distribution of WT in Shengjin Lake (p < 0.01). During the study
period, when the WT was 8~35.7 ◦C, the highest WT appeared in the summer and the
lowest in the winter. The pH was between 7.47~9.26, the mean was 8.68, and the whole
lake was weakly alkaline. DO is significantly higher in the winter than in the other seasons,
with an average of 11.75 mg/L, and the lowest in summer, with an average of 7.69 mg/L.
One-way ANOVA showed that WL and SD in summer were significantly higher than those
in other seasons, ranging from 0.31 m to 6.30 m and 0.07 m to 2.45 m, respectively. Pearson
correlation results there was a significant correlation between WL and SD (* p < 0.05). The
concentration of nitrogen and phosphorus is one of the important indexes to evaluate the
health and self-purification of lake water. The concentration of TN ranges from 0.08 mg/L
to 1.62 mg/L. The concentration of TP ranged from 0.003 mg/L to 0.158 mg/L, and the
concentration of nitrogen and phosphorus in the UL was lower than that in the ML. The
concentration of nitrate nitrogen (NO3-N) ranged from 0.001 mg/L to 3.41 mg/L. The
average concentration of NO3-N in the whole lake was the lowest in the summer when
the plants were growing vigorously, and it gradually increased with the seasonal changes.
The average concentration of NO3-N in the spring was the highest. In general, the water
quality of Shengjin Lake was in the II-III standard during the study period.

3.2. Distribution of Aquatic Vegetation

Shengjin Lake has abundant precipitation in July and August, and the lake is in a
period of abundant water. A total of 16 aquatic plants were monitored during the study. The
aquatic plants detected in the spring included Ceratophyllum demersum, Hydrilla verticillata,
Utricularia aurea, T. incisa, Euryale ferox, Nelumbo nucifera, Z. caduuciflora, etc. Figure 2
illustrates the distribution of dominant associations of main aquatic plants’ spread in the
lake during the summer: (1) the aquatic plant communities in the lake at SJ1~2 of the UL
District were Assoziation. Trapa incisa-N. nucifera, associated species are Z. caduuciflora and
V. spiralis, and the coverage was 95%; (2) the aquatic plant community distributed on the
lake surface at SJ3 is Ass. Zizania caduuciflora, the coverage was 90%, associated plants are
H. verticillata, C. demersum; (3) SJ5~9 is the central water area of the UL, and the distribution
of floating plant is Ass.Trapa sp., and the coverage was 55%, the associated species are
the emerged plant Z. caduuciflora and the submerged plant M. verticillatum, H. verticillata;
(4) Ass. Polygonum lapathifolium is an emerged plant distributed in the water area of SJ7,
and the coverage was 15%; (5) there is a large area of Ass.Trapa incisa near the bridge,
covering more than 90%. There is no aquatic vegetation with large coverage in the open
water area of the ML and a small number of Ass.Trapa incisa is distributed near the shore.
Compared with the UL, the coverage of aquatic vegetation in the ML is greatly reduced.
Compared with the spring, vegetation coverage in the summer increased greatly. As the
dominant aquatic plants in Shengjin Lake are Z. caduuciflora and T. incisa, both of which are
thermophilic plants. The suitable temperature for growth is 10–25 ◦C, and they will die
in autumn and winter. On the contrary, Potamogeton crispus is a typical submerged plant
that germinates in autumn and grows over the winter. Its buds germinate in early October.
In the autumn and winter, we monitor the newly grown submerged plants Potamogeton
crispus. They were scattered in the shallow coastal waters while the other aquatic plants
gradually disappeared.
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Figure 2. Distribution of dominant associations of main aquatic plants in summer. The following
abbreviations used in the diagram are: Pl: Polygonum lapathifolium, Ti: Trapa incisa, Zc: Zizania
caduuciflora, and Ti-Nn: Trapa incisa-Nelumbo nucifera.

3.3. Phytoplankton Community Diversity and Dominant Species

During the survey of this study (Figure 3), we identified a total of 254 species (including
varieties) in 8 phyla and 137 genera of phytoplankton. The most numerous of these are
Chlorophyta, with 109 species, accounting for 42.27% of the total species; this was followed
by Bacillariophyta and Cyanophyta, with 56 and 34 species, accounting for 22.76% and
13.82%, respectively. In the summer survey, there were 174 phytoplankton species in
the T. incisa range, 169 species in the Z. caduuciflora range, and 147 species in open water.
Among them, we did not find Dinobryon bavaricum, Pediastrum, Fragilaria capucina, and
Melosira granulata in most open waters, and we only detected Actinastrum fluviatile and
Strombomonas ensifera in Z. caduuciflora distribution area.

Diversity 2022, 14, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 3. Total phytoplankton cell density and relative abundance (×106 cell/L) in Shengjin Lake. 

In the following figure (Figure 4), the spatial distribution of the annual mean 
phytoplankton cell density in Shengjin Lake was significantly different (p < 0.05), with the 
annual mean phytoplankton cell density in the UL area being 1.76 × 107 cell/L. The trend 
shows that the mean cell density is higher in the central open water area, with a mean cell 
density of 2.02 × 107 cell/L, and lower in the surrounding aquatic vegetation cover area, 
with the lowest value found in the SJ1, where the water-holding plant experienced a good 
recovery, with a cell density of 1.51 × 107 cell/L. The phytoplankton cell density in the ML 
was generally higher than that in the UL, with an annual average cell density of 1.95 × 107 

cell/L and the highest value of 2.24 × 107 cell/L, which was found in the SJ23, showing an 
obvious gradient distribution characteristic. 

 
Figure 4. Distribution of annual mean phytoplankton cell density in Shengjin Lake (×105). 

  

Figure 3. Total phytoplankton cell density and relative abundance (×106 cell/L) in Shengjin Lake.

410



Diversity 2022, 14, 178

The Shannon–Wiener index for phytoplankton in Shengjin Lake ranged from 1.45
to 3.52, with a mean value of 2.74. We recorded the high mean value, 2.96, in the winter.
Spatially, the T. incisa range (3.06) > the Z. caduuciflora range (2.83) > the open water (2.41).
The Pielou homogeneity index fluctuated from 0.55 to 0.87, with a mean value of 0.71.
Temporally, the highest mean value was recorded in winter, at 0.73. Spatially, there was
no significant trend. The Margalef species richness index ranged from 2.15 to 3.52, with
a mean value of 3.15. Once again, we noted that, in the winter, the mean value was at
its highest with 3.24. Spatially, the T. incisa distribution area was the highest, at 3.22. In
summary, the results of the diversity indices illustrated that Shengjin Lake had the highest
average in winter and the diversity index of the area with aquatic vegetation was higher
than that of the open water area.

The analysis of the dominant phytoplankton species during the study period showed
that they varied greatly among seasons (Table 2). In spring, the dominant species were
Merismopedia marssonii, P. pusillum, and D. bavaricum. In summer, Planktolyngbya subtilis,
Phormidium tenuis, and Microcystis aeruginosa dominated the Cyanophyta, Selenastrum
minutum, and Staurastrum indentatum dominated the Chlorophyta. P. subtilis is the most
dominant species, with the Y = 0.22, and the relative abundance of P. subtilis is more
than 30% in the whole lake area with a detection frequency of 95.8% at each sampling.
Aquatic vegetation grows vigorously in the summer, and there were significant differences
in the distribution of aquatic vegetation in the lake area. Upon further analysis of the
spatial distribution of the dominant species based on the results, we observed that there
were spatial differences in the dominance index of P. subtilis, among which the T. incisa
distribution area (0.24) > Z. caduuciflora distribution area (0.19) > open water area (0.11). In
autumn, the dominant species shift from Cyanophyta to Bacillariophyta and Chlorophyta.
This decreased the dominance of the P. subtilis (Y = 0.03), while M. granulata became
the main dominant species with a relative abundance of 22%. M. tenuissima, Synedra
acus, M. granulata Her, Ankistrodesmus convolutus, Scenedesmus quadricauda, A. fluviatile and
Cryptomonas ovata, etc., were the dominant species in the winter. The dominant species
differed among seasons, and we found the frequencies of the main dominant species to be
similar in the UL and ML, but the dominant values of the dominant species varied among
sampling sites.

Table 2. Dominant species and dominance of phytoplankton communities in each season.

Species
Dominance

Spring (April) Summer (July) Autumn (October) Winter (January)

Cyanophyta

P. subtilis 0.012 0.228 0.032 0.019
P. tenuis 0.003 0.035 0.014 0.01

M. tenuissima 0.002 0.005 0.011 0.033
M. marssonii 0.064 0.031 0.002 0.004
M. aeruginosa - 0.031 - 0.004

Chlorophyta

S. minutum 0.0007 0.035 0.006 0.017
S. indentatum 0.005 0.025 0.009 -

Chlorella vulgaris 0.015 0.011 0.059 0.019
S. arcuatus 0.008 0.0006 0.035 0.002

A. convolutus 0.006 0.017 0.012 0.043
S. quadricauda 0.016 - 0.0031 0.081

A. fluviatile 0.1 0.001 - 0.065

Bacillariophyta
M. granulata Her 0.002 - 0.134 0.034

M. granulata 0.005 0.003 0.051 0.018
S. acus 0.013 0.002 0.019 0.073

Cryptophyta C. ovata 0.015 0.009 0.01 0.064
Pyrrophyta P. pusillum 0.032 0.008 - -

Chrysophyta D. bavaricum 0.079 0.01 0.0002 -
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3.4. Spatial and Temporal Variation of Phytoplankton Communities

The results showed (Figure 3) that there were seasonal differences (p < 0.05) in the
mean cell density of phytoplankton at each sampling site, with the highest mean cell density
of 3.11 × 107 cell/L in the summer, decreased gradually to 1.79 × 107 cell/L in the autumn,
and the lowest of 0.96× 107cell/L in the winter. Cyanophyta was a major component of the
phytoplankton community, accounting for more than 20% of the relative abundance in all
seasons. The relative abundance of Cyanophyta in the summer was more than 70%, 47.72%
of Cyanophyta are P. subtilis. The relative abundance of Cyanophyta gradually decreased
in the autumn and reached the lowest value of 22.54% in the winter, and recovered in the
spring. The relative abundance of Chlorophyta increased from 22.15% in the summer to the
highest value of 42.57% in the winter. The relative abundance of Bacillariophyta climbed
to the highest value of 38.29% in the autumn. M. granulata accounted for 48.84% of the
abundance of Bacillariophyta. The number of Cryptophyta increased in the winter, and
the relative abundance rose to 8.8%. Although Cyanophyta had absolute dominance in the
summer, it did not in all the other seasons, allowing the relative abundance of Chrysophyta,
Euglenophyta, Xanthophyta, and Pyrrophyta to increase.

The phytoplankton biomass of Shengjin Lake spanned from 0.78–15.52 mg/L with
seasonal variation, reaching a maximum in the summer and then gradually decreasing,
with similar trends in phytoplankton cell abundance.

In the following figure (Figure 4), the spatial distribution of the annual mean phy-
toplankton cell density in Shengjin Lake was significantly different (p < 0.05), with the
annual mean phytoplankton cell density in the UL area being 1.76 × 107 cell/L. The trend
shows that the mean cell density is higher in the central open water area, with a mean
cell density of 2.02 × 107 cell/L, and lower in the surrounding aquatic vegetation cover
area, with the lowest value found in the SJ1, where the water-holding plant experienced a
good recovery, with a cell density of 1.51 × 107 cell/L. The phytoplankton cell density in
the ML was generally higher than that in the UL, with an annual average cell density of
1.95 × 107 cell/L and the highest value of 2.24 × 107 cell/L, which was found in the SJ23,
showing an obvious gradient distribution characteristic.
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3.5. Relationship between Phytoplankton Communities and Environmental Parameters

In this study, we selected a total of 18 phytoplankton species (dominant species) and
14 environmental factors to analyze the relationship between the dominant phytoplankton
species and environmental parameters throughout the year in Shengjin Lake [31,32]. We
analyzed the relationship between the phytoplankton species, and the environmental
parameters was analyzed using RDA. The adjusted variance explained 80.9%. Sort axes 1
and 2 explained the 22.9% and 31.5% of the variance in phytoplankton (Table 3).

Table 3. Results of RDA analysis of dominant phytoplankton species.

Sort Axis 1 2 3 4

Eigenvalue 0.329 0.211 0.126 0.101
Species-environment correlation 0.852 0.757 0.682 0.714

Cumulative percentage of species 22.9 31.5 36.3 38.6
Cumulative percentage of

species-environment relationships 43.4 71.9 83.8 91.2

We conducted Monte Carlo tests conducted on phytoplankton communities and the
environmental parameters, where WL, WT, TN, and Cond were the main parameters
(p < 0.05). The results of the analysis showed that (Figure 5) the abundance of cells of the
dominant species, P. pusillum and D. bavaricum, was significantly and positively correlated
with NO3-N; P. subtilis was positively correlated with T. incisa, SD and WT; S. indentatum
and P. tenuis were positively correlated with Z. caduuciflora, WT and WL; M. granulata and
S. acus were positively correlated with TN, DO, and the significant negative correlations
were found between SD and T. incisa.
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4. Discussion
4.1. Aquatic Vegetation Restored after Removal of Purse Seine

Since the removal of the seine net in 2018, the aquatic vegetation of the whole lake
surface increased significantly. Compared to 2015, the area of aquatic vegetation increased
to 26 km2, and the coverage of aquatic vegetation was more than 50%, especially the
coverage of the emerged plant Z. caduuciflora in the UL waters of sampling points SJ1~3
in the UL was more than 90%. The purse seine fishery, which began in 1997, led to severe
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degradation of aquatic vegetation. In the 2007 monitoring survey, the area of purse seine
farming had reached 100%, and the aquatic vegetation cover was only 30%. There were
large areas of water that were vegetation-free in the UL, and only the channel in the ML
contained small amounts of the floating plant growth [33,34]. With the advent of the fishing
ban policy in 2015 in the UL, the submerged plants C. demersum and M. verticillatum have
begun to appear in patches, the distribution area has expanded from the central to the
northern part, and we found only a small amount of the emerged plant Z. caduuciflora
between the purse seine in the ML [35]. According to the data, Hangzhou West Lake and
Wuhan East Lake also experienced serious damage to aquatic vegetation caused by the
over-farming of fish and later restored aquatic vegetation by reducing fish density.

According to the available data, the early stage of the commercial use of Shengjin Lake
was Chinese velvet chelonia farming, and the middle and late stages developed mainly into
fishery seine farming. With the bridge as the boundary, seine nets were deployed only in
the junction area of the UL and the ML. Extensive contract fishery culture was implemented
in the UL, while numerous artificial dikes and culture nets were constructed in the ML.
The lake was divided into multiple culture areas with intensive seine nets for high-density
aquaculture throughout the year. Filter-feeding fish such as Hypophthalmichthys molitrix
and Aristichthys nobilis were the main dominant species [36]. The small number of seine
nets in the UL and smaller catches than in the ML may be the reason for the presence of
aquatic plants. After the removal of seine nets in Shengjin Lake in 2018, the density of
fish decreased, the feeding of herbivorous fish on aquatic plants decreased, and aquatic
plants were able to grow and renew. At the same time, after the ban on aquaculture,
pollution from bait placement was alleviated to a greater extent, the lake water quality
improved, aquatic plants adapted to water quality conditions, and aquatic vegetation
recovered rapidly, especially submerged vegetation.

4.2. Phytoplankton Community Composition and Spatial and Temporal Variation

The findings of the current study revealed large seasonal differences in phytoplankton
communities, and similar variations have been identified in previous surveys [37,38].
Compared to the 2014 survey data, the number of phytoplankton species increased from
210 to 254, with an increase in the number of species of the Chlorophyta and Euglenophyta.
The decrease in phytoplankton cell abundance and the increase in biodiversity was due to
the improvement in water quality after the removal of the purse seine ban.

According to the data of previous surveys [39], the TP concentration in Shengjin Lake
decreased by 20% (0.053 mg/L to 0.41 mg/L). The average transparency increased from
0.4 m to 0.7 m, and some waters covered by aquatic plants can reach 1.2 m. Phytoplankton
is highly sensitive to environmental changes. The changes in environmental factors after the
removal of purse seine affect the structural distribution of the phytoplankton community.

Compared with before and after the removal of the purse seine, the species of Chloro-
phyta are the most abundant, with the highest Cyanophyta cell density after purse seine
removal in summer. Shengjin Lake has a high water level in the wet season in summer, and
the water temperature exceeds 35 ◦C, which is most suitable for the growth of Cyanophyta.
At the same time, after the purse seine is removed, the coverage area of aquatic vegetation
is greatly increased, which has enhanced the purification of lake water quality, high water
transparency, and strong photosynthesis of Cyanophyta. The main dominant species in
the summer after the removal of the purse seine is P. subtilis, which is significantly less
than that of other cyanobacteria before the removal of the purse seine. P. subtilis belongs to
Lyngbya, and there is a gelatinous sheath inside the cells that regulate the intensity of light
received. This may be the reason why P. subtilis is the dominant species in the summer [40].

As the number of aquatic plants increased significantly after the removal of the seine,
almost all aquatic plants died in autumn and winter, and the nitrogen and phosphorus
from the plant body entered the water body, resulting in higher nitrogen and phosphorus
concentrations compared to the seine period. After the removal of the purse seine, the
M. granulata replaced Chlorophyta as the dominant species in autumn due to the appro-
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priate temperature and high nutrient level. The RDA results showed that Bacillariophyta
cell abundance correlated negatively with WT and SD. When the water of Shengjin Lake
flowed into Yangtze River, the WL in most of the lake area was at 1 m, the WT was below
15 ◦C, the aquatic vegetation disappeared, and the water environment favored favorable for
the growth of Bacillariophyta [41]. Compared with before the removal of the purse seine,
the number of phytoplankton species increased, and Scenedesmus became the dominant
species in winter, probably because Scenedesmus thrives in a low-temperature environ-
ment, the chemosensory effect of Scenedesmus decreased with the disappearance of aquatic
plants [42,43].

4.3. Response Mechanisms of Phytoplankton Communities to Aquatic Vegetation Restoration

Studies have shown that aquatic vegetation indirectly affects the community structure
of phytoplankton by altering the lake water environment. The restoration of floating and
submerged aquatic vegetation in Shengjin Lake provides diverse habitats for the growth
and development of phytoplankton, resulting in increased phytoplankton diversity. The
results of RDA analysis that the content of nitrogen and phosphorus correlated positively
with the growth of M. granulata and most Chlorophyta, and the nutrient concentration
directly affected the phytoplankton community structure. The death of aquatic plants in
the autumn and winter to produce organic matter explained the high cell abundance of
Bacillariophyta and Chlorophyta during those seasons, while the fixation of suspended
matter on the lake surface by aquatic vegetation disappeared, and wind and rainfall caused
the release of nitrogen and phosphorus from the bottom mud [44]. The cell abundance of
the dominant species of P. tenuis and P. subtilis, was negatively correlated with DO and
positively correlated with the floating plant T. incisa. Several sites covered with T. incisa in
the summer identified that the relative abundance of the algae P. subtilis was higher than
at the open water sites. Aquatic plants consume a large amount of DO and reduce pH
when decomposing organic matter and nutrients [45]. As a result, the available light of
phytoplankton in the area with high T. incisa coverage in the UL is less, the respiration
rate of phytoplankton is greater than that of light cooperation and the photosynthesis and
respiration of aquatic plants and phytoplankton jointly affect the trend of DO.

Aquatic plants also directly influence the community structure of phytoplankton
through themselves. In the summer, we identified a high abundance of D. bavaricum
and Pyrrophyta in the southern sampling sites covered by T. incisa and Z. caduuciflora in
the UL. The fixation type algae such as P. subtilis and Dinobryon have flagella or fixation
filaments. Aquatic plants provide a habitat for the large fixation type phytoplankton, and
algae attach to aquatic plants to avoid predation by fish [46]. The phytoplankton identified
in the distribution waters of aquatic vegetation, such as Pediastrum and Euglenophyta, are
mostly above 10 µm in diameter, have a fresh weight of more than 0.01 × 10−6 mg, and are
presumably shade and cold-tolerant species.

Aquatic plants improve water quality and also compete with phytoplankton for
light and nutrients. The three UL sampling sites (SJ1~3) with high aquatic vegetation
cover in the summer have low phytoplankton abundance, with an average cell density
of 1.47 × 107 cell/L. Aquatic plants provide a sheltered environment for zooplankton
and filter-feeding fish, causing smaller phytoplankton to be more easily predated and the
abundance of larger Chrysophyta and Pyrrophyta to increase relatively. Some studies
have shown that filter-feeding fish tend to make phytoplankton larger under low nutrient
conditions. On the other hand, aquatic plants and phytoplankton have similar ecological
niches, and both may secrete chemosensitive substances to inhibit each other’s growth [47].
There are other studies detailing how the main components of chemosensitive substances
in aquatic plants, such as N. nucifera and C. demersum, include secondary metabolites
such as flavonoids and organic acids [48,49], which can damage the cell structure of
Cyanophyta and other phytoplankton, affect intracellular enzyme activities, and prevent
their photosynthesis [50,51].
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5. Conclusions

The results showed that the spatial and temporal changes in the phytoplankton
community structure of river-connected lake were in response to the restoration of aquatic
vegetation and changes in environmental factors in the lake. After the seine was removed,
the aquatic plants re-grew. The direct and indirect effects of aquatic plants are one of the
important causes of changes in the structure of phytoplankton communities. Monitoring
phytoplankton to evaluate the restoration of the middle and lower reaches of Yangtze River
through-river lake ecosystem is an important tool in the current lake ecological restoration
project, and conducting research related to aquatic plants and phytoplankton has important
ecological significance and value.
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Abstract: Extant Bauhinia (Leguminosae) is a genus of 300 species of trees, shrubs, and lianas, widely
distributed in pantropical areas, but its diversification history in southeastern Asia, one of its centers
of highest diversity, remains unclear. We report new fossils of three Bauhinia species with cuticular
preservation from the Paleogene of Puyang Basin, southwestern China. Our finding likely extends
the emergence of Bauhinia in Asia to the late Eocene. Together with previously reported fossil records,
we show that the diversification of Bauhina in Asia and the phenomenon of a small region harboring
multiple Bauhinia species in southwestern China could be traced back to the Paleogene.

Keywords: Asia; Biogeography; Bauhinia; Fabaceae; late Eocene

1. Introduction

Bauhinia L. (Leguminosae) today comprises about 300 species of trees, shrubs, and
lianas and is widely distributed in pantropical areas, with the largest diversity center being
in the neotropics, and the second largest in southeastern Asia [1–3] (Figure 1). A typical leaf
of this genus is simple and bilobed, rarely entire or two-foliolate, with pulvinus on both
ends of the petiole [1]. Its fruit is flat, elliptic, oblong, or linear, woody or thinly valved.
Species of Bauhinia are widely cultivated as ornamentals [1]. For example, the orchid tree
(Bauhinia × blakeana Dunn) was chosen as the city flower of Hongkong. Several species of
Bauhinia (e.g., B. purpurea L.) are used in local medicine and seeds of B. petersiana Bolle can
be used as a coffee substitute [3].

Recent phylogenetic studies show that Bauhinia is an early-diverged member of Legu-
minosae [2,4–7]. However, due to the nesting of Griffonia and Brenierea within the genus,
Bauhinia is not monophyletic [2,5]. The phylogenetic relationships of the Bauhina + Griffonia
+ Brenierea clade has not yet been well resolved [2,5]. In some recent treatments, Bauhinia
is divided into eight genera including Bauhinia L. s.s., Barklya F. Muell., Gigasiphon Drake,
Lysiphyllum (Benth.) de Wit, Phanera Lour., Piliostigma Hochst., Schnella Raddi, and Tylosema
(Schweinf.) Torre et Hillc. [5,8]. Here we adopt the traditional broad treatment of Bauhinia
because this study mainly concerns plant morphology and the character suite available in
Bauhinia leaf fossils limits taxonomic resolution.
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basin is Cambrian limestone, with Cenozoic sediments unconformably lain above [20] 
(Figure 3). The lower part of the Cenozoic basin fill is dominated by lignite beds repre-
senting swamp facies, and the upper part is mainly lacustrine grey to yellow mudstone 
[20]. Recently, a mammal fossil, belonging to Anthracotheriidae Leidy, similar to the late 
Eocene Bothriogenys hui from Yunnan and B. orientalis from Thailand [22,23], was recov-
ered from the lignite (Figure 3). Pollen analysis also suggests a late Eocene age for the 
lignite bed (Yang et al. under review) and suggests that basin formation was roughly co-
eval with other regional basins such as Wenshan [13] and Lühe [24] which have been 
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lignite bed (Figure 3) and are most likely also late Eocene in age. 
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Facility (GBIF).

Fossils of Bauhinia have been documented in various forms of wood, leaf, and twig
with attached fruit [9–12]. The earliest reliable fossils are leaves from the early Oligocene
of China [11,13]. Later fossils of the genus are documented from the late Oligocene and
Middle Miocene of China, the Oligocene of Mexico, and the early Miocene and mid-
dle Miocene–middle Pleistocene of India, the Pliocene of Uganda, and the Miocene of
Ecuador [9,10,12,14–18].

This study reports new Bauhinia fossils from the late Eocene of southeastern China.
First, we morphologically compared the macroscopic morphology and cuticle features of
the fossils with those of the extant and fossil species in the genus. Then we discussed the
implications of the fossils in the context of our current understanding of the evolutionary
history of Bauhinia in Asia.

2. Materials and Methods
2.1. Geological Setting

The Puyang Basin (105.26◦ E, 23.48◦ N; 825 m asl) is a wedge-shaped strike-slip basin
located in the southeastern Yunnan province, China [19–21] (Figure 2). The base of the basin
is Cambrian limestone, with Cenozoic sediments unconformably lain above [20] (Figure 3).
The lower part of the Cenozoic basin fill is dominated by lignite beds representing swamp
facies, and the upper part is mainly lacustrine grey to yellow mudstone [20]. Recently, a
mammal fossil, belonging to Anthracotheriidae Leidy, similar to the late Eocene Bothriogenys
hui from Yunnan and B. orientalis from Thailand [22,23], was recovered from the lignite
(Figure 3). Pollen analysis also suggests a late Eocene age for the lignite bed (Yang et al.
under review) and suggests that basin formation was roughly coeval with other regional
basins such as Wenshan [13] and Lühe [24] which have been dated radiometrically. Our
fossils are collected from the lacustrine mudstone above the lignite bed (Figure 3) and are
most likely also late Eocene in age.
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2.2. Macroscopic Feature Observations and the Modern Distribution of Bauhinia

Fifteen leaf fossils and one fruit compression were recovered and photographed using
a digital camera (Nikon D750, Kanagawa, Japan). Fine-scale details of the fossils were
further examined under a stereo microscope (Leica S8APO, Wetzlar, Germany), and images
were taken. The raw data for the extant occurrence of Bauhinia was download from Gbif [25],
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and first cleaned using an R program and then checked manually [26]. Finally, the cleaned
data were imported into Arcgis 10.0 to prepare the distributional heat map.

2.3. Cuticle Preparation for Fossil and Extant Materials

Fossil leaf fragments were treated with HCl and HF to remove calcareous and siliceous
materials, and then macerated using 3% NaClO solution for 30 min to one hour until
they became translucent [27–29]. For extant materials, fragments from mature leaves
were macerated using a 1:1 solution of CH3COOH and 30% H2O2 at 80 ◦C for about one
hour [30,31]. After the mesophyll tissue was removed, the adaxial and abaxial cuticles for
both fossil and extant materials were stained for about 30 min using Safranin O, mounted
in glycerine on glass slides, and then photographed using a light microscope (Leica DM
750 with a Leica DFC 295 camera). All cuticular slides are stored at Kunming Institute of
Botany, Chinese Academy of Sciences.

3. Results

Family: Leguminosae Juss. (or Fabaceae Lindl).
Subfamily: Caesalpinioideae DC.
Genus: Bauhinia L.
Locality: The Puyang Basin, Funing county, Yunnan province, China.
Age: The late Eocene.
Leaf.
Species: Bauhinia wenshanensis H.H. Meng et Z.K. Zhou (morphotype 1).
2014 Bauhinia wenshanensis H.H. Meng et Z.K. Zhou, Figure 4A–D.
Specimens: FN0403 (Figure 4A); FN0399 (Figure 4B); FN0106 (Figure 4C); FN06005

(Figure 4D).
Description: Leaf is entire and bilobed, 28–34 mm long and 18–26 mm wide, ovate

to elliptical in outline (Figure 4A–D). The basal portion is cordate, slightly asymmetrical
(Figure 4A,B). The widest part is in the lower third of the leaf, and the lamina gradually
tapers toward the apex (Figure 4A,B). The apex is bifid to form two acute lobes at an angle
of 31◦–49◦ (Figure 4A,B). The primary vein framework is palmate with nine basal veins
(Figure 4A,B). Primary veins near the midvein extend into the apices of lobes (Figure 4A–C).
Additional primary veins extend toward the adjacent primary vein at the inner side (Fig-
ure 4A,B). Major secondaries originate from the primary veins and extend toward the apex
of the leaf (Figure 4A,B).

The adaxial cuticle consists of irregular epidermal cells with sinuolate epidermal walls
(Figure 4E,F) and a few single-celled trichome bases (Figure 4E,G,H). No stomata were
observed in the adaxial cuticle. The abaxial epidermal cells are polygonal or irregularly
shaped. Stomatal complexes are paracytic and tetracytic with sunken guard cells, and
the stomatal rim is single-layered (Figure 4I–K). Subsidiary cells are crescent, polygo-
nal, or irregularly shaped. Many single-celled trichome bases exist in the abaxial cuticle
(Figure 4I,L).

Species: Bauhinia sp. (morphotype 2).
Specimens: FN0411a (Figure 5A); FN0411b (Figure 5B); FN0292 (Figure 5C).
Description: Leaf is simple, petiolate and bilobed, 25–27 mm long and 17–31 mm

wide, elliptical to obovate in outline (Figure 5A–C). Base is almost straight in open leaf
(Figure 5A–C). Apex is round (Figure 5A,B). The primary vein framework is palmate with
seven basal veins (Figure 5A–C).

The adaxial cuticle consists of polygonal epidermal cells with straight arched epider-
mal walls (Figure 5D–F) and few single-celled trichome bases (Figure 5G). No stomata
were observed in the adaxial cuticle. The abaxial epidermal cells are similar in shape and
size to those in the adaxial cuticle. Stomatal complexes are paracytic and tetracytic with
sunken guard cells, and the stomatal rim is double-layered (Figure 5H–J). Subsidiary cells
are polygonal or irregularly shaped. Many single-celled trichome bases exist in the abaxial
cuticle (Figure 5H–K).
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Figure 4. Leaf morphologies and cuticular structures of Bauhinia wenshanensis H.H. Meng et Z.K.
Zhou (morphotype 1) from the Puyang Basin, Funing, Yunnan province. The scale bars represent
1 cm for leaf fossils and 20 µm for cuticle images. (A–D) Leaves of B. wenshanensis. All the cuticle
images are from the fossil specimen in (D). (E,F) Adaxial cuticle showing sinuolate epidermal walls.
(G,H) Single-celled trichome bases of adaxial cuticle. (I–K) Abaxial cuticle showing the orientation
of stomata. Black arrows indicate sunken guard cells; white arrows indicate (a) paracytic stomatal
complex, (b) tetracytic stomatal complex, and that the stomatal rim is single-layered. Line drawings
illustrate (a) the paracytic stomatal complex indicated with white arrow a, (b) the tetracytic stomatal
complex indicated with white arrow b. The green lines indicate stomata, and the black lines indicate
subsidiary cells. (L) Single-celled trichome base of abaxial cuticle. (A), FN0403; (B), FN0399; (C),
FN0106; (D), FN06005.

Species: Bauhinia sp. (morphotype 3).
Specimens: FN0189 (Figure 6A); FN0616 (Figure 6B).
Description: Leaf is entire and bilobed, 18 mm long and 22 mm wide, elliptical to

oblong in outline (Figure 6A,B). The basal portion is cordate and weakly asymmetrical
(Figure 6B). The widest part is in the middle of the leaf (Figure 6A,B). Primary vein
framework is palmate with seven basal veins (Figure 6B).

Fruit.
Species: cf. Bauhinia sp. (morphotype 4).
Specimens: FN0465 (Figure 6C–E).
Description: Fruit is flat, elliptic to oblong, 42 mm long and 17 mm wide (Figure 6C).

The left flank of the proximal end is nearly straight, and the right flank is convex (Figure 6D).
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The distal end is acuminate (Figure 6E). The stigmatic remain is short and persistent
(Figure 6E). There is a constriction in the middle of the fruit (Figure 6C). The suture lines are
prominent, about 0.5 mm wide (Figure 6D,E). The seed chambers are elliptic, 4.7–10.4 mm
long and 3.6–4.6 mm wide (Figure 6C,E). The angle between the long axis of the seed
chambers and those of fruit is 94–100◦ (Figure 6C).

Diversity 2022, 14, x FOR PEER REVIEW 6 of 15 
 

 

are polygonal or irregularly shaped. Many single-celled trichome bases exist in the abaxial 
cuticle (Figure 5H–K). 

 
Figure 5. Leaf morphologies and cuticular structures of Bauhinia sp. (morphotype 2) from the 
Puyang Basin, Funing, Yunnan province. The scale bars represent 1 cm for leaf fossils and 20 μm for 
cuticle images. (A–C) Leaves of Bauhinia sp. The cuticle images in D, E, H, and J are from the fossil 
specimen in C; F, G, I, and K are from the fossil specimen in A. (D–G) Adaxial cuticle showing 
straight arched epidermal walls. The black arrow in G indicates a single-celled trichome base. (H–J) 
Abaxial cuticle showing the orientation of stomata. White arrows indicate (a) paracytic stomatal 
complex with double-layered stomatal rim, (b) tetracytic stomatal complex, and (c) stomatal com-
plex with double-layered stomatal rim. Line drawings illustrate (a) the paracytic stomatal complex 
indicated with white arrow a, (b) the tetracytic stomatal complex indicated with white arrows b. 
The green lines indicate stomata, the dashed green lines indicate indistinct sunken guard cells, and 
the black lines indicate subsidiary cells. (K) Single-celled trichome base of abaxial cuticle. A, 
FN0411a; B, FN0411b; C, FN0292. 

Species: Bauhinia sp. (morphotype 3) 
Specimens: FN0189 (Figure 6A); FN0616 (Figure 6B) 
Description: Leaf is entire and bilobed, 18 mm long and 22 mm wide, elliptical to 

oblong in outline (Figure 6A,B). The basal portion is cordate and weakly asymmetrical 
(Figure 6B). The widest part is in the middle of the leaf (Figure 6A,B). Primary vein frame-
work is palmate with seven basal veins (Figure 6B). 

Fruit 
Species: cf. Bauhinia sp. (morphotype 4) 

Figure 5. Leaf morphologies and cuticular structures of Bauhinia sp. (morphotype 2) from the Puyang
Basin, Funing, Yunnan province. The scale bars represent 1 cm for leaf fossils and 20 µm for cuticle
images. (A–C) Leaves of Bauhinia sp. The cuticle images in (D,E,H,J) are from the fossil specimen
in (C); (F,G,I,K) are from the fossil specimen in (A). (D–G) Adaxial cuticle showing straight arched
epidermal walls. The black arrow in (G) indicates a single-celled trichome base. (H–J) Abaxial
cuticle showing the orientation of stomata. White arrows indicate (a) paracytic stomatal complex
with double-layered stomatal rim, (b) tetracytic stomatal complex, and (c) stomatal complex with
double-layered stomatal rim. Line drawings illustrate (a) the paracytic stomatal complex indicated
with white arrow a, (b) the tetracytic stomatal complex indicated with white arrows b. The green
lines indicate stomata, the dashed green lines indicate indistinct sunken guard cells, and the black
lines indicate subsidiary cells. (K) Single-celled trichome base of abaxial cuticle. (A), FN0411a;
(B), FN0411b; (C), FN0292.
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4. Discussion
4.1. Morphological Comparison

The fossil leaves are characterized by simple and bilobed leaves. As far as we know,
such kinds of leaves are seen in several families including Ginkgoaceae Engl., Lauraceae
Juss., Passifloraceae Juss. ex Roussel, Proteaceae Juss., and Leguminosae Juss. (Figure 7).
However, venation of the Ginkgoaceae leaves is dichotomous, and so different from our
fossils where the venation is reticulate. The leaves of Passifloraceae have a small middle lobe
or a broad angle (larger than 90◦) between the lobes, distinguishing them from our fossils,
which are strictly bilobed and diverge at an angle less than 90◦. The palmate venation of
Dilobia Thours. in the Proteaceae (see cleared leaf in Pole and Bowman (1996) [32]) and
some species in Lauraceae such as Sassafras albidum (Nutt.) Nees is suprabasal but that
of our fossils is basal. In Leguminosae, Pueraria DC., Desmodium Desv., Christia Moench,
and Bauhinia L. have bilobed leaves, but leaves of Pueraria are prominently deflective and
asymmetric, differing from our fossils, which are nearly symmetric. Secondary veins of
Desmodium leaves are parallel whereas those of our fossils extend towards the leaf apices.
Leaves of Christia have pinnate venation, distinguishing them from our fossils which
possess palmate venation. Overall, our fossil leaves are a close match with Bauhinia.

Based on macroscopic and cuticular morphology, the fossil leaves can be divided
into three morphotypes. Morphotype 1 has a cordate base, acute apex, single-layered
stomatal rim, and sinuolate adaxial epidermal walls. Morphotype 2 has a straight base,
round apex, double-layered stomatal rim, and straight arched epidermal walls, whereas
morphotype 3 has a cordate base and a round apex. Although leaf and epidermal cell shape
display intraspecific variability, the characteristics of the stomatal rim are considered stable
at intraspecific level [33,34], so morphotypes 1 and 2 should represent different species.
Whether morphotype 3 is another species will be discussed below. The three morphotypes
are further compared with 46 extant species based on macroscopic morphology and cuticle
features (see images and tables in Zou [35]), and then they are compared with fossil species.

Morphotype 1 is similar to B. acuminata L., B. comosa Craib, and B. esquirolii; Gagnep.
in gross macroscopic morphology (Figures 4 and 8). However, the abaxial cuticle of
morphotype 1 has paracytic and tetracytic stomatal complexes with sunken guard cells
(Figure 4J,K), and so is different from those of P. comosa and P. esquirolii that have paracytic
stomatal complexes and the guard cells are not sunken (Figure 8F,I). The abaxial cuticle of
morphotype 1 is similar to that of B. acuminata in features including paracytic and tetracytic
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(some atypical) stomatal complexes with sunken guard cells and single-layered stomatal
rim (Figure 8C). A combination of macroscopic and cuticular features suggests morphotype
1 is possibly a close relative of B. acuminata. However, it is worth noting that stomata also
appear on the adaxial epidermis of B. acuminata in small number (Figure 8B), but we did
not observe any from the adaxial epidermis of morphotype 1 (Figure 4E,F). This may be
because the region from which we successfully extracted epidermis lacks stomata while the
rest of leaf has them, or that morphotype 1 is a hypostomatic leaf. When compared with the
reported fossil species (Table 1), morphotype 1 is similar to B. wenshanensis H. H. Meng et Z.
K. Zhou found from the early Oligocene of Yunan, China [11]. In consideration of its near
identical age, we assign morphotype 1 to B. wenshanensis. However, cuticular features have
not yet been reported for B. wenshanensis, so our description of the cuticle for morphotype 1
may be taken as a tentative description for B. wenshanensis, but this should be used with
caution. Future studies may obtain cuticle for B. wenshanensis from its type locality.
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Figure 8. Leaf morphologies, adaxial (B,E,H) and abaxial (C,F,I) epidermises of Bauhinia acumi-
nata L. (A–C) (IBSC, 0166379), B. comosa Craib (D–F) (HITBC, 0009647), and B. esquirolii Gagnep.
(G–I) (HITBC, 0021422). The scale bars represent 1 cm for leaf specimens and 20 µm for epidermal
images. The image f in (F) indicates a paracytic stomatal complex and a single-celled trichome base in
abaxial epidermis. White arrows in (B,H) indicate few stomata in adaxial epidermis; white arrows in
(C,F,I) indicate (a) paracytic stomatal complex, (b) tetracytic stomatal complex, and (c) sunken guard
cells; black arrows indicate single-celled trichome bases.
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Morphotype 2 is similar to B. purpurea L., B. viridescens Desv., B. tomentosa L., and
B. racemosa Lam. in terms of macroscopic morphology (Figure 9). However, the adaxial
and abaxial epidermis of B. purpurea do not have trichome bases (Figure 9C,D), and so
are different from those of morphotype 2 that possesses single-celled trichome bases
(Figure 5G,K). The adaxial epidermal walls of B. viridescens are sinuolate (Figure 9G)
whereas those of morphotype 2 are straight (Figure 5D–F). The abaxial epidermis of B.
tomentosa has single-celled glandular trichome bases (Figure 9L), distinguishing it from
morphotype 2 that has regular single-celled trichome bases (Figure 5G,K). The trichome
bases for adaxial and abaxial epidermises of B. racemose are multicellular (Figure 9O,P)
whereas those of morphotype 2 are unicellular (Figure 5G,K). In addition, B. purpurea,
B. viridescens, and B. tomentosa have paracytic stomatal complexes (Figure 9D,H,L), and
so are different from morphotype 2 with paracytic and tetracytic stomatal complexes
(Figure 5H–J). Moreover, these four extant Bauhinia species exhibit a single-layered stomatal
rim (Figure 9C,D,G,H,K,L,O,P), whereas morphotype 2 has a double-layered stomatal rim
(Figure 5H–I). Overall, the four extant species above are different from morphotype 2 in
their cuticular features. When compared to the fossil species, morphotype 2 is similar to
Bauhcis moranii Calvillo-Canadell et Cevallos-Ferriz from the Oligocene of Mexico [14]. Due
to no cuticular information in Bauhcis moranii and limited preservation of morphotype 2,
we leave the nomenclature open for discussion.

Morphotypes 3 and 4, are similar to leaves and fruits of two species, i.e., Bauhinia
touranensis Gagnep. and B. damiaoshanensis T. Chen (Figure 10). The two morphotypes
possibly represent the same species, but this species is distinguished from those represented
by morphotypes 1 and 2 because the fruit (morphotype 4) is different from those of the
close recent relatives of morphotypes 1 and 2. When compared to fossils, morphotype 3 is
different from any previously reported species. Bauhinia larsenii D.X. Zhang et Y.F. Chen
from the late Oligocene of Ningming Basin, southern China [12], is the only fruit fossil
assigned to the genus so far. However, morphotype 4 is banded with an acuminate stigmatic
remnant, distinguishing it from B. larsenii which is elliptical with an acute stigmatic remnant.
We here treat the morphotypes 3 and 4 as undetermined species.

To conclude, our fossils represent at least three species. Morphotype 1 is assigned to B.
wenshanensis. Morphotype 2 constitutes the second species (B. sp.), and morphotypes 3 and
4 are possibly the third one (B. sp.).

4.2. The Diversification of Bauhinia in Southeastern Asia

Southeastern Asia is one of the diversity centers of Bauhinia (Figure 1). A recent
molecular phylogenetic study suggests that the diversification of Asian Bauhinia can be
traced back to the Paleocene (~60 Ma) [11]. However, Asian Bauhinia fossils are only known
from the early Oligocene so far (Table 1). This forms a gap between the fossil evidence and
molecular dating. Our finding is most likely the earliest reliable fossil records of Bauhinia
in Asia, extending the existence of the genus to the late Eocene. Bauhinia wenshanensis has
been reported from the early Oligocene of Wenshan, and four species, i.e., B. larsenii D.X.
Zhang et Y.F. Chen, B. ningmingensis Q. Wang, B. cheniae Q. Wang, and Bauhcis moranii have
also been found from the late Oligocene of Ningming Basin, Guangxi, China [9,11,12]. This
provides evidence that Bauhinia apparently diversified in Asia in the Oligocene. In the
Miocene and later periods, B. krishnanunnii A. K. Mathur comes from the early Miocene
of India, B. fotana F. M. B. Jacques and B. ungulatoides Y. X. Lin, W. O. Wong, G. L. Shi, S.
Shen et Z. Y. Li have been documented from the Middle Miocene Fujian province of China,
and B. siwalika R.N. Lakh. et N. Awasthi and B. nepalensis N. Awasthi et N. Prasad from
the middle Miocene to Pleistocene of India. This suggests further accumulation of species
diversity occurred within the genus.

An interesting phenomenon for the extant distributional pattern of Bauhinia in south-
western China is that a small area can harbor many species. For example, 10 species have
been found living in the Laojun Mountain area while 14 species have been recorded from
Dawei Mountain, southeastern Yunnan [43,44], close to the locality that yielded fossils
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in this study. Of primary interest is when this kind of pattern formed. The discovery
of three Bauhinia species from the late Eocene Puyang Basin and four species in the late
Oligocene Ningming Basin (Table 1) shows that the two basins once harbored multiple
Bauhinia species. Therefore, the phenomenon of many Bauhinia species coexisting in a small
area can now be traced back to at least the Paleogene.
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Bauhinia purpurea L. (A–D) ((A) PE, 00327078; (B) KUN, 0125154), B. viridescens Desv. (E–H) (KUN
0169829), B. tomentosa L. (I–L) ((I) SYS, 00044882; (J) HITBC, 0021440), and B. racemosa Lam. (M–P)
(KUN, 0125165). The scale bars represent 1 cm for leaf specimens and 20 µm for epidermal images.
The image g in (G) indicates a stomatal complex of an adaxial epidermis. The image k in (K) indicates
stomata of an adaxial epidermis. The image o in (O) indicates a trichome base of an adaxial epidermis.
White arrows in (C), g, k, and (O) indicate stomata of adaxial epidermises; white arrows in (D,H,L,P)
indicate (a) paracytic stomatal complex, (b) tetracytic stomatal complexes, and (c) sunken guard cells;
black arrows indicate (a) a single-celled trichome base, (b) a single-celled glandular trichome base,
and (c) multicellular trichome bases.
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It is worth noting that although the Neotropics today host the largest diversity of
Bauhinia species, few early fossil records have been documented there (Table 1 and note
therein). Moreover, a recent molecular work points to a Neogene diversification of Neotrop-
ical Bauhinia species [11]. This scenario suggests that Asia is probably an ancient diversifi-
cation center of Bauhinia, while the Neotropics is a more recent one, although this could
result from under investigation of fossil records.
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Abstract: As a Tertiary Tethyan relict, Capparis spinosa is a typical wind-preventing and sand-fixing
deciduous subshrub in arid central Asia. Due to its medicinal and energy value, this species is at
risk of potential threat from human overexploitation, habitat destruction and resource depletion.
In this study, our purpose was to evaluate the conservation strategies of C. spinosa according to
its genetic structure characteristics and genetic diversity pattern among 37 natural distributional
populations. Based on genomic SNP data generated from dd-RAD sequencing, genetic diversity
analysis, principal component analysis, maximum likelihood phylogenetic trees and ADMIXTURE
clustering, the significant population structure and differentiation were explored. The results showed
the following: (1) Six distinct lineages were identified corresponding to geographic locations, and
various levels of genetic diversity existed among the lineages for the natural habitat heterogeneity
or human interferences; (2) The lineage divergences were influenced by isolation by distances,
vicariance and restricted gene flow under complex topographic and climatic conditions. Finally, for
the preservation of the genetic integrity of C. spinosa, we suggest that conservation units should
be established corresponding to different geographic groups, and that attention should be paid
to isolated and peripheral populations that are experiencing biodiversity loss. Simultaneously,
monitoring and reducing anthropogenic disturbances in addition to rationally and sustainably
utilizing wild resources would be beneficial to guarantee population resilience and evolutionary
potential of this xerophyte in response to future environmental changes.

Keywords: genetic divergence; isolation by distance; biodiversity conservation; xerophytic relict
plant; source-sink metapopulations; ddRAD-seq

1. Introduction

Arid central Asia is deemed to be the largest arid region in the temperate zones of the
northern hemisphere and even the world [1]. The floristic compositions here are mostly
descended from Tethyan xerophytic vegetation flora and have been phenoecological plant
taxa shaped by the long-term continental–arid desert climate [2,3]. Because of the specific
geomorphologic landscapes comprising the vertical and horizontal convergence of several
major Asian tectonic mountains (Himalayas, Karakoram, Kunlun and Tianshan Mountains)
and plateaus (Pamirs and Tibet Plateau), as well as the mosaic distribution of many large
basins (Tarim, Turpan-Hami and Junggar basins) and deserts (Taklimakan, Kumtag and
Gurbantunggut deserts), the monsoon current and moisture from the Indian and Pacific
Oceans have been blocked and intercepted, and the amount of precipitation is low and
unevenly distributed, which has constituted the complexity of the extreme geographic
and climatic conditions, consequently forming a very fragile ecological environment [1].
The types of vegetation are relatively sparse and simple in this region. To adapt to envi-
ronment variability, desert species from oligotypic genera and a monotypic genus with
drought resistance and barren tolerance have mainly occurred and been discontinuously
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434



Diversity 2022, 14, 146

distributed [2,4,5]. It is speculated that the formation of this pattern is the result of intense
orogeny during the geological period, coupled with extensive Quaternary glaciation, as
well as the long-term process of aridification in central Asia [5–7]. Most xerophytic plants
have exerted their advantages in the maintenance and restoration of desert vegetation
ecosystems [8]. Given this, scientists and departments of environmental protection have
paid increasing attention to studying and persisting the complex and unique community
structure characteristics, as well as the vegetation diversification pattern in arid central
Asia in recent years [9–11].

Capparis spinosa L. is considered to be a relict taxon that originated from arid Tethyan
flora during the middle to late Tertiary [3,4]. It is widely distributed in southern Europe,
northern Africa, western and southern Asia in addition to arid central Asia. The family,
Capparaceae, to which it belongs, currently has polytypic genera mostly in the tropics
and subtropics [12], with oligotypic genera in the transitional regions from western to
central Asia, but a residual monotypic genus (C. spinosa) remains in eastern central Asia
(arid region of western China) [13,14]. In arid central Asia, its natural populations inhabit
heterogeneous quality landscapes with higher desert plateaus, mid-altitudinal warm dry
valleys or proluvial fans and lower desert basins (Figure 1). As a representative xerophyte in
desert regions, its perennial plants have shown excellent ecological value in terms of wind
prevention, sand fixation and water as well as soil preservation [8]. However, due to its
commercial and economic value in view of its medicinal and oil-bearing fruits and seeds [8],
this wild subshrub has been suffering from long-term over-exploitation, such as excessive
harvesting and grazing, without being reasonably and effectively protected, combined
with complex natural habitat isolation, agricultural reclamation and industrial pollution,
putting it under multiple pressures, resulting in range shrinkage with concomitant local
biodiversity loss. Hence, to avoid the hidden danger of resource exhaustion or even the
verge of extinction, it is urgent to formulate appropriate conservation strategies to reduce
resource plundering and habitat destruction caused by anthropogenic activity.

Figure 1. Different habitat requirements of C. spinosa: (a) high-altitudinal desert plateau, (b) medium-
altitudinal valleys and (c) low-altitudinal desert basins.

A number of previous studies have hitherto been carried out on the genetic varia-
tion and diversity of C. spinosa [15–21]. Earlier on, scholars mainly devoted their efforts
to morphological taxonomy and subspecies or variety identification [15–17]. In recent
years, with the development of molecular marker technology, researchers have achieved
certain advancements in intraspecific diversity and infraspecific differentiation by virtue
of methodologies such as RAPD, AFLP, ISSR, IRAP and EST-SSR [18–21]. Nonetheless,
most of these studies have focused on Mediterranean coastal regions with a subtropical
dry summer climate. However, the relict wild populations remaining in arid central Asia,
dominated by a temperate continental desert climate, have been shown a lack of concern.
Valuable information on the genetic structure and diversity conservation of C. spinosa in this
region is relatively scarce and is of significant biogeographical and conservation interest to
phytologists in the fields of plant genetic diversity and biodiversity conservation.
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The conservation of genetic diversity is of great importance to the maintenance of
biological species and ecosystem diversification, which provides a crucial foundation for
the survival and development of species and enhances their long-term adaptive evolution
to environmental changes, reducing the risk of extinction [22–24]. The evaluation of levels
of genetic diversity based on integrated population structures is a critical prerequisite for
species protection [25]. For source-sink metapopulations of terrestrial plants, the genetic
structures and divergences are not only dominated by their own species and population
characteristics, such as growth rates, effective population sizes and dispersal capacities, but
are also closely related to their demographic responses to external spatial and temporal
variability of environment [26,27]. Drivers of isolation by distances (IBD), vicariance and
landscape heterogeneity influence the species’ evolutionary processes (genetic drift effects,
gene exchanges, natural selection and local adaptation), thereby determining the genetic
diversity patterns of metapopulations [28,29]. Human disturbance is also a contributory
external factor influencing biodiversity. Since the beginning of the Anthropocene in the
latter part of the 18th century, hazards of wild habitat destruction and loss caused by
expansions in the range of anthropogenic activities have been becoming increasingly
serious [30,31]. Under the background of global environmental and climatic changes,
mankind’s excessive pursuits of economic benefits are causing the growing reduction in
biological resources, the extinction of species and populations, as well as the modification
of natural landscapes [32]. Notably for small-scale isolated or peripheral populations,
due to lack of connectivity with source populations, they are particularly prone to genetic
depletion through genetic drift and inbreeding [33], whereas anthropogenic interference
undoubtedly further weakens their fitness, decreasing survivorship and reproduction,
and increasing extinction risks [34]. Therefore, research on and the protection of these
sink populations are considered to be essential for maintaining the genetic integrity of
large-scale metapopulations. Hitherto, the conservation of genetic resources has mainly
focused on native or endemic rare and endangered species in global biodiversity hotspots,
such as the Andes Mountains, Mediterranean Basin, eastern Himalayas and Hengduan
Mountains in the tropics and subtropics [35–38]. However, some widespread natural
resources, typically with medicinal or economic value, experiencing diversity reduction in
temperate arid regions have not been sufficiently recognized and effectively protected [39].
If this continues, these species would not escape from the hidden dangers of resource
exhaustion or even extinction.

Compared with traditional molecular genetic markers, genome-wide single-nucleotide
polymorphisms (SNPs) have the characteristics of higher genotyping efficiency and data
quality, analytical simplicity, broader genome coverage and sheer abundance, as well as
advantages in further analyzing complex population structures and distinguishing the
evolutionary relationship of genetic polymorphisms [40,41]. In recent years, they have
been increasingly widely applied in research fields of phylogenetics, molecular ecology,
conservation genetics and biogeography [41–43]. As a high-efficiency next-generation high-
throughput sequencing technology (NGS) that has been developed and commonly used,
restriction-site-associated DNA sequencing (RAD-Seq) can rapidly identify and score high-
resolution SNP data from thousands of orthologous sites, while reducing the complexity
of genomic sequences, even in the absence of reference genomes [44,45], becoming one of
the main effective methods to address critical issues in the fields of evolution and genetics
at the genomic level [46], especially for studies of species groups with ancient origins and
complex evolutionary and genetic structures [47,48].

In the present study, for the first time, we used the SNP marker from dd-RAD se-
quencing, ADMIXTURE clustering, principal component analysis (PCoA) and maximum
likelihood (ML) phylogenetic analysis methods to fully explore the integrated genetic
diversity mechanisms and conservation significance of C. spinosa across large-scale environ-
mental gradients in arid central Asia, based on spatial source-sink theory of metapopulation
dynamics. Thus, we aimed to: (1) elucidate the population structure and intraspecific diver-
gence of the lineages of this species; (2) to adequately reveal the spatial pattern of genetic
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diversity among identified geographical groups and, accordingly, formulate feasible con-
servation strategies for maintaining the genetic integrity and population resilience of this
xerophytic subshrub; and (3) to provide a referential understanding for future research on
the diversity conservation of relict plants in arid regions.

2. Materials and Methods
2.1. Sampling, DNA Extraction and dd-RAD Library Construction

We located and collected a total of 37 natural populations (5–12 individuals for each
population) of C. spinosa in arid central Asia during 2019–2020 (Figure 2, Table S1), accord-
ing to the distribution described in Flora of China, Flora Xinjiangensis and Flora of Tibet as
references [12–14]. The sampling spacing was at least 100 m between the neighboring indi-
viduals within each population. We also collected Capparis erythrocarpos Isert (northeastern
Kenya, Africa) and Capparis bodinieri Lévl. (Xishuangbanna, China) as outgroups for the
subsequent phylogenetic analysis. Total genomic DNA was extracted from silica-dried
leaf tissues using a DNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA), following the
manufacturer’s protocol. The cleaned DNA had previously conducted simulated double
digestion with 15 combinations among seven common or rare restriction enzymes to predict
enzyme cutting sites (Table S2). Considering the yielded tag numbers and average sequenc-
ing depths, we finally selected the optimal combination of BfaI (5′-C↓TAG-3′) and DpnII
(5′-↓GATC-3′) (New England Biolabs, Ipswich, MA, USA) to construct the dd-RAD library,
following a modified approach of Peterson et al. [45]. The library with an inserted fragment
between 200 and 600 bp was recovered for sequencing. All the qualified samples’ sequenc-
ing was performed on the Illumina Hiseq X Ten platform (Illumina, San Diego, CA, USA)
with paired-end reads of 2 × 150 bp in length. Library preparation and sequencing were
performed by Shanghai Personalbio Biotechnology Co., Ltd.

Figure 2. Natural geographical distribution of C. spinosa populations in arid central Asia. Different
colors distinguish different geographic groups with red (western Himalayas), blue (eastern Pamirs),
yellow (western Tianshan), azure (northern piedmont of Tianshan), green (southern piedmont of
Tianshan) and purple (eastern Tianshan). The SRTM elevation data at a resolution of 30 s was
downloaded from the WorldClim (https://www.worldclim.org/ accessed on 22 October 2021).

2.2. Data Processing and SNP Calling

Raw data produced by Illumina were processed to yield RAD tags and to obtain SNPs
using the Stacks v1.4.8 program [49]. Initially, paired-end reads were cleaned and filtered
for quality control and then trimmed to 140 bp × 2 in length using the process_radtags
module. Individuals with sufficient RAD tags and coverage depth were used for SNP
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calling. Since there were no available reference genome data for C. spinosa, we next chose the
ustack module to assemble reads per individual into RAD tags following the protocol of de
novo workflow [49]. To remove high-repetitive stacks via a deleveraging algorithm, we set
coverage depth to at least m = 3, the maximum distance allowed between stacks as M = 2 and
the maximum number of mismatches allowed between loci as n = 1. Then, we combined the
consensus loci among all 263 samples to build a catalog file in a cstacks module and aligned
each loci sequence with the catalog to generate alleles in an sstacks module. Finally, filtered
SNP matrices were identified and exported using a populations module, where the optimal
operation parameters were set as follows: complete degree > 0.5 (individuals where the
same RAD locus was detected accounted for at least 50% of each population), minor allele
frequency (MAF) > 0.05 and minimum stack depth m = 4, p = 100 (one locus appeared in
at least 100 populations). Based on the above calculations, the resulting high-quality SNP
dataset was used for further analysis.

2.3. Genetic Structure Analysis

Population genetic structure, phylogenetic analysis and principal component analysis
(PCoA) were comprehensively considered to evaluate the spatial distribution pattern of
genetic variation. We performed a maximum likelihood estimation to analyze the genetic
structure of C. spinosa using the ADMIXTURE program, version 1.3.0 [50], in order to
identify the group clustering of each individual based on unlinked SNP datasets via a
block relaxation algorithm. When the numbers of grouping (K value) were preset as
1 ≤ K ≤ 10, ten replicated runs were implemented in ADMIXTURE to compute the mean
cross-validation (CV) error for each K. The optimal K value was determined in conditions of
the lowest CV error. For the analysis of phylogenetic relationships, we then reconstructed
a maximum likelihood (ML) tree based on the unlinked genomic SNPs among these 263
individuals using the PhyML program, version 3.0 [51]. Capparis erythrocarpos Isert and
Capparis bodinieri Lévl were chosen as the outgroups to root the tree. After the tree topology
with maximum likelihood was established, the reliability of the branches was verified
through a bootstrap (BP) with 1000 replications. Lastly, principal component analysis
(PCoA) was performed to exhibit the first two axes of population variation in the species
using GCTA software, version 1.93.2 [52]. After removing SNPs with MAF values of less
than 0.05, genomic SNP data of different individuals were formed into a genetic matrix
where the feature vectors that made a major contribution to variance were extracted, and
then a scatter plot was drawn using the first two of the eigenvectors. According to the
distribution characteristics of the principal components, the clustering relationship of
individuals could be inferred.

2.4. Genetic Diversity and IBD Analysis

Based on the results of genetic grouping, population genetic statistics, including ob-
served heterozygosity (Ho), expected heterozygosity (He), nucleotide diversity (Pi) and
inbreeding coefficient (FIS), were computed using the populations command in the Stacks
v1.4.8 package [49] at the group and population levels of the species. Degrees of deviations
from the Hardy–Weinberg equilibrium were measured for all 37 populations. Hierarchi-
cal AMOVA (analysis of molecular variance) in the ARLEQUIN version 3.5.2.2 program
was used to classify the total genetic variation partitioning within and across groups by
calculating the evolutionary distance between alleles or genotypes [53]. Pairwise genetic
differentiation indices (FST) among populations were also calculated in the populations
module in the Stacks. Additionally, the significance of isolation by distance (IBD) was
further tested to compare Pearson’s correlation between the genetic distance (FST) matrix
and geographic distances matrix among these 37 populations using the cor.test function in
the R v3.3.3 package [54].
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3. Results
3.1. SNPs from dd-RAD Analysis of C. spinosa

A total of 263 C. spinosa individuals from 37 populations were sequenced using the
dd-RAD library construction methodology. Both the base content and quality distribution
across all the sequences were uniform and optimal, considering that the average proportion
of bases whose recognition accuracy exceeded 99.9% (Q30) was greater than 90% and that
the peak value was around Q36. The numbers of raw reads for each sample ranged from
6,455,458 to 26,065,222. After filtering out low-quality reads, the numbers of high-quality
reads ranged from 5,995,376 to 24,640,428, and the mapping rate ranged from 90.24% to
97.98%. According to the clustering algorithm through the Stacks procedure, the obtained
tag number per sample ranged from 247,350 to 823,581, and the average depth of sequencing
was from 10× to 31×. Via mutation spectrum analysis, C:G > T:A and T:A > C:G account
for the overwhelming majority of mutation types of SNPs (Figure S1). The final dataset,
which contained 559,586 high-integrity SNPs, could be used for the subsequent population
genetics analyses.

3.2. Population Genetic Structure of C. spinosa

The ADMIXTURE analysis showed that, when K = 6, the minimal value of the cross-
validation (CV) error was detected (Figure S2), indicating that the best-fit number of genetic
groupings of C. spinoca was six: (1) group WH (C01-C03, western Himalayas); (2) group
EP (C04-C10, eastern Pamirs); (3) group WT (K01, K02, U01, U02, T01, C30-C32, western
Tianshan Mountains); (4) group ST (C11-C17, the southern foothills of Tianshan); (5) group
NT (C24-C29, the northern piedmont of Tianshan); and (6) group ET (C18-C23, eastern
Tianshan) (Figures 2 and 3, Table S1). This pattern of population genetic structure was
also supported by the topological relationship of the ML phylogenetic tree, with the main
nodal bootstrap values exceeding 89.3% at the intraspecific level (Figure 4). Populations
from group WH (red) always diverged first from all other populations, whether in the
ADMIXTURE clustering or in the phylogenetic tree (Figures 3 and 4). Then, group EP
(blue) branched off, followed by group WT (yellow) and group ST (green). Group NT
(azure) was nested within group ST, and populations from group ET (purple) formed one
clade (Figure 4).

Figure 3. Population genetic structure of C. spinosa according to posterior probabilities assigned to
the Bayesian clusters in the ADMIXTURE analysis. The patterns are shown with different K values
(K = 3–6). The six groups are delimited by gray lines. Group WH, western Himalayas; group EP,
eastern Pamirs; group ST, the southern piedmont of Tianshan; group NT, the northern piedmont of
Tianshan; group ET, eastern Tianshan; group WT, western Tianshan. *, K02 (Almaty population), K01
(Bishkek population), U01 (Osh population), U02 (Batken population), T01 (Nurek population).
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Figure 4. Maximum likelihood (ML) phylogenetic tree of 263 individuals from 37 sampled popula-
tions and two outgroup species (C. erythrocarpos and C. bodinieri) constructed with the genome-wide
SNP dataset. The color-coded clades indicate different geographic groups of C. spinosa with red
(western Himalayas), blue (eastern Pamirs), yellow (western Tianshan), azure (the northern piedmont
of Tianshan), green (the southern piedmont of Tianshan) and purple (eastern Tianshan).

The first two coordinate axes of PCoA identified three major clusters, and correspond-
ing principal components explained 16.55% (PC1) and 6.99% (PC2) of the total genetic
variation, respectively (Figure 5a). Considering the preliminary results, group WH formed
the first cluster, which was completely separated from the rest of the groups; group EP
and group WT were generally merged into the second cluster; and group ST, group NT
and group ET were broadly integrated into the third cluster. Then, we conducted further
PCoA analyses on the latter two clusters, separately. The substructure within the second
cluster showed that group EP was gradually split from group WT, with 16.15% (PC1)
and 6.99% (PC2) of the total variation (Figure 5b). The substructure within the third clus-
ter showed that populations in groups ST, NT and ET were mostly divided from each
other (PC1, 16.15% vs. PC2, 6.99%), whereas admixed populations crossed among them
(Figure 5c), which was also evident in the ADMIXTURE diagram (Figure 3).

3.3. Genetic Diversity Pattern and IBD

The results of the genetic diversity analysis showed that the overall genetic diversity
among geographical groups was ranked as follows: EP > ST > NT > WT > ET > WH,
which exhibited distinct differences in various degrees (Table 1). At the population level,
the maximum observed heterozygosity (Ho), expected heterozygosity (He) and nucleotide
diversity indices (Pi) were in Manas (C26) and Jiashi (C10), while the minimum Ho, He
and He values were in Zabrang (C01) (Table 1). Inbreeding coefficients (FIS) that measured
degrees of deviation from the Hardy–Weinberg equilibrium were positive for all 37 pop-
ulations. The results of the AMOVA showed that the percentage of variation among the
six geographical groups was relatively low; the variation was mainly from individuals
within the populations, and the variation rate across populations within groups was the
lowest (Table 2). Significant genetic differentiation existed among geographic popula-
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tions (Figure S3, Table S3), with FST values on a scale from 0.076 to 0.707 (Table S3). The
maximum genetic differentiation was detected between C02 (Sarang population) and K01
(Bishkek population) (FST = 0.707), while the minimum genetic differentiation existed
between C27 (Shihezi population) and C29 (Wusu population) (FST = 0.076) (Table S3).
Nei’s genetic distance was roughly synchronous with pairwise FST between populations
(Figure S3). Furthermore, the result of isolation by distance (IBD) analysis displayed a con-
siderable correlated pattern between genetic divergence and geographical distance among
these 37 populations, given that the two-tailed test of the Pearson correlation coefficient
was of significance (r = 0.499, p < 0.001) (Figure 6).

Figure 5. PCA analysis based on SNP dataset. (a) PC1 and PC2 (16.55% vs. 6.99%) are the distributions
of the two main principal components of the genetic variation of C. spinosa, (b) substructures within
group EP and group WT (PC1, 16.15% vs. PC2, 6.99%) in addition to (c) substructures within groups
ST (the southern piedmont of Tianshan), NT (the northern piedmont of Tianshan) and ET (eastern
Tianshan Mountains) (PC1, 16.15% vs. PC2, 6.99%). The individuals are color coded according to
different populations.
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Table 1. Genetic diversity indices for natural populations of C. spinosa.

Code Pop. Locality Ho He Pi

Group WH (Western Himalayas) 0.0455 0.0648 0.0671
C01 Zabrang, Tibet, China 0.0394 0.0429 0.0465
C02 Sarang, Tibet, China 0.0512 0.0448 0.0594
C03 Diya, Tibet, China 0.0528 0.0637 0.0687
Group EP (Eastern Pamirs) 0.1169 0.2283 0.2318
C04 Taxkorgan, Xinjiang, China 0.1109 0.1822 0.2003
C05 Akto, Xinjiang, China 0.1154 0.1665 0.1932
C06 Yengisar, Xinjiang, China 0.1168 0.1805 0.1989
C07 Yecheng, Xinjiang, China 0.1220 0.1420 0.1703
C08 Wuqia, Xinjiang, China 0.1026 0.1665 0.1858
C09 Artux, Xinjiang, China 0.1234 0.1946 0.2134
C10 Jiashi, Xinjiang, China 0.1273 0.1991 0.2234
Group WT (Western Tianshan) 0.1025 0.1914 0.1965
K02 Almaty, Kazakhstan 0.0932 0.0466 0.0932
K01 Bishkek, Kyrgyzstan 0.0561 0.0281 0.0561
U01 Osh, Kyrgyzstan 0.1057 0.0529 0.1057
U02 Batken, Kyrgyzstan 0.1115 0.0558 0.1115
T01 Nurek, Khatlon, Tajikistan 0.0940 0.0769 0.1154
C30 Bole, Xinjiang, China 0.1150 0.1693 0.1866
C31 Yining, Xinjiang, China 0.1021 0.1367 0.1539
C32 Gongliu, Xinjiang, China 0.1020 0.1475 0.1602
Group ST (southern piedmont of Tianshan) 0.1125 0.2223 0.2255
C11 Tumxuk, Xinjiang, China 0.0911 0.1372 0.1585
C12 Kalpin, Xinjiang, China 0.1178 0.1840 0.2042
C13 Wensu, Xinjiang, China 0.1145 0.1739 0.1945
C14 Baicheng, Xinjiang, China 0.1208 0.1745 0.1885
C15 Lunnan, Xinjiang, China 0.0956 0.1321 0.1555
C16 Korla, Xinjiang, China 0.1135 0.1714 0.1897
C17 Hejing, Xinjiang, China 0.1178 0.1691 0.1904
Group NT (northern piedmont of Tianshan) 0.1206 0.2214 0.2245
C24 Jimsar, Xinjiang, China 0.1155 0.1623 0.1827
C25 Urumqi, Xinjiang, China 0.1120 0.1850 0.2020
C26 Manas, Xinjiang, China 0.1288 0.1783 0.1925
C27 Shihezi, Xinjiang, China 0.1161 0.1873 0.2046
C28 Shawan, Xinjiang, China 0.1298 0.1692 0.1940
C29 Wusu, Xinjiang, China 0.1198 0.1915 0.2069
Group ET (Eastern Tianshan) 0.0999 0.1910 0.1944
C18 Toksun, Xinjiang, China 0.0973 0.1270 0.1455
C19 Turpan, Xinjiang, China 0.1060 0.1479 0.1631
C20 Shanshan, Xinjiang, China 0.1059 0.1549 0.1699
C21 Hami, Xinjiang, China 0.0920 0.1310 0.1473
C22 Dunhuang, Gansu, China 0.1029 0.1286 0.1516
C23 Guazhou, Gansu, China 0.0942 0.1595 0.1749

Ho, observed heterozygosity; He, expected heterozygosity; Pi, nucleotide diversity.

Table 2. AMOVA among different geographic groups, inter- and intra-populations of C. spinosa.

Source of Variation df Sum of Squares Variance
Components

Percentage of
Variation (%) Φ-Statistics

Among groups 5 99,228.136 212.66396 27.36 ΦCT = 0.27 **
Among populations within groups 29 39,934.919 59.33213 7.63 ΦSC = 0.11 **

Within populations 491 248,090.120 505.27519 65.01 ΦST = 0.35 **
Total 525 387,253.175 777.27128

df, degrees of freedom; **, p < 0.001.
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Figure 6. Isolation by distance (IBD) analysis: correlation between genetic distance and geographical
distance among 37 populations (r = 0.499, p < 0.001).

4. Discussion
4.1. Relationships between Genetic Structure, Lineage Differentiation and Geographic Distribution

In this study, we obtained a clear genetic structure of C. spinosa through RAD-seq and
identified six clustering results corresponding to geographic locations (Figures 2 and 3,
Table S1). For this Tertiary relic plant, the effects of isolation by distance and vicariance
has caused long-term shaping of local ecological environments, which had a profound
influence on population structure and lineage differentiation among different geographic
units. It is speculated that the formation of this disjunction is the result of intense and
frequent orogeny during the geological period, coupled with extensive Quaternary glacia-
tion, as well as the long-term process of aridification in central Asia [5–7]. The allopatric
divergence and local adaptive evolution among distant geographical groups, especially for
the isolated populations, are probably attributed to the incapability of long-distance genetic
exchange and being hindered by mountains and immense deserts. Similar disjunctive
or fragmented population structure patterns have also been reported in other Tethyan
relicts that occur in this area, such as Gymnocarpos przewalskii, Amygdalus mongolica and
Ammopiptanthus, owing to the influence of long-term aridification [9–11]. The constantly
extended deserts and climatic changes have led to the fragmentation and separation of
suitable habitats for those xerophytic taxa, thereby restricting the migration among distant
geographic populations [55].

The relatively isolated populations distributed in the northern piedmont of the west-
ern Himalayas (Group WH, C01–C03) have the maximum genetic distance from other
populations. Plant taxon located in this desert plateau region is related to the sub-frigid
arid climate, precipitous terrain and topography, as well as abnormally barren soil con-
ditions (Figure 1a). Due to the complex and discontinuous natural environment, the sink
populations here, to a certain extent, are differentiated by hereditary and habitat variability.
Compared to populations distributed at high altitudes, populations in medium-altitudinal
valleys and low-altitudinal desert basins have different habitat requirements (Figure 1).
Among the eastern Pamir region and the southern piedmonts of the Tianshan Mountains,
we found that population structures were associated with spatial geographic distribution,
as well as heterogeneous environments [29]. For instance, the Jiashi population (C10) is
geographically nearby the Kalpin (C12) and Tumxuk (C11) populations, but due to the
hereditary differences and landscape heterogeneity (gravel Gobi vs. dried clay desert) they
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belong, respectively, to group EP and group ST, although some of the mixed genotypes
were found in these divergent populations (Figure 3). On the contrary, according to re-
search results from Mims et al. (2016), among populations within the same geographic
unit, the habitat preferences are of continuity and similarity, where high degree of gene
flow could exist among them in a relatively flatter and more expansive range [56]. For
example, source populations that inhabit piedmont proluvial fans on the southern side
of the Tianshan Mountains (Group ST, C11–C17) are more closely distributed, and the
connectivity of high-quality breeding habitats may play a role in facilitating closer reduced
genetic distance between these populations.

4.2. Genetic Diversity Pattern of Species Metapopulations

The genetic diversity of C. spinosa (Pi = 0.2644) (Table 1) through RAD-seq is higher than
that of other relic species (such as Euptelea pleiosperma and Gymnocarpos przewalskii) [11,48]
because widespread species have a higher genetic diversity than species with endemic dis-
tribution. The total diversity index in arid central Asia is also different from that obtained
by previous research using AFLP, RAPD and EST-SSR for C. spinosa in the Mediterranean
coast (southern Europe, north Africa and west Asia) [18,20,21]. The primary reasons may
be the different systematic molecular markers and the varying regional environments and
weather conditions. In the arid region of central Asia, the distribution of C. spinosa covers
most of the mountain piedmont, warm dry valley and Gobi desert terrains. Based on the
results of SNPs, the range of this species is divided into six geographic groups with various
levels of genetic diversity, indicating the levels of geographic isolation and environment
gradients. According to the observed heterozygosity, the genetic diversity of source popula-
tions in groups ST and NT remained at relatively high and stable levels (Table 1), indicating
that populations within these two groups are both likely to have experienced long-term
migration of gene flow. In these geographic units, the high-quality piedmont alluvial or
diluvial fan habitats are usually continuous, which is likely conducive to maintaining a
high level of genetic diversity throughout these regions. In contrast, sink populations in
group WH (western Himalayas) inhabit low-quality desert plateaus with high altitudes and
low temperatures, especially the isolated Zabrang population (C01) with lowest genetic
diversity (Table 1) adjacent to the middle reaches of the Sutlej River Basin, which grows on
steep rocky slopes and seems a bit far away from the water source (Figure 1a); even worse,
natural disasters, such as landslides and mudslides, occur frequently during the annual
flowering and fruiting phases. In addition, because of insufficient visits by pollinators,
inbreeding or self-breeding dominate the reproduction of C. spinosa under this situation,
resulting in significant population depression (current effective size of <50 individuals).
Many previous studies have demonstrated that, in nature, isolated populations with smaller
effective sizes often have more genetic depletion and extinction risks due to genetic drift
and inbreeding, which are, to a large extent, disadvantageous to the persistence of pop-
ulation diversity [57,58]. In the process of evolutionary history, the Zabrang population
survives in a separate habitat but has not adapted to the extreme environment, which
may be one of the reasons why its population scale is declining and even endangered.
Nevertheless, it is noteworthy that the Taxkorgan (C04, 2855 m alt) and Akto (C05, 2845 m
alt) populations, which are also located at high altitudes, could maintain certain high levels
of genetic diversity because they are not completely isolated in the eastern Pamirs region
(group EP). These populations have continuous extension and buffer along the descending
elevation gradients, and they also have a certain degree of gene exchange with the Yegisar
population (C06) in the piedmont belt.

Researchers have proved that, compared with diffusion within short distances, the
long-distance dispersal of gene flow plays a more pivotal role in the persistence of the
entire connectivity and genetic diversity of plant metapopulations [59,60]. Simultaneously,
the contributions of wind, pollinators and river water help the pollen flow to spread farther.
However, within some geographic groups (group ET, group WT), moderate degrees of
genetic differentiation (FST > 0.1) (Table S3) have appeared in neighboring populations,
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indicating that anthropogenic activities may have encroached into these natural territories,
leading to the discontinuous gene flow. Driven by economic interests and commercial
purposes, human over-exploitation has weakened the reproductive capacity of C. spinosa
populations and has arbitrarily cut off the long-distance dispersal chains of gene flow,
making short-distance spreading predominant, increasing the rates of inbreeding depres-
sion and resulting in population decline, thereby making it difficult for them to maintain
their genetic diversity and evolutionary potential. Some populations near human activity
areas, such as Toksun (C18), Hami (C21), Dunhuang (C22), Yining (C31) and Gongliu (C32),
are frequently threatened by natural resource plundering and other disturbances, such as
riverway- or highway-widening, agricultural reclamation and industrial expansion, etc.
The relatively low genetic heterozygosity and diversity levels (Table 1) found in these
populations may be primarily caused by the results of the above depredations.

4.3. Implications for Conservation

Evaluating the spatial genetic structure and survival situation of metapopulations
across regional environment variability could efficiently and effectively support and im-
prove the management measures of biodiversity conservation, thereby conducing to main-
tain the evolutionary potential of widespread species in response to changing environ-
ments [33,56]. In this study, most of the central source populations with large effective sizes
are located in the expansive piedmonts of north and south Tianshan Mountains, where
multiple hotspots of biodiversity have been shaped in their long evolution history in the
arid region. In contrast, isolated populations on the desert plateau of western Himalayas,
as well as peripheral populations in the desert basin adjacent to eastern Tianshan, are
experiencing a decrease in or even disappearance of biodiversity. As a result of the adverse
effects of hereditary factors or human disturbance, these sink populations are extremely
vulnerable to habitat fragmentation and resource exhaustion [34], so it is particularly
important to monitor population trajectories, minimize human disturbances and restore
natural landscapes [27]. Given the limited manpower and material resources, in addition
to relevant policies for protecting xeromorphic vegetations in arid regions, we recommend
that conservation management units should be established that are consistent with the six
effective evolutionary groups and that the emphasis of preservation work should be laid on
the genetic rescue of isolated populations and habitat restoration of peripheral populations
in order to persist the genetic integrity of this plant species.

Conservation of sink populations has been described as an important part of biodiver-
sity persistence of integrated metapopulations because they often contain certain rare alleles
or genotypes in the process of historic immigration [61]. The Zabrang population (C01) is
distributed in more sparse and localized low-quality habitats, resulting in its greater genetic
differentiation with other populations within group WH (FST = 0.1357–0.1878) (Table S3).
However, due to a lack of corresponding attention and conservation, the genetic diversity
and uniqueness of such isolated population are being threatened and almost disappearing.
Empirical studies have illustrated that inputting a certain level of stable gene flow from
large source populations to small sinks may counter the negative effects of inbreeding
depression and genetic drift [26,33]. Currently, we suggest that genetic rescue such as
immigration, exchange of pollen flow and hybridization, might reduce the extinction risk
of isolated populations of C. spinosa. If conditions permit, ex situ preservation and reintro-
duction instead of natural dispersal may be more effective protection strategies to increase
local effective population sizes.

The disturbance of human activities, such as the expansion of farmland, makes this
subshrub lose its competitive advantage, which could consequently lead to its habitat
shrinking. Additionally, the industrial waste generated by newly built factories in the
suburbs has caused serious pollution to the soil environment and increased the saline–
alkali stresses on its habitat, whereupon the mortality rates of plant individuals have also
risen. If these trends persist, the relic species would scarcely escape from the hidden
danger of resource exhaustion or even the verge of extinction. Populations in the Tuha
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Basin–Hexi Corridor (Group EP) are located on the edge of the Kumtag Desert, where water
shortages and soil salinization are becoming increasingly serious. These findings are the
consequences of continuous increasing human pressure on the barren habitats of xerophytes.
According to our field investigation conducted from 2011 to 2020, the population sizes
within group EP in the desert basin were originally large (>300 individuals per population
in 2011). Nevertheless, over the past decade, due to humans’ immoderate harvesting
and unceasing expansion of agriculture and industry, the living space of C. spinosa in this
region has decreased sharply. In particular, the genetic diversity of the peripheral Hami
and Dunhuang populations (C21 and C22) has been gradually decreasing, and the plant
morphology and population sizes (<100 individuals per population in 2020) here have also
been shrinking under these dual pressures, which weaken the plant’s ability to prevent
wind and sand and preserve water and soil (Figure 1c). This region has been trapped
in a vicious circle of natural desert vegetation destruction, water loss and soil erosion,
as well as aggravated saline–alkali desertification. In order to realize the sustainable
development of the ecological economy in arid regions, we should rationally conduct
agricultural production on the basis of protecting natural desert landscapes, reduce the
pollution of industrial waste to primitive habitats and limit the predatory exploitation
of germplasm resources, therefore protecting the biodiversity of wild drought-resistant
species to ultimately slow down the processes of desertification and salinization.

5. Conclusions

In this study, we analyzed the population genetic structure and biodiversity conserva-
tion management of C. spinosa, a Tethyan relic medicinal subshrub in arid central Asia. Six
geographical units with differences in genetic diversity and lineage differentiation were
distinguished. This excellent wind-preventing, sand-fixing and soil- and water-conserving
xerophyte is at potential risk of natural resource depletion. Populations at high altitudes of
the western Himalayas have been experiencing a gradual decline in genetic diversity and
effective scales as a result of inbreeding depression by IBD and habitat isolation. On the
other hand, peripheral populations at low altitudes in eastern desert basins with original
rich genetic diversity are suffering from the plundering of germplasm resources and the
destruction of survival environment. Therefore, to restore the genetic integrity of the
metapopulations, we suggest that central source populations should be preserved in situ
corresponding to different geographical units and that conservation priority should be
focused on the genetic rescue of isolated populations and the habitat restoration of pe-
ripheral populations. Meanwhile, minimizing human activities in addition to the rational
and sustainable utilization of natural resources will be of significance to the population
resilience and evolutionary potential of C. spinosa in response to the long-term aridification
and future changing environment, and it will eventually maintain the ecosystem balance,
as well as slow the desertification process in arid regions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d14020146/s1, Table S1: Details of geographical locations, altitude and effective sizes of
natural populations of C. spinosa. Table S2: Digestion sites of several common or rare restriction
enzymes, as well as their combinations for screening schemes in this study. Table S3: Pairwise
genetic differentiation indices (FST) among the 37 populations. Figure S1: Mutation spectrum of
genome-wide single-nucleotide polymorphism (SNP) dataset of C. spinosa. Mutation types of SNPs
are distinguished by different colors. T:A > C:G and C:G > T:A account for the overwhelming majority.
Figure S2: Distribution of cross-validation (CV) error in the ADMIXTURE analysis. K = 6 is the
optimal K value in condition of the lowest CV error. Figure S3: Pairwise Nei’s genetic distance among
populations of C. spinosa.
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Abstract: Lilium ledebourii (Baker) Boiss is one of the most endangered lilies, restricted to only a few
small and fragmented areas in the Hyrcanian forest. This study aimed at evaluating the taxonomy of
this unique Iranian lily and reconstructing divergence time from other species of the genus Lilium
to address the role of this region in its diversification. Phylogenetic trees based on nuclear ITS and
chloroplastic matK strongly supported the monophyly of the genus Lilium and division into subclades
hardly matching prior morphological classifications. Biogeographic analyses using S-DIVA revealed
East Asia as the ancestral range from where Lilium presented a multidirectional expansion towards
North America, West-Central Asia, North Asia, and Europe. Diverging from ancestral Lilium during
the beginning of Eocene (50 Ma; 95% HDP: 68.8–36.8). Specific members of Lilium colonized Iran
(Western Asia) separated from the Clade IV (West-Central Asia and Europe lineage), and then yielded
the Iranian L. ledebourri. Accordingly, the north of Iran appears to have promoted both long-term
persistence and migration of Lily species from Asia to the Europe.

Keywords: phylogeny; biogeography; divergence; critically endangered; rare species

1. Introduction

Lilium L. (Liliaceae) is one of the most fascinating genera among the plant kingdom,
and it adds to its importance on horticulture, medicine and food [1–3]. Lilium is a perennial
herbs with subterranean bulbs and mostly spring-flowering that grow in steppes and
mountain meadows [4]. This genus occurs in Eurasia and North America and has three
main ranges including the Qinghai–Tibetan Plateau in East Asia, North America, and the
Caucasus [5,6]. The genus of Lilium, with approximately 100 species, has been classified
into five to eleven sections [7–9]. Due to the frequent gene flow among sections, the
major phylogenetic clades of Lilium are still controversial but have been clear [2,3,8,10].
Traditionally, seven sections were recognized based on morphological taxonomy and
molecular phylogenetic methods [2,8,10].

The Hyrcanian area in the southern shores of the Caspian Sea presents remnants of
natural deciduous forests [11] and forms a unique vegetation belt from the Talish region in
Azerbaijan to Golestan National Park in Iran (between 48◦–56◦ E and 38◦55′–35◦05′ N) [12].
Decreasing water levels during the Quaternary, coupled with the rising of the Earth’s
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crust in the northern Caucasus, led to the separation of the Black Sea and the Caspian Sea,
promoting the isolation of the Hyrcanian region [13]. The presence of many Arcto-Tertiary
relict species in the area was generally viewed as coherent with the Hyrcanian forest having
acted as major refugia sheltering the long-term persistence of plant species [14,15]. To
confirm this hypothesis, additional data are necessary.

Lilium ledebourii (Baker) Boiss (Iranian lily) is a rare and endemic lily species dis-
tributed only in a few small areas of the Hyrcanian forest [16]. Its habitat was recorded
as a natural monument in Iran’s protected areas in 1976 [17]. This species is attractive
and widely used in ornamental breeding programs, and some biochemical features were
also studied [18,19]. Limited information is available regarding its phylogenetic position;
however, there was one recent study based on the nuclear rDNA-internal transcribed spac-
ers (ITS) and another based on the 5.8 S ribosomal DNA sequence [19,20]. However, due
to the incomplete sampling on the distribution range of L. ledebourii and single sequence,
its phylogenetic position is still unclear. Furthermore, there are several biogeographic
studies of the genus Lilium missing this species. As the famous species is restricted to
the biodiversity hotspots, L. ledebourii presents a less known biogeographic synthesis, and
deserves further attention [21,22].

Despite the advent of genomics, DNA barcoding based on nucleotide sequences
from variable chloroplastic and nuclear loci is still facilitated to monitor the phylogenetic
position accurately and economically [23–25]. Here, we thus address the phylogenetic
position of L. ledebourii concerning worldwide Lilium species and shed light on its role for
the biogeography and diversification of the genus. The first purpose of this study is to
present the phylogenetic relationships of the Iranian Lily based on nuclear and plastid
DNA markers; the second goal is to estimate the divergence time of the Iranian Lily and
discuss the biogeography of Lilium after adding the Iranian Lily.

2. Materials and Methods
2.1. Sampling and DNA Extraction

Leaf samples of L. ledebourii were collected from four natural populations (all reported
sites for this species) of the Hyrcanian forest (Figure 1). Total genomic DNA was extracted
from at least 10 individuals from each population following Murray and Thompson (1980),
with modifications according to Janfaza et al. [26].

2.2. PCR Amplification and Sequencing

For amplification and sequencing, four candidate DNA barcoding regions were se-
lected: the internal transcribed spacer regions (ITS) from nuclear genomes and three plastid
regions (matK, trnL-F and psbA-trnH). PCR amplifications were performed in 20 µL using
the AccuPower HotStart PCR PreMix kit (Bioneer, Daejeon, Korea), with either universal
ITS-1 and ITS-4 primers from White et al. [27] or matK primers from Johnson et al. [28]
or primers for the trnL-F intergenic spacer from Taberlet et al. [29] or primers for the
psbA-trnH intergenic spacer from Sang et al. [30]. For ITS, psbA-trnH and trnL-F regions,
PCR cycles consisted of an initial denaturation for 6 min at 95 ◦C, followed by 32 cycles of
60 s at 95 ◦C, 45 s at 56 ◦C, 90 s at 72 ◦C, and a final extension of 5 min 72 ◦C. The matK
region was amplified following Hayashi and Kawano (2000) [31], including 35 cycles of
60 s at 94 ◦C, 120 s at 50 ◦C, 180 s at 72 ◦C and a final extension at for 7 min at 72 ◦C).
After a check through electrophoresis, PCR products were sent to Bioneer service (Bioneer,
Daejeon, Korea) for sequencing, and the resulting electropherograms were manually in-
spected using Chromas version 2.3 (www.technelysium.com.au (15 February 2020) to yield
accurate sequence data.
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2.3. Phylogenetic Analysis and ITS2 Secondary Structure

There are eight individuals of L. ledebourii were used in the phylogenetic analysis in
this study. The analysis based on ITS sequences used 35 Lilium species and took five Tulipa
species as outgroups. The analysis based on matK sequences used 21 Lilium species and
taken two Tulipa species as outgroups.

Alignments of sequences were performed for each locus using MUSCLE and nu-
cleotide composition, the number of variables, parsimony and conserved sites among
studied taxa were estimated in MEGA 6 [32]. A median-joining (MJ) network was in-
ferred from all variable characters of the complete alignment of concatenated sequences
using NETWORK 3.1.1.1 [33]. The phylogenetic tree was constructed based on maximum
likelihood (ML) and Bayesian inference (BI) for all taxa.

Bayesian inference tree was constructed by MrBayes v. 3.2.6 with a cold chain and
three incrementally heated chains (T = 0.2), running for 10,000,000 generations with a
sampling frequency of 1000. The first 25% of the trees were discarded (burnin) and the
remaining trees were used to build a consensus tree and estimate Bayesian posterior
probabilities. The MEGA (version 6) [32] software was used to choose the best model and
create phylogenetic trees using maximum likelihood (ML) methods, [34]. Bootstrap analysis
with 1000 replications was used to analyze the reliability of each branch. ITS2 secondary
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structure for each taxon was inferred by minimizing free energy and homology search across
the ITS2 database (http://its2.bioapps.biozentrum.uni-wuerzburg.de/ (27 February 2020).

2.4. Divergence Time Estimate and Biogeographic Analysis

To estimate the divergence time of Lilium and reconstruct the ancestral geographical
range of this genus, we used 31 Lilium species covering its entire distribution area. Partition
homogeneity or incongruence length difference (ILD) [35] test was conducted in PAUP
v4.0b10 [36] following a heuristic search approach of 1000 replicates with 100 random
stepwise additions and tree bisection reconstruction (TBR) branch swapping supported
congruity of ITS and matK datasets (p = 0.68). Similarly, the likelihood ratio test (LRT)
carried out in PAUP v4.0b10 [36] supported a relaxed molecular clock approach for our
combined dataset (p = 0.00001).

Divergence times were estimated by calibrating the stem node of Ripogonaceae,
Luzuriaga, according to Kim and Kim (2018) [37], and the crown node of Smilax (the
outgroup) to a mean age of 55 million years ago (Ma), 24 Ma and 46 Ma respectively, using
the log- normal distribution prior with standard deviation of 1.0. The phylogenetic analysis
was conducted for 50,000,000 generations using BEAST ver. 1.6.1 [38] under uncorrelated
lognormal relaxed clock parameter and the Yule model of speciation as tree prior. The GTR
+ G substitution model was selected as the best fit model using jModel test under Akaike’s
information criterion (AIC). Tree Annotatorver.1.7.5 [39] and FigTreever.1.4 [40] were used
for the generation and visualization of the maximum clade credibility tree.

The distribution of Lilium was divided into six regions based on the available samples:
A (East Asia), B (North Asia), C (West and Central Asia), D (Europe), E (North America),
and F (South America). Reconstruct Ancestral State in Phylogenies (RASP) software [41]
was used for biogeographic inferences using Statistical Dispersal-Vicariance Analysis
(S-DIVA) approaches. To overcome uncertainties associated with S-DIVA analysis out of
10,000 trees from BEAST, the maximum clade credibility tree and distribution file were
uploaded into the RASP software for biogeographic reconstructions. In the BBM analysis,
only the maximum clade credibility tree was used along with the distribution file to obtain
a reconstruction and the Markov chain Monte Carlo (MCMC) was run under the JC + G
(Jukes-Cantor + Gamma) model for 5,000,000 generations.

3. Results
3.1. ITS and Plastid Regions (MatK, TrnL-F and TrnH-PsbA)

The nucleotide composition of the Iranian samples of L. ledebourii from four different
regions is summarized and compared with available samples of lilies in Table 1. ITS sequences
from Iranian samples were longer (644–654 bp) than those retrieved from NCBI (465–485 bp).
The matK region showed low variability among Lilium species (length = 853–881 bp, conserved
sites = 849). Iranian samples presented 19 variable sites, including nine singletons, whereas
species available in NCBI presented 36 variable sites. The trnL-F and trnH-psbA regions
showed the high conservation sites (length = 270–255, conserved sites = 246) and nucleotide
percent of Temin (Iranian sample = 34.5, sample from NCBI = 35.5).
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Table 1. Sequences characterization and nucleotide composition four regions trnH-psbA, trnL-F,
matK and ITS without the outgroups.

Region Conserved
Sites

Variable
Sites

Parsim In-
formative

Sites

Singleton
Sites

Length
(bp) A% T% C% G% Model

Iranian
Sample

ITS 549 80 27 52 644–654 18.8 21.1 27.2 32.9 T93 + G
trnH-
psbA 190 244 10 234 465–485 36.8 38.7 16.5 18 T92

matk 849 19 - 9 853–862 31.1 38.5 15.8 14.6 T92
trnL-F 246 13 - 13 270 30.5 34.5 18.5 16.6 T92

Other
species

ITS 436 171 108 63 644–660 18.4 20.7 27.8 33 T93 + G
trnH-
psbA 251 170 12 153 460–480 31 36.1 15.9 17 T92

matk 882 36 19 17 872–881 31 38.6 15.8 14.6 T92
trnL-F 255 4 2 2 260–270 30.4 35.5 13.8 15.9 T92

3.2. Phylogenetic Position of L. ledebourii

Bayesian tree and ML trees based on ITS strongly supported a monophyletic genus
Lilium and divided the species into six clades (Figure 2A), consistent with the MJ network
(Supplementary Material Figure S1). These clades are somewhat consistent with the four
main groups defined by Baker et al. [42] based on flower morphology: i.e., L. sect. Eulirion
Rchb. (funnel-flowered lilies), L. sect. Archelirion Baker (open-flowered lilies), L. sect.
Isolirion Baker (erect-flowered lilies) and L. sect. Martagon Rchb. (Turk’s cap lilies). The
results of the phylogenetic tree showed that the Caucasian and European species were
placed in three separate clade (Figure 2A). All species of the European region were grouped
in one clade, while seven species of the Caucasus were grouped in three separate clades.
Surprisingly, L. ledebourii was placed in a clade with European species, and the L. ciliatum
itself formed a separate clade, while other Caucasian species formed the third clade.
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The Bayesian matK tree has a backbone polytomy and four major lineages, with
significant differences in composition between these lineages and the six resolved in the
ITS phylogeny. The phylogenetic tree based on this region showed a high inconsistency
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with the Baker et al., 1871 classification, but divided all Hyrcanian specimens along with
L. ciliatum from the Caucasus and L. pyrnaicum from Europe into one sub clade.

3.3. Biogeography of the Genus Lilium

The results of S-DIVA analyses suggest that the current distribution of Lilium species
is the outcome of multiple dispersal and vicariance events (Figure 3). S-DIVA suggests
9 dispersal and three vicariance events. They congruently indicate that Lilium ancestors
(node I) originated in East Asia, or East-West-Central Asia (Figure 3) at the beginning of
Eocene (c.a. 50 MYA, 95% HDP: 68.8–36.8, Table 2). Then, the ancestral Lilium from East
Asia began to diverge into two clades (Clade II and Clade III) during the early and middle
Eocene (Figure 3). During the Late Eocene and Oligocene, the Lilium began to spread to
North America (Clade II) and West and Central Asia (Clade III). The Clade II have been
included two obvious lineages (East Asia and North America lineage), and they carried out
an independent evolution and diffusion from Miocene. In Clade III, the Lilium species in
East Asia have four times the dispersal after Pliocene. Ancestral reconstructions of Clades
IV and V further favor an ancestral range in western Asia and Europe (with 93.30% and
78% marginal probability, respectively) in Clade III, including the Iranian L. ledebourri.
Lilium ledebourii in West Asia looks like the first lineage separate from Clade IV.

Table 2. Age estimation in million year ago (MYA) of nodes of divergence time clade based on S-DIVA
and BBM.

Age Estimation (MYA) S-DIVA BBM

Nodes Mean 95% HPDlower 95% HPDupper AR MP(%) AR MP Support (PP)

I 50.71 36.8 68.8 A/AF 49/36 A/AD 60/16 0.90
II 40.84 23.0 63.2 AF 99.71 AF/A 34/26 0.80
III 40.45 28.2 56.5 AC 93.40 A/AD 42/23 0.95
IV 33.25 20.5 49.8 C 93.30 C/CD 46/38 1.00
V 27.08 15.7 44.0 CD 78.00 C/CD 49/42 0.90

The overall scenario favored by S-DIVA (Table 3) supports stepping-stone radiation of
the genus Lilium, with a primary center of diversification in eastern Asia (i.e., region A).
Our inclusion of the Iranian samples here looks critical, as it supports an expansion and
secondary diversification in western Asia (i.e., region C) before further range expansion
and diversification towards Europe (i.e., region D).

Table 3. Dispersal details of different distribution area based on S-DIVA and BBM.

S-DIVA BBM

Distribution
Range

Dispersal
from Dispersal to Within Distribution

Range
Dispersal

from Dispersal to Within

A 44.00 0.00 28.0 A 64.0 0.00 28.0
B 0.00 5.00 1.00 B 0.00 9.00 1.00
C 2.00 5.00 8.00 C 2.00 7.00 9.00
D 1.00 19.0 15.0 D 2.00 28.00 26.0
E 0.00 3.00 0.00 E 0.00 4.00 0.00
F 1.00 16.0 9.00 F 4.00 24.00 18.0
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4. Discussion
4.1. Phylogeny and Biogeography of Lilies

Our research sheds light on the natural divergence histories of L. ledebourii in the
Caucasian Hyrcanian forest of Iran, which is a hotspot for biodiversity. The results showed
that L. ledebourii from this region belonging to the Caucasians are older than the European
samples, and thus Iran could be a bridge for transforming L. ledebourii into Europe. Fur-
thermore, we discovered that the phylogenetic position of the Lilium genus did not follow
the flower shape.
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Phylogenetic inferences based on ITS and matK loci here largely confirmed earliest
classifications based on morphology to distinguish either five sections [9] or four main
groups [42]. Iranian lilies (L. ledebourii), analyzed here for the first time, were closely related
to European species (L. pyrenaicum) as well as species from Caucasus [43] to be part of the
Martagon section composed of species forming mostly Turk’s cap flowers.

The inclusion of the Iranian samples offers a comprehensive sampling with representa-
tive species from most regions colonized by lilies to bring fresh insights into their evolution.
For instance, the controversial L. lophophorum here appears consistent with the classification
of Wilson [44] in a Lophophorum subsection, whereas close relationships with L. humboldtii
further supports an early origin out of Chinese lineages. All species comprised here in
clade V (sections Archelirion and Martagon of Baker’s classification) share an origin in east
Asia and support Comber [8] classification. Although the impact of hybridization remains
controversial in the genus Lilium [45], present results indicate close relationships between
species of Sinomartagon and Archelirion sections, supporting the view of Leslie [46] about
hybridization between corresponding species. In particular, L. henrici here is shown to be
very close to L. alexandrae and these species may have undergone gene flow. However,
inference of reticulate evolution across the genus Lilium is beyond the scope of this work.

4.2. Biogeography of Lilium Emphasis on West Asia

Even though Lilium is one of the most famous genera all over the world, the biogeo-
graphic study of this genus is limited [5]. Gao et al. (2013) tried to analyze the evolutionary
events in Lilium. Due to the sampling, this study only focused on the biogeography of the
Q-T plateau and the Hengduan Mountains. In this study, we try to cover the distribution
area of the genus to explore the biogeography of this genus, adding some species from
West Asia.

Biogeographic reconstructions using S-DIVA indicated an ancestral origin of Lilium
in Eastern Asia or the extensive area of East-Central-West Asia during the Eocene around
50 MYA (95% HDP: 68.8–36.8). This contrasts with prior dating based on the plastid dataset
that concluded on a last common ancestor of Lilium some 13.19 MYA [5]. Thus, our results
suggest that Lilium may have early origins in the Pan-Asian region. The genus began to
spread outside of Asia during the Eocene. Two early radiation events from the ancestral area
have particularly supported independent colonization toward Western Asia and towards
North America. This event may have benefited from the warm climatic conditions in this
Geologic period. This is in keeping with prior hypotheses of migration for diverse plants
and animals between the Old and the New Worlds through either the North Atlantic Land
Bridge (NALB) or Beringia [47], rather than the suggestion in some works of literature
that the Himalayas were the center of origin of the genus Lilium [5,6]. This pattern also
contrasts with the proposal of Ikinci et al. [48] that European species derive from multiple
routes, with L. martagon first colonizing Europe, whereas a second route later gave rise to
L. bulbiferum and further diversification of all other European species. Lilium species of Iran
(Western Asia) indeed involved radiation of ancestors from East Asia to Europe, with early
colonization of Western Asia from East Asia (50–40 MYA) followed by additional events
some 20 MYA and 10 MYA. In particular, three radiations were apparent between Western
Asia and Europe in our analysis, supporting dispersal from Western Asia to Europe during
the Oligocene (28 MYA) and again during the Miocene (18 MYA).

Due to the limited impact of the ice ages during the Pleistocene, it indeed hosts an
impressive number of endemic and relict species [49]. Our analysis showed that the rare
Lilium ledebourii is such a relict species that currently scattered among small populations in
cliffs above the tree line. These populations seemingly represent survivors of previously
large populations having migrated to the area before the ice age. Accordingly, the northern
forests of Iran likely acted as refugia for such species. The presence of tree species from
typically high latitudes such as Betula pendula and Sorbus aucaparia in the Hyrcanian forest
further corroborates the case of L. ledebourii.
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A non-mutually exclusive hypothesis is that the north of Iran represents a path for
migration of species from East Asia to Europe during periods of drastic environmental
changes. Khalilzadeh et al. [50] indeed concluded that the north west of Iran (specifically
Southwest Caspian Sea) is a major contact zone between Asian and European clades of
Wild Boar and biogeographic inferences on several plant species [51,52] supported the
north of Iran (Hyrcanian forest) as a main corridor for plant migration between the East
and the West of the Eurasian continent. As expressed by Manafzadeh et al. [53], the Irano-
Turanian floristic region can serve as a ‘donor’ of xerophytic taxa to ‘recipient’ neighboring
regions, including the Mediterranean floristic region. Additional studies appear necessary
to accurately quantify the refugial vs. corridor role of the Hyrcanian forest.

In conclusion, the phylogenetic position and biogeography of endemic lily species in
the Hyrcanian forest were studied using the barcoding technique. The phylogenetic tree uti-
lizing ITS rather than matK produced results that were more consistent with morphological
classification and placed L. ledebourii in a phylogenetic group with other Caucasian species
and section Liriotypus. The divergence time of L. ledebourii determined that L. ledebourii
diverged from the radiation of ancestors in East Asia, and then formed a West-Central Asia
and Europe lineage during the end of the Eocene. Accordingly, the north of Iran appears to
act as long-term persistence and migration of Lily species from Asia to Europe.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d14020137/s1, Figure S1: Network tree of the genus Lilium based on ITS region (A) and mat K
region (B).
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Abstract: Mangrove forests are distributed in the intertidal zones of tropical and subtropical regions,
and have been severely damaged by anthropogenic activities, climate change, and stochastic events.
Although much progress has been made in the conservation and restoration of mangroves in China,
studies of the genetic diversity of mangroves are lacking, especially for isolated populations, yet
such studies are essential for guiding conservation and restoration efforts. Here, we evaluated the
genetic diversity, spatial genetic structure, and mating system of two mangrove species, Rhizophora
apiculata and Avicennia marina, in a heavily disturbed area in Tielu Harbor, Sanya City, Hainan
Island, China, using 18 nuclear microsatellite markers. We found that the genetic diversity of R.
apiculata, which is classified as ‘Vulnerable’ in the China Red List categories, was high and similar
compared with the genetic diversity estimates of other populations reported in previous studies.
In contrast, the genetic diversity of A. marina, which is classified as a species of ‘Least Concern’,
was low compared with the genetic diversity estimates of other populations. We then evaluated
the presence of genetic bottlenecks, spatial genetic structure, and the mating system to determine
the effects that habitat destruction has had on these two species. Our findings indicate that distinct
conservation and restoration approaches are needed for these two species. Generally, our results
provide valuable information that will aid the development of conservation and restoration strategies
for the mangroves of Tielu Harbor.

Keywords: genetic diversity; spatial genetic structure; mating system; Rhizophora apiculata; Avicennia
marina; habitat destruction; conservation; restoration

1. Introduction

Mangrove forests, which are dominated by plants in the Rhizophoraceae, Verbenaceae,
and Combretaceae families, occur in the intertidal zones of tropical and subtropical re-
gions [1,2]. Mangrove ecosystems are some of the world’s most biodiverse and productive
forest ecosystems [3], and they provide important ecosystem services, such as carbon
sequestration, wave attenuation, and refuges for organisms [4,5]. Despite the high social,
economic, and ecological value of mangroves, they have been severely degraded due to an-
thropogenic activities [6,7], climate change [8], and stochastic events [9]. For example, many
mangroves have been converted to nursery areas for fishery species and play a critically
important role in sustaining production in coastal fisheries [10]. Mangrove conservation
and restoration strategies have been widely implemented given the alarming rate of decline
in the area of mangrove forests worldwide [10–13].

Mangrove forests in China are mainly distributed along the southeastern coast, includ-
ing Hainan, Guangxi, Guangdong, Fujian, and Taiwan Provinces [14]. China’s mangrove
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forests have been severely fragmented in previous decades, and China has historically had
one of the highest rates of mangrove loss worldwide [14–16]. The area of mangrove forests
in China declined from 48,300 hm2 in 1950 to 22,025 hm2 in 2001 [16–18]. The implementa-
tion of strict protection and large-scale restoration measures after 2001 has resulted in an
increase in the area of mangrove forests; by 2019, the area of mangroves in China reached
30,000 hm2 [19,20]. Despite this conservation success, an increase in the area of mangroves
does not, by itself, result in the restoration of a healthy mangrove ecosystem [16], as habitat
degradation, decreases in biodiversity, and biological invasions are still major problems
affecting mangroves in China [21–23].

Reductions in population size are the most direct effect of anthropogenic activities and
climate change on populations [24]; however, anthropogenic activities and climate change
can also affect other characteristics of populations, such as genetic diversity, the mating
system, and spatial genetic structure. Genetic diversity refers to the genetic variation
among different individuals or populations within a species [25], and it buffers populations
against variability in environmental conditions [26]. Thus, characterizing the genetic
diversity of populations is a major goal of research in biodiversity conservation [27,28]. The
effects of anthropogenically driven habitat fragmentation and destruction on the genetic
diversity of populations of species have been well studied [29,30]. Habitat fragmentation
reduces the size of populations and increases their isolation, which results in reduced
heterozygosity, the loss of alleles, and reduced gene flow between populations. This can
lead to an increase in inbreeding and reductions in effective population size and can have
deleterious effects on the long-term persistence of populations [31,32]. Small population
size and the isolation of populations can have negative effects on the mating system of
plants [33]. Some species also possess ecological and genetic traits, such as those that
prevent self-pollination, that counteract the deleterious effects of small population size and
isolation on mating systems [34]. Spatial genetic structure is another important component
of the population genetics of a species, as a thorough understanding of the spatial genetic
structure within and among populations can aid in the development of conservation
and restoration strategies [35,36]. An increasing number of studies have examined the
population genetics of mangroves in recent years, and investigations of the population
genetic diversity and spatial genetic structure of different species in mangroves have been
conducted to guide mangrove conservation and restoration efforts [9,37,38].

Tielu Harbor Mangrove Nature Reserve is located in Sanya City in southern Hainan
Island. A total of 13 true mangrove species in nine genera and six semi-mangrove species
in six genera have been documented in the reserve [39]. Mangrove resources are abundant
in Tielu Harbor, and the mangroves in this area are ancient and endangered [14]. Previ-
ous studies indicate that many ancient trees of the mangrove species, such as Bruguiera
sexangular, Bruguiera gymnorhiza, Lumnitzera racemose, Lumnitzera littorea, and Xylocarpus
granatum, occur in Tielu Harbor [14,39,40]. Increases in human activities have reduced
the area of mangroves in Tielu Harbor, which is currently approximately 3–4 hm2 [14,40],
and degraded existing mangrove habitat. The mangroves of Tielu Harbor are thus in a
precarious state and require urgent conservation attention [14,39].

Mangroves in Tielu Harbor can be divided into four major types: Rhizophora apiculata
communities, Avicennia marina communities, Lumnitzera racemosa communities, and Xylo-
carpus granatum communities [14,39]. Of these, R. apiculata is the dominant species, and
A. marina is generally considered a pioneer species (Figure 1). R. apiculata and A. marina
are listed as ‘Vulnerable’ and of ‘Least Concern’, respectively, in the China Red List cate-
gories [16]. Study of the genetic diversity, mating systems, and population genetic structure
of these two important mangrove species is needed to ensure that effective conservation
measures are taken for the mangrove forests in Tielu Harbor.
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Figure 1. Images of Rhizophora apiculata and Avicennia marina in Tielu Harbor Mangrove Nature 
Reserve. Individuals of R. apiculata on land (a) and near the sea (b) and flowers of R. apiculata (c). 
Individuals of A. marina on land (d) and near the sea (e) and flowers of A. marina (f). The red arrows 
indicate pieces of garbage in the mangroves. 

Here, we investigated the genetic diversity, spatial genetic structure, and mating sys-
tems of two mangrove species, R. apiculata and A. marina, in Tielu Harbor Mangrove Na-
ture Reserve. We also conducted a comprehensive analysis of our results and recom-
mended specific conservation measures that could be taken to guide ongoing mangrove 
conservation and restoration efforts in Tielu Harbor. 

2. Materials and Methods 
2.1. Study Area and Plant Sampling 

Plant materials for this study were collected from Tielu Harbor Mangrove Nature 
Reserve, Sanya City, Hainan Province, China (18°15’–18°17’N, 109°42’–109°42’E, Figure 
2). Tielu Harbor features a tropical monsoon climate, and the mean annual precipitation 
and temperature are 1255 mm and 25.5 °C, respectively [39]. Sampling was conducted 
from June to August 2016. Two quadrats were established for R. apiculata (80×130 m2) and 
A. marina (110×180 m2). Leaves of all adult individuals and some seedlings of the two spe-
cies in quadrats were sampled. The coordinates of each sample were recorded with a Gar-
min GPSmap 60CSx (Garmin Ltd., Kansas, USA). A total of 167 samples (139 adults and 
28 seedlings) and 210 samples (152 adults and 58 seedlings) were collected for R. apiculata 
and A. marina, respectively. In addition, three individuals of R. apiculata and five individ-
uals of A. marina with propagules were randomly selected and used as mother trees for 

Figure 1. Images of Rhizophora apiculata and Avicennia marina in Tielu Harbor Mangrove Nature
Reserve. Individuals of R. apiculata on land (a) and near the sea (b) and flowers of R. apiculata (c).
Individuals of A. marina on land (d) and near the sea (e) and flowers of A. marina (f). The red arrows
indicate pieces of garbage in the mangroves.

Here, we investigated the genetic diversity, spatial genetic structure, and mating
systems of two mangrove species, R. apiculata and A. marina, in Tielu Harbor Mangrove
Nature Reserve. We also conducted a comprehensive analysis of our results and recom-
mended specific conservation measures that could be taken to guide ongoing mangrove
conservation and restoration efforts in Tielu Harbor.

2. Materials and Methods
2.1. Study Area and Plant Sampling

Plant materials for this study were collected from Tielu Harbor Mangrove Nature
Reserve, Sanya City, Hainan Province, China (18◦15′–18◦17′ N, 109◦42′–109◦42′ E, Figure 2).
Tielu Harbor features a tropical monsoon climate, and the mean annual precipitation and
temperature are 1255 mm and 25.5 ◦C, respectively [39]. Sampling was conducted from
June to August 2016. Two quadrats were established for R. apiculata (80 × 130 m2) and
A. marina (110 × 180 m2). Leaves of all adult individuals and some seedlings of the two
species in quadrats were sampled. The coordinates of each sample were recorded with a
Garmin GPSmap 60CSx (Garmin Ltd., Lenexa, KA, USA). A total of 167 samples (139 adults
and 28 seedlings) and 210 samples (152 adults and 58 seedlings) were collected for R.
apiculata and A. marina, respectively. In addition, three individuals of R. apiculata and five
individuals of A. marina with propagules were randomly selected and used as mother trees
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for paternity analysis. To minimize the impact on the capacity for population renewal,
approximately 10 propagules were randomly sampled from each mother tree. Leaves and
propagules collected were desiccated in plastic zip-lock bags with silica gel and stored at
room temperature until DNA extraction.
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Figure 2. Map of Rhizophora apiculata (circles) and Avicennia marina (squares) individuals in quadrats.

2.2. DNA Extraction, PCR Amplification, and Microsatellite Screening

The total genomic DNA was extracted from the dried leaves and propagules of
each sample using a Plant Genomic DNA Kit DP305 (Tiangen Biotech, Beijing, China).
Specifically, for A. marina, we collected their propagules and cultured them until new
leaves appeared in the laboratory, and then collected leaves of each seedling for DNA
extraction. For R. apiculate, we directly collected a part of each propagule for subsequent
DNA extraction because of its large propagule. After the concentration and purity were
determined, each DNA sample was diluted with TE buffer to a concentration of 5 to
20 ng/µL and stored at −20 ◦C until use. Eighteen nuclear microsatellite markers (nine
nuclear simple-sequence repeat (nSSR) markers for each species) developed by previous
studies [41–44] were amplified for R. apiculata and A. marina (Supplementary Table S1).
Fluorescently labeled primers (with HEX or ROX) were synthesized (Sangon Biotech
[Shanghai] Co., Ltd.), and the PCR amplification conditions used were based on a previously
published protocol [41–44]. All amplified PCR products were screened using capillary
electrophoresis (Sangon Biotech Co., Ltd., Shanghai, China).

2.3. Statistical Analysis of Genetic Parameters

For each nuclear locus, the Hardy–Weinberg equilibrium (HWE), linkage disequilib-
rium (LD), and null alleles were tested using GenePop Volume 3.4 [45]. Genetic diversity
parameters, such as the number of alleles (Na), number of effective alleles (Ne), Shannon di-
versity index (I), observed heterozygosity (Ho), expected heterozygosity (He), and unbiased
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expected heterozygosity (uHE), were calculated using GenAlex Version 6.5 [46]; ADZE
Version 1.0 [47] was used to determine the allele abundance (AR) and private allele abun-
dance (PAR). The inbreeding coefficient (Fis) and its 95% confidence interval was calculated
using GDA v1.1 (http://en.bio-soft.net/dna/gda.html, accessed on 28 December 2021).
The total paternity exclusion probability of the first [Pr(Ex1)] and second parent [Pr(Ex2)]
was estimated using CERVUS Version 3.0 [48]. In addition, we performed the analysis of
molecular variance (AMOVA) to estimate the distribution of genetic variance among adults
and seedlings using Φ-statistics with GenAlEx Version 6.5 [46] for both two species.

2.4. Analysis of Bottlenecks and Spatial Genetic Structure

The likelihood of prior population bottlenecks in the two species was estimated using
BOTTLENECK Version 1.2.02 [49] using three models, the two-phase model (TPM), the
infinite allele model (IAA), and the stepwise mutation model (SMM), under default settings.
The significance of bottlenecks was estimated using the sign test and one-tailed Wilcoxon
sign-rank test.

Spatial autocorrelation analyses were carried out for the entire population and for
seedlings and adults using SPAGeDi Version 1.2 [50]. Average multilocus kinship coeffi-
cients (Fij) were calculated for nine distance classes according to size of quadrats and a
previous study [51]. Specifically, for A. marina, distance classes were 1, 2, 4, 8, 16, 32, 64,
128 and 300 m; and we set distance classes as 1, 2, 4, 8, 16, 32, 64, 128 and 200 m for R.
apiculate. The 95% confidence interval of the different distance classes was tested using
10,000 random permutations. The Sp statistic was calculated for individuals from the first
distance class following the method of Vekemans and Hardy [52].

2.5. Analysis of Mating System Parameters and Pollen Dispersal

MLTR Version 3.2 [53] was used to analyze the multilocus outcrossing rate (tm), the
single-locus outcrossing rate (ts), and the biparental inbreeding rate (tm−ts) under the
mixed mating model with 1000 bootstrap replications to assess the 95% confidence intervals
for standard errors. The most likely pollen donor for each propagule was determined
via maximum-likelihood assignment in CERVUS Version 3.0 [48]. For paternity analyses,
all adult individuals were considered as candidate parents, and 10,000 simulations were
conducted with 0.01 as the mistyped rate, 0.9 as the sampled candidate parent proportion,
and 95% as the strict and 80% as the relaxed confidence level.

3. Results
3.1. Genetic Diversity of R. apiculata and A. marina

Two nSSR loci (RM102 and Am98) were not included in subsequent analyses because
they were not polymorphic. A total of 37 alleles of eight nSSR loci and 23 alleles of
eight nSSR loci were detected in both adults and seedlings of R. apiculata and A. marina,
respectively. The genetic diversity parameters of each nSSR locus for all individuals of
the two species are shown in Table 1. The average frequency of null alleles in R. apiculata
and A. marina was 18.8% (3.5–47.1%) and 20.7% (8.4–29.3%), respectively. Only four out of
28 pairwise comparisons showed significant LD in the R. apiculata population (including
seedlings, p < 0.01), whereas approximately half (13 out of 28) of the pairwise comparisons
showed significant LD in the A. marina population (including seedlings, p < 0.01). Six nSSR
loci (Rhst01, Rhst11, Rhst13, Rhst20, RM114, and RM116) deviated significantly from HWE
in the R. apiculata population (heterozygote deficiency, p < 0.01), and all nSSR loci in the A.
marina population showed heterozygote deficiency (p < 0.01).
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Table 1. Genetic diversity of the selected nSSR primer pairs in all individuals of R. apiculata and A.
marina.

Locus n Na Ne Ho He uHe I Pr(Ex1) Pr(Ex2)

R. apiculata
Rhst01 167 2 1.519 0.018 0.342 0.343 0.525 0.962 0.880
Rhst02 167 4 1.877 0.665 0.467 0.469 0.747 0.871 0.755
Rhst11 167 2 1.916 0.347 0.478 0.479 0.671 0.903 0.828
Rhst13 167 7 2.065 0.413 0.516 0.517 0.920 0.861 0.743
Rhst20 167 8 4.322 0.311 0.769 0.771 1.589 0.630 0.452
RM113 167 5 2.453 0.593 0.592 0.594 1.056 0.814 0.671
RM114 167 6 2.207 0.467 0.547 0.548 0.999 0.839 0.692
RM116 167 3 1.068 0.042 0.064 0.064 0.155 0.997 0.960
Mean 167 4.6 2.178 0.357 0.472 0.473 0.833 / /
A. marina
Avma01 210 3 1.840 0.262 0.457 0.458 0.662 0.881 0.813
Avma02 210 5 1.479 0.248 0.324 0.325 0.596 0.930 0.823
Avma16 210 4 1.975 0.238 0.494 0.495 0.722 0.874 0.804
Avma17 210 5 2.795 0.476 0.642 0.644 1.201 0.797 0.634
Am3 210 2 1.379 0.157 0.275 0.275 0.447 0.975 0.901
Am32 210 3 1.100 0.010 0.091 0.091 0.212 0.999 0.976
Am40 210 4 1.776 0.152 0.437 0.438 0.671 0.903 0.819
Am81 210 4 1.547 0.014 0.354 0.354 0.594 0.908 0.818
Mean 210 3.5 1.750 0.197 0.387 0.389 0636 / /

Note: Genetic diversity parameters were estimated for combined adult and seedling plants; Abbreviations: n,
number of individuals; Na, number of alleles; Ne, effective number of alleles; Ho, observed heterozygosity; He,
expected heterozygosity; uHe, unbiased expected heterozygosity; I, Shannon’s index of diversity; [Pr(Ex1)] and
[Pr(Ex2)], exclusion probability of the first and second parent, respectively.

The results of the genetic diversity analysis of different age groups (adults and
seedlings) of the two species are shown in Table 2. Because the number of seedlings
sampled was small, several genetic diversity parameters (Na, I) were lower in seedlings
than in adults in the R. apiculata population. A similar pattern was observed in the A. marina
population. Because Na is sensitive to sample size, we used ADZE Version 1.0 to calculate
allele richness. In the R. apiculata population, the AR of seedlings and adults was similar,
but the PAR of seedlings was lower than that of adults. The AR and PAR of seedlings
were higher than that of adults in the A. marina population (Table 2). AMOVA analysis
for adults and seedlings of R. apiculata revealed that the genetic differences mainly existed
among different individuals (99.00%), only 1.00% occurred between different age groups
(Supplementary Table S2). Similarly, AMOVA analysis in A. marina population revealed
that 100% genetic variation existed within different individuals (Supplementary Table S3).

Table 2. Genetic diversity parameters for adults and seedlings of R. apiculata and A. marina.

Species n Na Ne Ho He uHe I Fis AR PAR

R. apiculata
Adults 139 4.625 2.165 0.366 0.464 0.466 0.828 0.215 3.046 0.433

(0.800) (0.365) (0.084) (0.073) (0.074) (0.152) / (0.441) (0.130)
Seedlings 28 3.375 2.169 0.313 0.486 0.495 0.813 0.373 * 2.941 0.327

(0.460) (0.262) (0.081) (0.071) (0.072) (0.135) / (0.402) (0.155)
Total 167 4.625 2.178 0.357 0.472 0.473 0.833 0.246 / /

(0.800) (0.341) (0.083) (0.072) (0.073) (0.149) / / /
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Table 2. Cont.

Species n Na Ne Ho He uHe I Fis AR PAR

A. marina
Adults 152 3.500 1.750 0.197 0.387 0.389 0.636 0.497 * 2.623 0.277

(0.267) (0.181) (0.056) (0.060) (0.061) (0.102) / (0.233) (0.111)
Seedlings 58 2.875 1.699 0.190 0.372 0.376 0.625 0.497 * 2.704 0.358

(0.389) (0.181) (0.049) (0.055) (0.055) (0.097) / (0.329) (0.143)
Total 210 3.750 1.736 0.195 0.384 0.385 0.638 0.497 * / /

(0.366) (0.180) (0.053) (0.058) (0.058) (0.099) / / /

Note: The standard error of the corresponding parameter is shown in parentheses; * Significant at the 95%
confidence level. Abbreviations: n, number of individuals; Na, number of alleles; Ne, effective number of alleles;
Ho, observed heterozygosity; He, expected heterozygosity; uHe, unbiased expected heterozygosity; I, Shannon’s
index of diversity; Fis, coefficient of local inbreeding; AR, allele abundance; PAR, private allele abundance.

3.2. Bottlenecks and Spatial Genetic Structure

We next conducted bottleneck analysis to determine whether these two populations
have undergone population bottlenecks. We detected a significant excess of heterozygotes
in the seedlings of R. apiculata under the IAA model according to both the sign test and the
one-tailed Wilcoxon sign-rank test, suggesting that the seedlings of this population may
have experienced a reduction in population size (Table 3). Our results indicated that the
total population (adults + seedlings) of R. apiculata has experienced a bottleneck under the
IAA model (Table 3).

Table 3. The probability of population bottlenecks of R. apiculata and A. marina under three models.

Model
R. apiculata A. marina

Adults Seedlings Total Adults Seedlings Total

Sign test

TPM 0.450 0.200 0.430 0.531 0.142 0.534
IAA 0.154 0.042 0.145 0.130 0.096 0.138

SMM 0.086 0.269 0.083 0.225 0.593 0.069
mean 0.230 0.170 0.219 0.295 0.277 0.247

One-tailed
Wilcoxon test

TPM 0.422 0.125 0.422 0.527 0.230 0.578
IAA 0.098 0.020 0.027 0.098 0.125 0.125

SMM 0.963 0.473 0.902 0.973 0.527 0.980
mean 0.494 0.206 0.451 0.533 0.294 0.561

Note: The one-tailed Wilcoxon sign-rank test was only used to determine heterozygosity excess. Values indicating
significant bottlenecks are in bold (p < 0.05). Abbreviations: TPM, two-phase model; IAA, infinite allele model;
SMM, stepwise mutation model.

The spatial autocorrelation analysis indicated significant spatial genetic structure at
short distance classes for both seedlings and adults in the R. apiculata population (2–4,
4–8, 8–16, and 16–32 m; Figure 3a). Significant positive Fij values were observed at short
distance classes among R. apiculata adults (2–4, 4–8, 8–16, and 16–32 m; Figure 3b). Fij
values decreased with distance in the R. apiculata population. Significant positive Fij values
were also observed for both seedlings and adults of A. marina (until 32 m; Figure 3c), and
a similar pattern was observed for A. marina adults. However, Fij values among adults
were lower than those among the total A. marina population, and correlations between Fij
values and distance class were weak (Figure 3d). Sp statistics for each analysis are shown in
Figure 2 and reveal a strong spatial genetic structure for these two species at short distances.
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3.3. Mating System Parameters

The tm, ts, and tm−ts for R. apiculata at the population level were 1.135 (0.029), 1.111
(0.051), and 0.024 (0.042), respectively. Bootstrap analysis suggested that both tm (95%
CI = 1.007–1.193) and ts (95% CI = 1.009–1.213) were greater than 1, and tm−ts (95%
CI = −0.06–0.108) did not differ significantly from 0. This suggested the presence of high
outcrossing and a relatively low proportion of biparental inbreeding in R. apiculata. tm
(1.001–1.116) and ts (1.082–1.551) were also greater than 1 for various mother trees of R.
apiculata (Table 4). For A. marina, tm (95% CI = 0.448–0.980) and ts (95% CI = 0.318–0.874)
were lower than 1 at the population level, which indicated that selfing has occurred in this
population. tm − ts (95% CI = 0.020–0.216) significantly differed from 0. This suggested the
presence of significant biparental inbreeding. There was a high degree of variation in the
mating system parameters of each mother tree in the A. marina population (Table 4).

Table 4. Mating system parameters for each mother tree of R. apiculata and A. marina.

Mother Tree Propagules tm (SE) ts (SE) tm−ts

R. apiculata
Z12 6 1.001 (0.001) 1.138 (0.053) −0.137
Z85 11 1.116 (0.041) 1.551 (0.165) −0.435
Z110 6 1.004 (0.001) 1.082 (0.112) −0.078
A. marina
A1 17 0.822 (0.209) 1.027 (0.203) −0.205
A2 10 0.186 (0.151) 0.094 (0.073) 0.092
A21 9 0.755 (0.170) 0.691 (0.199) 0.064
A48 9 1.024 (0.001) 0.589 (0.079) 0.435
A126 6 0.849 (0.162) 0.818 (0.228) 0.031

Abbreviations: tm, multilocus outcrossing rates; ts, single-locus outcrossing rates; tm−ts, biparental inbreeding
rates.
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We identified pollen donors within the R. apiculata quadrat for 35% (8 of 23) of the
propagules at the 80% confidence level. The remaining 65% of the propagules were likely
derived from pollen donors outside the quadrat. All eight propagules originated from
outcrossing. These results were consistent with the mating system parameters estimated
using MLTR software. However, only three (6%) propagules were identified as pollen
donors within the quadrat at the 80% confidence level for A. marina, indicating that nearly
all propagules originated from outcrossing. Mother trees of these three propagules were
A48 (two propagules) and A126 (one propagule), and their tm was higher compared with
that of other trees in the A. marina quadrat. The above findings suggest that most of the
pollen donors were located outside of the A. marina quadrat. Because most pollen donors
were from outside the quadrat, we did not calculate the pollen dispersal distance.

4. Discussion

Protections for mangroves have strengthened in China over the past two decades,
and many mangrove reserves have been established [16–18]. Although much conservation
effort has been devoted to increasing the area of mangrove forests, the genetic health of
mangroves has been largely ignored by comparison. Small and isolated populations are
often characterized by lower genetic diversity, engage in higher levels of inbreeding, and
experience bottlenecks, all of which affect their resilience against a backdrop of anthro-
pogenic threats and pressures and climate change [9,54]. Assessing the genetic diversity
and mating system of such small and isolated populations of mangroves is critically im-
portant for setting reasonable restoration goals for maintaining and improving levels of
genetic diversity of remaining mangrove populations [55–57].

We evaluated the genetic diversity of two mangrove species, R. apiculata and A.
marina, in Tielu Harbor Mangrove Nature Reserve. There were no significant differences
in the genetic diversity (Ho = 0.357, He = 0.472) of the R. apiculata population in Tielu
Harbor with other R. apiculata populations. Yahya et al. [58] characterized the genetic
variation of 15 R. apiculata populations in the Greater Sunda Islands of Indonesia using
five microsatellite loci and found that Ho and He values were 0.338 (0.117–0.457) and 0.378
(0.123–0.482), respectively. The genetic diversity of R. apiculata in Malaysia was found to be
particularly low, as the Ho and He values were 0.299 (0.194–0.483) and 0.325 (0.247–0.503),
respectively [59]. Although the genetic diversity of R. apiculata in our study population was
not low, we found that the AR and PAR values of seedlings were lower than those of adults
(Table 2). Given that it takes nearly three years for propagules of R. apiculata to develop
from flower bud primordia to maturity [60], the low genetic diversity of these seedlings
may reflect the impact of recent anthropogenic activities on the population.

The genetic diversity of the A. marina population in our study (Ho = 0.195, He = 0.384)
was lower compared with that of other populations examined in a previous study [61].
Maguire et al. [58] detected high levels of genetic diversity of A. marina in 14 populations
across its global range using three microsatellite loci. Nearly all of the populations examined
in Maguire et al. [61] had higher Ho values compared with the A. marina population in Tielu
Harbor; the one exception was a Japanese population (Ho = 0.000). Hou et al. (unpublished
data) investigated the genetic diversity of an A. marina population along the Sanya River,
which is located close to Tielu Harbor, and the Ho and He values of this population were
0.532 and 0.575, respectively. Our data indicate that habitat degradation might have had
a significant effect on the genetic diversity of the A. marina population in Tielu Harbor.
Similarly, Salas-Leiva et al. [55] reported that the low genetic diversity (Ho = 0.277) of
another Avicennia species (A. germinans) along the Colombian Pacific coast was associated
with habitat degradation and fragmentation processes. However, we found that the AR
and PAR of the seedlings of A. marina were higher than that of adults. The propagules of A.
marina are small and light and can spread by sea currents [62]; thus, some of these seedlings
might have originated from outside the quadrat, such as populations near Tielu Harbor
(e.g., the Sanya River population and Qingmei Harbor population [39]).
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We found that A. marina populations in Tielu Harbor had significant positive Fis values.
High levels of inbreeding have been documented in several mangrove species, such as
Rhizophora mangle [63], Rhizophora stylosa [43], A. marina [61], and Kandelia candel [64]. The
high level of inbreeding observed in A. marina can be explained by the habitat degrada-
tion and fragmentation [55]. Considering that the population was not detected to have
experienced bottleneck (Table 3) and results of the mating system and paternity analyses,
we speculate that the significant positive Fis values and low genetic diversity in A. marina
reflect mating between close relatives rather than a reduction in effective population size.
The results of the genetic bottleneck analysis indicate that the R. apiculata population in
Tielu Harbor may have experienced a reduction in population size induced by habitat
fragmentation. Although previous studies have shown that habitat fragmentation can have
significant deleterious effects on the genetic health and mating system of wind-pollinated
trees [65], the outcrossing rates observed for R. apiculata in our study were higher than
those reported for other mangrove trees [51,66]. The continuous distribution of R. apiculata
trees in Tielu Harbor might facilitate the exchange of pollen among plants and explain the
high outcrossing rate [67].

The effect of seedlings was greater on the spatial genetic structure of A. marina than
that of R. apiculata (Figure 3). Pronounced spatial genetic structure has been detected
over short distances within populations of mangrove species given that many propagules
become established around the mother tree [51]. The pollen and propagule dispersal of R.
apiculata, a viviparous species, is limited; similar observations have been made for another
viviparous mangrove plant, K. candel [51,68]. However, because each R. apiculata individual
occupied a large space, virtually no seedlings can grow further up within 2 m of the mother
tree. As discussed above, this creates significant genetic structure over short distances, as
was observed in adults of R. apiculata (2–32 m, Figure 3b). The spatial genetic structure of A.
marina within 2 m changed significantly depending on whether seedlings were included in
the analysis. This can be explained by the amount of space occupied by adult trees. Adult
A. marina trees are small, and seedlings can grow around their mother trees. Thus, when
seedlings were excluded from the analysis, genetic structure was not significant within 2 m,
but when they were included, genetic structure was significant.

We studied the genetic diversity, spatial genetic structure, and mating system of two
mangrove species, R. apiculata and A. marina, in a heavily disturbed area in Tielu Harbor,
China, using nuclear microsatellite markers. Microsatellite markers are widely used in
population genetic studies of mangrove plants, such as R. apiculata [58,59], K. candel [51,68],
A. germinans [55–57] and A. marina [61], to estimate genetic diversity, genetic structure
and mating system. This indicates the usefulness of microsatellites in the genetic analysis
of mangrove plants. The findings from our studies and field investigations suggest that
these two mangrove species require distinct restoration and rehabilitation approaches.
Given that the diversity of the R. apiculata population in Tielu Harbor is similar to that
of other populations [58,59], the propagules produced by local adult trees could be used
for mangrove restoration. However, for this approach to succeed, the connectivity among
individuals needs to be maintained, and this includes the connectivity between newly
restored mangroves with existing mangroves, to minimize the effects of inbreeding on
future generations. Connectivity among individuals is also considered important in the
in-situ conservation of another mangrove plant, A. germinans [57]. The low genetic diversity
and significant inbreeding of A. marina in Tielu Harbor suggest that the genetic health of
the A. marina population is poorer than that of the R. apiculata population [61]. Conse-
quently, the use of propagules from the A. marina population in Tielu Harbor for mangrove
restoration is likely insufficient for ensuring the long-term persistence of restored A. marina
populations. In a previous study, Salas-Leiva et al. [56] considered that reforestation using
propagules from different populations would improve the maintenance of genetic diversity
and the viability of the reforested population in the short and medium term. Propagules
from numerous populations with high genetic diversity are needed to ensure that restored

470



Diversity 2022, 14, 115

A. marina populations are resilient enough to persist in the face of anthropogenically driven
habitat degradation and climate change [28,69].

Mangrove conservation and restoration efforts in China have generally been successful
over the last several decades. Approximately 67% of mangroves are now within nature
reserves, and 43 mangrove protected areas have been established [16]. Studies of the
genetic diversity, fine-scale genetic structure, and mating system of mangroves are needed
to ensure the success of mangrove conservation efforts. In this study, we only selected
limited seedlings and propagules to minimize the impact on the capacity for population
renewal. We believed that if more seedling and propagule samples can be taken, the results
should be more reliable. Furthermore, additional studies are needed to evaluate the genetic
diversity of populations following mangrove restoration, as well as monitor the status
of populations. Such studies of genetic diversity and structure would provide valuable
insight into whether restoration efforts are having their intended effect of increasing the
resilience of restored areas.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d14020115/s1, Table S1: Information of 18 nSSR primer pairs, Table S2: Summary of the
AMOVA results for adults and seedlings in R. apiculata population, Table S3: Summary of the AMOVA
results for adults and seedlings in A. marina population.
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Abstract: Stilpnolepis centiflora is an endemic annual herb in the Asteraceae family found across five
sand deserts in Northwest China. We aimed to investigate the genetic structure of S. centiflora and
attempt to link species evolution with desert formation during the Pleistocene era. We used sequence
data from nuclear and chloroplast genes to investigate genetic diversity among 28 populations. We
analyzed sequence data using network analysis, spatial analysis of molecular variance (SAMOVA),
and a Mantel test. We then used a molecular clock to place the genetic patterns in a temporal
framework and tested for signals of expansion using neutrality tests and by determining mismatch
distributions. Six distinct haplotypes and 31 ribotypes were identified. Significant chloroplast
DNA population subdivision was detected (GST = 0.952; NST = 0.976), but only moderate nrDNA
subdivision (GST = 0.360; NST = 0.579) was detected. SAMOVA revealed four diverging groups
of related haplotypes, coinciding with the boundaries of deserts. Molecular dating suggests that
the clades representing different deserts diverged from 1.2 to 0.20 Ma, concordant with the Kun-
Huang Movement of Qinghai Tibet Plateau uplift and a glacial event (Naynayxungla) during the
Middle–Late Pleistocene. The disjunction of S. centiflora among different deserts was correspondingly
reflected in the examined genetic traits with consistent spatiotemporal evolution between species
and deserts. Therefore, the evolutionary dynamics of S. centiflora appear to have been driven by
geological movement and climate change. The patterns described here are potentially useful to
conservation biologists and may serve as a model for other sand-obligate organisms found in the
deserts of Northwest China.

Keywords: chloroplast DNA; ITS; Stilpnolepis; allopatric divergence; genetic structure

1. Introduction

Historically, geographic and climatic events have had a strong influence on the genetic
diversity of species [1]. In the Northern Hemisphere, most biogeographical studies on
plants have shown that those currently inhabiting formerly glaciated areas retreated to the
southern glacial refugia, and then expanded to their modern ranges after the last glacial
maximum (LGM) [2–4]. However, the impact of these climatic oscillations was different
on different continents. In the desert regions of Northwest China, lacking continental
glaciers, glacial periods had the primary effect of intensifying aridity. How did desert
plants respond to these conditions? Since desert plants tolerate arid conditions, the climatic
oscillations might have affected their survival less [5,6]. On the other hand, the mobilization
and accumulation of sand were greatly enhanced. Thus, the distribution of desert plants
might have increased or diminished during climatic oscillations because of the expansion
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or shrinkage of desert sand dunes [7,8]. In addition, deserts served as geographical barriers
and thus could have promoted species differentiation in desert organisms [9–13].

Large sand deserts extend from northwestern to northern China, including the great
Taklimakan Desert and the five deserts considered in this study. These deserts may have
played an important role in the speciation and evolution of plants in the arid regions of
Northwest China [14]. Desert formations resulted from the effects of an intensely arid
climate on Quaternary paleo-eolian sands [15–17], presumably related to the uplift of the
Tibetan Plateau [18–20] during the period when large-scale sand dunes expanded [21–23].

Phylogeographical analyses can trace the influence of paleoenvironments and climate
change on species distribution and population demography [24]. Previous phylogeograph-
ical studies conducted in the arid regions of Northwest China provide an understanding
of the spatiotemporal diversification patterns associated with environmental and climatic
change; examples include Gymnocarpos przewalskii [25], Reaumuria soongarica [7], Nitraria
sphaerocarpa [8], and Juniperus sabina [14]. These studies demonstrated that climate oscilla-
tions have profound effects on the evolutionary processes of native desert species, resulting
in allopatric divergences [14], regional range expansion [7], and the contraction or fragmen-
tation of population distribution [8]. However, little is known about how desert species in
Northwest China responded to past geological changes, especially during the formation
and development of deserts. In addition, most studies have focused on shrub species
instead of herbs, which are better suited for depicting some aspects of plant evolution due
to their short life cycle.

The annual herb Stilpnolepis centiflora belongs to Anthemideae Cass. (Asteraceae) [26].
Stilpnolepis is considered a monospecific genus based on research about its life history,
geographical distribution, and pollen morphology [27,28]. S. centiflora is an endemic
species with disjunct distribution between five deserts (Figure S1) [27], primarily found on
mobile sand dunes and flat sand sheets between dunes. Its flowers are pollinated by a wide
variety of insects such as bees and flies, and the seeds are usually dispersed by gravity. Due
to the uplift of the QTP and climate change during the Quaternary period, the geographical
and natural environments varied dramatically in the arid land region in Northwest China,
especially in desert regions. S. centiflora, as an endemic desert plant species, has historically
experienced many environmental and geographic changes; hence, we hypothesized that
the present distribution of S. centiflora is the consequence of a series of geomorphological
adjustments in the region.

In the present study, we amplified and sequenced two maternally inherited chloroplast
DNA (cpDNA) markers (psbA-trnH, trnQ-rps16) as well as the biparentally inherited
internal transcribed spacer (nrITS) region. The data were combined to detect intraspecific
divergence and possible hybridization and introgression events [29,30]. Our objective for
the present study was to understand the level of genetic variation, population structure,
and genetic divergence of S. centiflora using cpDNA and ITS markers.

2. Materials and Methods
2.1. Sampling Methods

Two hundred eighty S. centiflora individuals were collected from 28 populations dis-
tributed across five deserts, covering most areas where the species is found distributed
in China. The sample consisted of four populations (populations 1–4) from the Kubuqi
Desert, four populations (populations 5–8) from the Mu Su Desert, four populations
(populations 9–12) from the Badain Jaran Desert, eight populations (populations 13–20)
from the Ulan Buh Desert, and eight populations (populations 21–28) from the Tengger
Desert (Table S1). In each population, whole fresh plant organs with flowers/fruits were
collected as voucher specimens, and young leaf samples were collected from 10 individuals
and dried in silica gel. When sampling, a distance of at least 30 m was maintained between
individuals within the same population to increase the likelihood of sampling interindivid-
ual variation. We used three species as external groups (Elachanthemum intricatum, Artemisia
montana, and Artemisia frigida). Elachanthemum intricatum was sampled and used as an
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outgroup in the subsequent analyses. The target sequences of the other two outgroup
species were extracted from the chloroplast genome sequence downloaded from GenBank:
Artemisia montana (KF887960.1) and Artemisia frigida (JX293720.1). Voucher specimens were
collected and deposited in the Herbarium of Xinjiang Institute of Ecology and Geography,
Chinese Academy of Science (XJBI).

2.2. Laboratory Procedures

DNA was extracted using a modified CTAB protocol [31]. Firstly, we amplified the
two chloroplast (cpDNA) genes psbA-trnH and trnQ-rps16 intergenic spacers using primers
and cycling conditions described by Shaw et al. [32,33]. We used a total of 30 cycles of
denaturation at 94 ◦C for 30 s, annealing at 52 ◦C for 30 s, and elongation at 72 ◦C for 90 s,
and a final elongation at 72 ◦C for 10 min. Secondly, we amplified the nuclear internal
transcribed spacer (ITS) in 250 individuals, using forward (ITS1) and reverse primer (ITS4)
for amplification for both internal transcribed spacers and the 5.8S gene [34]. Amplification
products were purified from 1.5% low-melting agarose gels, and the desired PCR fragment
was recovered with a UNIQ-10 kit (Shanghai SBS, Biotech Ltd., Shanghai, China) according
to the manufacturer’s recommendations. Sequencing reactions were conducted on the
recovered PCR fragment using the forward or reverse primers of the amplification reactions
and the DYEnamic ET Terminator Kit (Amersham Pharmacia Biotech, Cambridge, UK),
followed by sequencing with an Applied Biosystems 3730 Capillary DNA DNA Analyzer
(Shanghai Sangon Biological Engineering Technology & Services Co., Ltd., Shanghai, China).
DNA sequences were edited using SeqMan (Lasergene, DNASTAR Inc., Madison, WI, USA)
and initially aligned with Clustal X 1.81 [35].

2.3. CpDNA and ITS Sequence Analysis

For cpDNA, we concatenated the two chloroplast gene fragments used in the analysis.
For ITS, haplotypes of heterozygous individuals were reconstructed with the PHASE algo-
rithm implemented in DnaSP 5.10 [36], using a recombination model with no assumption
about rate variation and an initial estimate of 0.0004. The Markov chain Monte Carlo
(MCMC) method was run for 1000 iterations with a burn-in of 100, a thinning interval
of 1, and an output probability threshold of 0.9. This method is a reliable way to infer
differences in alleles in heterozygotes and, therefore, a suitable alternative to cloning and
omitting unresolved genotypes for phylogeographical analysis [37]. Identical haplotypes
for cpDNA and phased nrDNA alleles were collapsed using DNASP 5.10. Newly identified
sequences were submitted to GenBank under the accession numbers MF416962-MF417003
(Tables S2 and S3).

Phylogenetic trees were constructed using the neighbor-joining (NJ) method imple-
mented in MEGA version 11.0 [38]. The NJ analysis incorporated Kimura’s 2-parameter
model of DNA evolution [39]. The relationships between cpDNA haplotypes and ri-
botypes for ITS were estimated with Network version 4.6.0.0 using the median-joining
method [40,41].

Nucleotide diversity (π), haplotype diversity (H), and the number of segregating sites
(S) were calculated from both cpDNA and ITS data using Arlequin 3.5 [42]. Isolation-
by-distance analysis was conducted using a Mantel test implemented in Alleles in Space
(AIS) [43]. Mantel’s test explicitly tests the plausibility of an isolation-by-distance scenario
in AIS to analyze the relationships between genetic and geographic distances between
sampling localities.

Genetic differentiation among populations was evaluated using the GST and NST
coefficients implemented in Permut CpSSR v.2.0 [44] based on 2000 random permutations
of haplotypes across populations. If NST is significantly higher than GST, then genealogically
closely related haplotypes tend to occur together within populations, providing evidence
for phylogeographical structure.

We used spatial analysis of molecular variance (SAMOVA 2.0) to partition the popu-
lations into genetically and geographically homogeneous groups [45]. Data from cpDNA
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and nrDNA were separately analyzed using 100 simulated annealing processes by varying
K (number of groups) from 2 to 10. The best K value was selected according to when FCT
reached a plateau. In addition, we performed Bayesian analysis of population structure as
implemented in Structure version 2.2 to infer the most likely number of population genetic
clusters (K) in the cpDNA dataset [46]. K ranged from 1 to 10, with 10 replicates performed
for each K using a burn-in period of 2 × 105 and MCMC of 5 × 104. For this analysis, a
“no-admixture model” and independent allele frequencies were chosen. The most likely
K value was determined based on the Delta K statistic according to Pritchard et al. [47]
using Structure Harvester [48]. To investigate the level of genetic variation among and
within groups, hierarchical analysis of molecular variance (AMOVA) was performed using
multiple categorical variables (populations, haplotypes, sampling locations, clade, and
lineage) [49]. AMOVA was conducted using Arlequin v.3.5 and 1000 random permutations.

Bayesian Evolutionary Analysis Sampling Trees (BEAST) v.1.8.2 [50] was used to
reconstruct haplotype gene trees and simultaneously estimate the divergence times between
haplotypes. We used a constant-size coalescent tree prior and GTR substitution model in the
analysis. As there is no fossil record of Stilpnolepis, we adopted a substitution rate method.
The cpDNA substitution rates of most angiosperm species were estimated to vary between 1
and 3 × 10−9 substitutions per site per year (s/s/y). Due to the uncertainty of the rates, we
used normal distribution priors with a mean of 2 × 10−9 and an SD of 6.080 × 10−10 within
the 95% distribution range to estimate divergence times [51]. Although molecular clock
estimates vary and, in most cases, only provide crude estimates of divergence times, they
can provide insight into the approximate timing of divergences. Hence, we interpreted our
molecular clock findings with an appropriate level of caution. The posterior distributions
of the parameters in the MCMC analyses were approximated with 10 million steps in each
analysis and sampled every 1000 generations. Convergence of the parameters sampled
was checked with the program Tracer v.1.5 to examine the highest effective sampling size
values (ESSs > 200) for all parameters [52]; the burn-in steps were discarded to estimate the
posterior probability distribution of divergence time at the relevant node. FigTree 1.3.1 [53]
was used to display the sampled trees.

The demographic history of the predicted groups based on phylogenetic analysis of
haplotypes was assessed for all 28 populations; only 4 populations from Badain Jaran Desert
and 8 populations from Tengger Desert used three methods implemented in Arlequin
v. 3.5. Firstly, Tajima’s D [54] and Fu’s Fs statistics [55] were used to explore evidence
for demographical expansions using a null distribution of 10,000 coalescent simulations.
Significantly negative values indicate that population expansion has occurred. Secondly,
mismatch distributions [56] were calculated to test for signals of demographic expansion
with populations undergoing exponential growth expected to show a smooth unimodal
mismatch distribution curve [57]. The significance of sum of squared deviations (SSD) and
raggedness indices was determined by bootstrap resampling (10,000 replicates). Similarly,
the HRag significance was determined for SSD with 1000 parametric bootstrap replicates.
When an expansion model could not be rejected, we estimated the expansion time (t) as
t = τ/2u, where τ is calculated as the time to expansion in mutational units and u is the
mutation rate per generation for the whole sequence. The u is equal to µgk, where µ is the
substitution rate in substitutions per site per year (s/s/y) and k is the two-cp sequence
length. The generation time (g) was estimated to be one year. The substitution rate range
of the two combined cpDNA-IGS regions was perceived as the minimum and maximum
mutation rates of 1.0 × 10−9 s/s/y and 3.0 × 10−9 s/s/y [58].

3. Results
3.1. Genetic Variation Based on Plastid Sequence

The total alignment length of the two chloroplast regions (psbA-trnH, trnQ-rps16)
surveyed across 280 individuals from 28 populations of S. centiflora was 1345 bp, including
nine substitutions that were represented by six haplotypes (H1–H6) (Table S4). The haplo-
type compositions for each population are presented in Table 1. Although the cpDNA data

478



Diversity 2022, 14, 104

revealed high haplotype diversity (h = 0.794) across all 28 populations, only populations
9 and 10 sampled from Badain Jaran Desert had two haplotypes each (H5 and H6) with
a haplotype diversity of 0.36 and 0.20, respectively. Nucleotide diversity was computed
across all populations, and populations 9 and 10 were significantly low, varying from 0.0003
to 0.002. The remaining 26 populations only had a single haplotype with a haplotype and
nucleotide diversity of zero. Three of the six haplotypes (H1, H4 and H5) were shared
between two or three of the five deserts. H1 was shared in two of the populations sampled
from Ulan Buh Desert and four of the populations from Tengger Desert, whereas H4 was
shared among five of the populations from Ulan Buh Desert and one population from
Tengger Desert. H5 was common among the five populations sampled from Badain Jaran
Desert, one population from Ulan Buh Desert, and three populations from Tengger Desert.
H2 and H3 were specific to Kubuqi Desert and Mu Us Desert, respectively, whereas H5
and H6 were observed together in two of the populations collected from Badain Jaran
Desert (Table 1; Figure 1). The within-population gene diversity (HS) was significantly
lower (0.020) than total gene diversity (HT) (0.820, Table 2).
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Figure 1. (A) Geographic distribution of cpDNA haplotypes (H1–H6) detected in the 28 populations
of Stilpnolepis centiflora. The colored dashed curve lines delimitate the population groups (I–IV)
resulting from SAMOVA and network analysis. Blue: lineage I; red: lineage II; green: lineage III;
yellow: lineage IV. (B) The size of circles corresponds to the frequency of each haplotype. The small
black circles on the branches represent hypothetical missing haplotypes.

The total gene diversity HT (0.820) was significantly higher than the average within-
population diversity HS (0.020); therefore, both GST (0.976) and NST (0.986) were high
(Table 2). Around 92.9% of the variation was attributed to genetic differentiation among the
five desert regions; between-population variation accounted for just over three-quarters
(98.6%) of the total variation, indicating strong differentiation and less gene flow between
regions and populations (Table 3). Within each of the five regions, between-population
differentiation was similarly low (Table 3). Overall, these results strongly indicate that
haplotypes are geographically structured across the distribution range of the species.
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Table 2. Estimation of gene diversity (HS, HT) and gene differentiation (GST, NST) across all popula-
tions of Stilpnolepis centiflora.

Date HS HT GST NST

cpDNA 0.020 (0.014) 0.820 (0.018) 0.976 (0.018) 0.986 (0.010)

ITS 0.617 (0.031) 0.817 (0.037) 0.244 (0.042) 0.485 (0.053)
HS, average gene diversity within populations; HT, total gene diversity; GST, interpopulation differentiation; NST,
number of substitution types. Values are means (± SE in parentheses).

Table 3. Hierarchical analysis of molecular variance (AMOVA) based on chloroplast DNA (cpDNA)
and internal transcribed spacer (ITS) data of 280 individuals from 28 Stilpnolepis centiflora populations.

Source of Variation
cpDNA ITS

d.f. PV (%) Fixation Index d.f. PV (%) Fixation Index

Among populations 27 98.6 FST = 0.986 27 46.68 FST = 0.467
Within populations 252 1.4 470 53.32

Total 279 497
Five deserts

Among deserts 4 92.9 FSC = 0.841 ** 4 35.17 FSC = 0.240 **
Among populations

within deserts 23 5.97 FST = 0.989 ** 23 15.58 FST = 0.508 **

Within populations 252 1.13 FCT = 0.929 ** 470 49.25 FCT = 0.352 **
Total 279 497

Four lineages
Among lineages 3 91.73 FSC = 0.879 **

Among populations
within lineages 24 7.27 FST = 0.990 **

Within populations 252 1 FCT = 0.917 **
Total 279

d.f., degrees of freedom; FST, correlation within populations relative to the total; PV, percentage of variation; SS,
sum of squares; VC, variance components. **, p < 0.01; 1000 permutations.

The spatial genetic structure analysis based on cpDNA using SAMOVA showed a
sharp increase in FCT values from K = 2 to K = 10 and then reached a plateau at K > 7
(Figure S2), which suggests four possible groups. The groups obtained using Structure
revealed the substantial phylogeographic patterns and additionally allowed recovering
information about the hierarchical relationships among the groups of populations. When
K = 2, individuals from the TGL-BDJL group were separated from other populations. When
K = 4, further substructuring was observed that corresponds to the TGL-BDJL, WLBH,
MWS, and KBQ geographic groups (Figure S3). A subsequent analysis was conducted to
corroborate the structures detected with this first analysis, excluding TGL-BDJL population
groups from the dataset to determine if any additional substructure could be detected. In
the second analysis, the highest peak at K = 3 corresponded to MWS, WLBH, and KBQ
geographic groups, which confirmed the genetic substructure detected by the SAMOVA
and network analysis (Figures S2 and S3). The topology of the corresponding grouping
configuration resembled that obtained from the NJ analyses (Figure 2). As shown in
Figures 1A,B and 2, the four groups (a–d) were almost completely allopatric and corre-
sponded to different desert regions (a: Badain Jaran Desert–Tengger Desert; b: Kubuqi
Desert; c: Mu Us Desert; d: Ulan Buh Desert).

Three levels of hierarchical AMOVA (Table 3) conducted on cpDNA revealed sig-
nificant great genetic differentiation among the groups (FST = 0.990, p < 0.001). Overall,
these results strongly indicate that haplotypes are geographically structured across the
distribution range of the species. Mantel test showed a moderate but significant correla-
tion (r = 0.304, p < 0.05) between genetic differentiation and geographic distance among
populations (Figure S4).
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Elachanthemum intricatum, Artemisia montana, and Artemisia frigida as outgroups by neighbor-joining
method. Neighbor-joining bootstrap values are shown above branches.

3.2. Genetic Variation, Ribotype Distribution, Population Structure, and Phylogenetic
Relationships between Ribotypes Based on ITS Sequence

Ribotype reconstruction of ITS sequences in PHASE resulted in highly supported
ribotype pairs (p > 0.90) for 250 individuals (500 sequences in total). Although the ITS
commonly represents a family of genes, sequences did not show extremely high levels
of polymorphism, and manual alignment was straightforward. The aligned ITS data set
(714 bp) yielded 31 ribotypes from the 500 sequences (Table S5). Among the 31 determined
ribotypes, 7 nuclear ribotypes (R1, R2, R5, R6, R7, R8, R17) were relatively common
(Figure 3). R6 was widely distributed in the five deserts; R5 and R7 were shared in WLBH,
TGL, BDJL, and KBQ; R17 was shared in TGL, WLBH, and BDJL; R1, R6, and R8 were
shared in KBQ and MWS. R24 was shared in WLBH and TGL. Of the 23 rare remaining
ribotypes, 6 were restricted to MWS (R9, R10, R11, R12, R13, R14), 12 were restricted to
TGL (R18, R19, R20, R21, R22, R23, R25, R26, R27, R28, R29, R30), 2 were restricted to KBQ
(R3 and R4), 2 were restricted to WLBH (R15 and R16), and 1 was restricted to BDJL (R31)
(Table 1). Ribotype diversity computed within populations varied from 0.125 in the WHG
population to 0.825 in the AZQ population with an overall mean value of 0.814 across the
28 populations. Nucleotide diversity within populations varied from 0.0002 in the WHG
population to 0.0034 in the DGN population with an overall mean value of 0.003 across
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the 28 populations (Table 1). Within-population gene diversity (0.617) was lower than total
gene diversity (0.817) (Table 2).
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Figure 3. (A) The geographic distribution of the 28 Stilpnolepis centiflora populations in the deserts of
northwestern China. Each desert is marked using different colors. (B) The networks of 31 ribotypes
of S. centiflora. The size of circles corresponds to the frequency of each ribotype. Small black circles on
the branches represent hypothetical missing ribotypes. Ribotypes are color-coded based on deserts:
Purple: Badain Jaran; blue: Tengger; yellow: Ulan Buh; orange: Kubuqi; green: Mu Us.

For the ITS data, the phylogenetic relationships were reconstructed using NJ methods.
Most of the 31 ribotypes did not form a well-supported clade (Figure S5), and the ribotype
network (Figure 3B) contained the same relationships as the phylogenetic trees (Figure S5).
The genealogical analysis of nuclear haplotypes (Figure 3B) showed that haplotype R6
differed from the others by one to five mutation steps. According to the ribotype network,
there was no apparent association of ribotypes with geography. Compared with cpDNA
data, S. centiflora showed lower population differentiation, with GST values of 0.244 for ITS
data. The SAMOVA analysis of the ITS data did not show strong geographic patterning
compared with analyses of the cpDNA sequences. Nonetheless, AMOVA revealed that
differences among the four cpDNA groups (a–d identified) accounted for 39.68% of the
total nrDNA variation compared with 14.14% among populations and 48.18% within
populations (Table 3). The Mantel test based on ITS data revealed a significant isolation-by-
distance pattern (r = 0.2876, p < 0.001) (Figure S4).

3.3. Demographic History

The neutrality tests did not support the occurrence of population expansions for all
populations, Clade I, and Clade II (Figure 2). The mismatch distribution consisted of a
double-peak curve (Figure 4A–C), which suggests that all populations, Clade I, and Clade II
did not experience demographic expansion. The nonsignificant SSD statistics, HRag value,
neutrality test, and multimodal mismatch distribution (Table 4) all suggest the S. centiflora
population sizes remained relatively stable for long periods in the past (Figure 4; Table 4).
However, the single-peak curve (Figure 4D) in the mismatch distribution for Lineage I is
indicative of demographic expansion. Based on the corresponding τ values, assuming a
substitution rate of between 1.0 × 10−9 and 3.0 × 10−9 s/s/y (see above), we estimated the
possible expansion of S. centiflora in the Tengger–Badain Jaran Desert regions may have
occurred between 0.08 and 0.26 Ma. The mismatch analysis and neutrality test were not
conducted for Lineages I, II, and III since they each comprised only one haplotype.
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Figure 4. Mismatch distribution analysis for cpDNA data for all 28 populations (A), Clade 1 (B),
Clade 2 (C), and Lineage I (D).

Table 4. Results of neutrality tests and mismatch distribution analysis for Clade 1, Clade 2, Lineage I,
and the overall populations based on cpDNA.

Populations τ SSD (p Value) HRag (p Value) Tajima’s D (p Value) Fu’s Fs (p Value)

Overall 4.379 0.034 (0.110) 0.064 (0.220) 1.956 (0.970) 5.793 (0.952)

Clade 1 4.326 0.043 (0.280) 0.136 (0.320) 1.119 (0.893) 4.028 (0.935)

Clade 2 2.742 0.183 (0.120) 0.736 (0.040) 2.322 (0.993) 4.467 (0.965)

Lineage I 0.703 0.026 (0.020) 0.204 (0.010) 0.105 (0.616) 1.296 (0.740)

HRag, Harpending’s raggedness index; SSD, sum of squared deviations.

3.4. Phylogeny-Based Estimations of Divergence Times

The average divergence times of S. centiflora are shown in Figure 5. The initial di-
vergence was estimated at approximately 1.2 Ma (95% HPD: 0.5–2.1 Mya) and the last
divergence was estimated at approximately 0.2 Ma (95% HPD: 0–0.5 Mya) based on an
assumed substitution rate of 1.52 × 10−9 s/s/y in cpDNA. Thus, the species divergence
occurred in the Middle–Late Pleistocene.
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4. Discussion
4.1. Genetic Diversity and Genetic Differentiation

Our results demonstrate that the 28 populations of S. centiflora have a high level of total
haplotype diversity (HT = 0.820) (Table 1). High cpDNA diversity has also been reported in
several other endemic or relict species in Northwest China (J. sabina with HT = 0.577 [14],
R. soongarica with HT = 0.607 [7], G. przewalskii with HT = 0.849 [25], and N. sphaerocarpa
with HT = 0.887 [8]). A possible explanation for the high diversity in S. centiflora is its
long evolutionary history, which may have allowed the accumulation of genetic variation.
Moreover, the wide geographical range of this species across a geologically dynamic region
provides ample opportunities for isolation, drift, and mutation.

A high level of cpDNA diversity was detected at the species level among populations
(GST = 0.976); however, it was low (HS = 0.020) within populations. Yet, the GST (0.976) of
S. centiflora is higher than that of other angiosperm species (mean value of GST = 0.637 [59]).
Low genetic diversity within populations and high genetic differentiation among pop-
ulations indicate a lack of gene flow between populations for different reasons. Firstly,
S. centiflora may have undergone long-term habitat fragmentation and geographic isola-
tion among populations. This possibility has been interpreted as a consequence of strong
bottlenecks or genetic drift associated with small effective population sizes for maternally
inherited markers [60]. Secondly, high genetic differentiation among populations may also
be due to limited gene flow through seeds associated either with geographical distance
or mating system (either self-fertilization or clonal propagation, or both) [61]. This clearly
applies for S. centiflora, which is hindered by geographic separation and physical barriers
between deserts. In this manner, a high biologic heterogeneity may arise in desert land-
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scapes. AMOVA revealed a marked differentiation between populations from different
desert regions. Network and phylogenetic analyses also showed that ecological boundaries
between the deserts limited gene flow in the species.

4.2. Identifying a Contact Zone between Deserts

Genetic divergence between lineages indicates a history of isolation. It is possible that
the glacial cycling of the Plio-Pleistocene likely had a profound influence on the biogeo-
graphical history of species in this region. The continually shifting climates associated with
Quaternary glacial oscillations would have dramatically affected diversification patterns
within S. centiflora. During the Plio-Pleistocene, the climatic conditions in the deserts and
steppes of Northwest China continuously varied. Steppes currently separate deserts; e.g.,
the Ordos grassland/steppe is located between the Kubuqi and Mu Us deserts. However,
during the last glacial maximum of the Quaternary (approximately 18,000 years ago), the
desert expansion in Northwest China would have also promoted desert species expan-
sion [7]. Data regarding S. centiflora growing in different deserts provide strong evidence
for the complex evolutionary history of this species.

Recent genetic research on the patterns of Quaternary contraction and expansion of
many forest species in East China during glacial cycling has identified many refugia where
multiple species survived the glacial maxima and contact zones where the same species
from the different refugia met in the postglacial periods [62,63]. How can refugia and
contact zones be distinguished? Generally, refugia have been identified by high levels
of genetic diversity and private haplotypes within species. These haplotypes may not
participate in the recolonization process and cannot be found elsewhere. Most importantly,
haplotypes in refugia often have relatively close genetic relationships. However, haplotypes
in the contact region genetically diverge. According to the phylogeny tree and haplotype
network of cpDNA, the six chloroplast haplotypes found in our study can be divided into
four lineages (I, II, III, IV) with high bootstrap supports (Figures 1A,B and 2). However,
we could not detect any phylogeographic structure in NST/GST (Table 2), suggesting that
the lineage admixture may exist. We found high genetic diversity, many haplotypes and
ribotypes, and the occurrence of heterozygosity in the zones between the Tengger and Ulan
Buh deserts. In addition, divergent haplotypes from Lineages III and IV are sympatrically
distributed in these regions, suggesting that the region between the Tengger and Ulan Buh
deserts is a contact zone into which different lineages dispersed from multiple refugia.
Interestingly, Lineages II and III appear to be distributed strictly in an allopatric fashion; i.e.,
there was no contact zone between the two deserts. The most likely reason is that the impact
of Quaternary climate change differed between the eastern (Kubuqi and Mu Us deserts)
and western deserts (Badain Jaran, Tengger, and Ulan Buh deserts) [17]. The development
and enlargement of mobile sand dunes were conducive to S. centiflora expansion, which
resulted in haplotype sharing between the western deserts. However, the eastern deserts
were less affected by Quaternary climate change than the western deserts. Therefore,
semifixed or fixed sand dunes in the eastern deserts are not conducive to species expansion.
Additional research must be conducted in the central Ordos area between the Kubuqi and
Mu Us deserts to confirm this hypothesis and determine whether these two lineages come
into contact.

4.3. nrDNA and cpDNA Variation

For S. centiflora, due to the arid desert environment, long distances between the five
deserts, and consequent limitations on seed-mediated gene flow and pollinator movement,
population discontinuities should be described by significant nrDNA and cpDNA variation.
However, only cpDNA variation reflected significant genetic barriers. For the nrDNA ITS
data, the AMOVA analysis showed that variation within populations was greater than that
among populations (Table 3). The permutation test also revealed a significantly higher NST
value than GST value in the ITS data but not in the cpDNA data (Table 2). The cpDNA
data showed no shared haplotypes among the four groups or phylogeographical structure,
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which likely occurred because of the discontinuous distribution of common haplotypes
(e.g., H1 and H5) across different geographic regions; however, nrDNA had both. The
inconsistency between the two datasets may be due to their different modes of inheritance
and dispersal among populations (e.g., maternal vs. bipaternal, seeds vs. both seeds
and pollen), faster substitution rates, and concerted evolution of nrITS sequences [64,65].
Therefore, nrDNA ribotypes represent gene flow by both seeds and pollen in S. centiflora,
whereas the cpDNA haplotypes represent gene flow by seeds, which are more restricted
among the four groups [58,66]. Our data suggest limited seed-mediated gene flow, but
extensive pollen movement between desert ranges. From our result, we conclude that the
ecological transition regions between deserts, as soft barriers, play distinct roles in limiting
the gene flow when considering seed vs. pollen.

4.4. Relationship between Allopatric Divergence of S. centiflora and the Evolution of Deserts

Many studies had shown that the dramatic climate events of the Pleistocene era were
critical to the formation and development of desert flora in Northwest China [7,8,25,67].
It is especially attractive to focus on the Pleistocene’s glacial history and the formation
of sandy habitats as key factors promoting adaptive divergence S. centiflora, which is
endemic to sand dunes. Six cpDNA haplotypes were found in the 28 populations across
the entire geographic distribution of S. centiflora. These haplotypes uniquely belonged to
four distinct lineages in the phylogenetic tree (Figure 2), which is consistent with their
respective distribution in four separate regions: Badain Jaran–Tengger, Ulan Buh, Kubuqi,
and Mu Us deserts. Although this species shows allopatric distribution patterns, it is
less geologically isolated. Interestingly, populations from four regions of S. centiflora
in Northwest China showed significant genetic differentiation, especially at the cpDNA
marker, with different chloroplast haplotypes fixed in each region. Similar allopatric
divergence and fragmentation have been reported for J. sabina [14], G. przewalskii [25], and
N. sphaerocarpa [8] in Northwest China.

We hypothesized that the five sand deserts in our study originated during the Quater-
nary period [16,17]. The sand deserts developed due to the mobilization of paleo-eolian
sand, which likely occurred due to climate cooling and aridification driven by the marked
Kun-Huang Movement (1.2, 0.8, 0.6 Ma) of QTP lift during the Quaternary [68], and cli-
mate oscillation during the Naynayxungla glacial period (1.2–0.6 Ma) [6,69,70]. Evidence
from eolian sand, sediments, and fossil pollen indicate that the majority of the deserts’
formation and expansion occurred at roughly 1.0 Ma [16,17]. Regarding the relationship
between haplotype distribution and deserts, the history of desert development serves
as a background and key to understanding the evolution of S. centiflora. Our molecular
clock results (Figure 5) dated the separation of S. centiflora clades at 0.2~1.2 Ma during the
Pleistocene. The timing entirely coincides with the known formation and development of
the deserts, which implies that the evolution of S. centiflora may have been synchronous
with their formation. The haplotypic genetic traits can be inferred to have originated in
conjunction with the formation and development of the deserts since 1.8 Ma. In particular,
starting from 1.2 Ma during the Quaternary, the Kun-Huang Movement of QTP lift and
climate oscillation during the Naynayxungla glacial period were possible evolutionary
driving forces. Geological and climate change events played important roles in sand desert
formation in Northwest China because of lowered temperatures and increased aridity.
Although Northwest China remained unglaciated, this period of intense climatic instability
might have caused the fragmentation of species distributions, due to reductions in suitable
habitats within the region, consequently leading to genetic differentiation among isolated
region populations. In addition, gene flow among S. centiflora populations would have
been readily interrupted due to its low seed dispersal capacity and the ecological barri-
ers between deserts. Several animal and plant species have been studied that exhibited
intraspecific diversifications that partly correspond with regional uplift and Quaternary
glaciations of the Middle and Late Pleistocene [71–73].
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5. Conclusions

The present phylogeographic study of S. centiflora based on cpDNA and ITS sequences
reveals the influence of complex geological and climatic events on patterns of diversification
and distribution in this endemic desert species. The major diversification of S. centiflora that
occurred 1.2 Ma is likely related to geological movement and climate change. Furthermore,
Pleistocene glacial cycles may have been important for structuring the four lineages found
and creating the geographical contact zone between the WLBH and TGL deserts. Our
results highlight a substantial contribution to our knowledge of past vegetation and climate
dynamics in the arid land in Northwest China. However, further phylogeographic studies
of S. centiflora are needed using whole genome sequence or genome-wide markers to
address the conflicting results that we reported based on cpDNA and ITS sequences.
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Abstract: Identifying the species abundance distributions (SADs) in Tiankeng forests is crucial
for restoring and managing degraded karst ecosystem, whereas previous studies rarely explored
the differences and response of vegetation dynamics to environmental variations. The species
composition and SADs of the inner and outer fringe areas of Tiankeng forest and nearby non-
Tiankeng forest were compared in Southwest China. Six models were adopted to compare SADs of
three habitats. Kolmogrov–Smirnov (K–S) test was selected to compare the discrepancy between the
simulated and observed SAD patterns. The Akaike Information Criterion (AIC) test was adopted to
compare the models, and the best model was indicated by the lowest AIC value. The results showed
that (1) the species dispersal from the inside of Tiankeng forests to the nearby non-Tiankeng forests is
limited, while species have unlimited dispersal from nearby non-Tiankeng forests to the inside of
Tiankeng forests via the fringe of Tiankeng forests. (2) Species abundance, species rarity, richness, and
species accumulation rate in the Tiankeng forests were significant in non-Tiankeng forests (p < 0.05),
and most species in inner Tiankeng forests originated from nearby non-Tiankeng forests. (3) Based on
the criterion of K-S values, all models have passed the K–S test (p > 0.05), which indicated that niche
processes and neutral process worked together in the maintenance of community species diversity,
the community in study area is a niche-neutral continuum. (4) Considered the lowest AIC value,
the neutral (4mean AIC = 1.3) models performed better than the niche (4mean AIC = 22.7) models
and statistical (4mean AIC = 2.7) in the Tiankeng forest, while the statistical models performed better
than the niche and neutral models in the non-Tiankeng forests. The results suggested that the main
driving force of Tiankeng forests is the neutral process. The negative terrain in Tiankeng restricted
the species dispersal due to topographic constraints. However, the species dispersal from the nearby
non-Tiankeng forests could promote the species succession in the inner Tiankeng. Therefore, we
propose that nearby non-Tiankeng forests should be emphasized for protecting the biodiversity of
Tiankeng forests.

Keywords: species abundance distribution (SAD); neutral process; Tiankeng forests; negative terrain;
plant refuge

1. Introduction

Understanding the mechanism for the maintenance of species diversity in commu-
nities has become an issue of ecological concern [1]. At present, two major theories have
been advanced to explain the rules of community assembly mechanisms. Niche theory
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proposes that species diversity is affected by deterministic processes, such as environment
filtering, competition, and exclusion within species [2–4], while neutral theory emphasizes
the effect of random processes, such as diffusion limitation on the composition and dis-
tribution of species, distance decay, and species turnover rate [5–7]. Species abundance
distribution (SAD), the basic proportional abundance of species combined in an ecological
community, is one of the important ways to encapsulate the characteristics of community
diversity [8,9].

Since the 1940s, all kinds of models have been used to verify mechanistic rules to
explain the structure of ecological communities, and reveal the effects of various ecological
processes in SADs patterns [10,11]. There are three types of models, namely statistical,
niche, and neutral. Statistical models, such as Fisher’s log-series and Preston log-normal,
describe the complexity of community composition using mathematics [12,13]. Niche
models, such as the Broken stick and Niche preemption, focus on the connection of niche
theory and SAD to infer species competition or repulsion [14–16]. While the neutral
models, such as Zero-sum polynomials [16,17] and Volkov model [18], are used in testing
for random species abundance patterns and emphasizing random effects on community
construction [8]. Different models can only demonstrate a part of community ecological
process. Therefore, many scholars mostly adopt a combination of multiple models to
analyze the SAD pattern in different objects, including alpine meadows [19], tropical
forests [20], subtropical evergreen-deciduous broadleaved mixed forests [21]. However,
the current research on forest communities of SAD models in negative terrain habitats is
still unclear.

Tiankeng is a kind of karst negative terrain with a huge volume [22,23]. The Tiankeng
forest is located in the Tiankeng. The Tiankeng forest is divided into two areas and each
have their own unique features. At the top of Tiankeng is the fringe area, a complex
ecotone between the nearby non-Tiankeng forest and Tiankeng forests was influenced
by some human disturbance. The Tiankeng forest interior is located on the negative
terrain of the Tiankeng and is surrounded by the fringe of Tiankeng forest. Here, the
topography is steeped and sloped, and there are adequate hydrothermal conditions and
less human interference [23,24]. The nearby non-Tiankeng forest, located in a positive
terrain, is a well-preserved karst forest near Tiankeng [25–27]. From an existing vegetation
distribution perspective, the non-Tiankeng forest vegetation reflects the adaptation of
species to limestone geology and human disturbance, while the Tiankeng forest reflects
species independent evolution in a natural negative terrain [27,28]. At present, most studies
on Tiankeng forests focus on geological features [29], landscape value [22], biodiversity [24],
plant community structure [23], interspecific association [30], functional traits, and species
adaption to the environment [25]. However, only a few studies have focused on the effects
of nearby non-Tiankeng forests, especially for the species dispersal or invasion [24,27].

The Tiankeng and nearby non-Tiankeng forests are unique vegetation distributed on
karst landforms. Combining the SADs pattern in Tiankeng forests and nearby non-Tiankeng
forests not only benefits us to reveal the maintenance mechanism of species diversity in
fragmented forests, but also helps us to suggest vegetation restoration and reconstruction
in ecologically sensitive areas. In this study, we selected three habitats, the inside of
Tiankeng forests, the fringe of Tiankeng forests and the nearby non-Tiankeng forests as
the study area A total of six sampling plots were established at a scale of 40 m × 40 m.
Based on the composition characteristics of woody plant, the variations in important value
of dominant species, species empirical cumulative distribution functions (ECDF) curve,
species-abundance curve, Jaccard similarity index, and six SAD’s models fitting (Fisher’s
log-series, Preston log-normal, Broken stick, Niche preemption, Zero-sum polynomial, and
Volkov model) have been utilized to address the following questions for three habitats (the
inside of Tiankeng forests, the fringe of Tiankeng forests, and the nearby non-Tiankeng
forests): (1) What are their difference in species composition; (2) What are their SADs
patterns; (3) What are their main driving forces for the maintenance of community diversity?
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2. Materials and Methods
2.1. Study Area

This study was carried out in the Dashiwei Tiankeng Group branch, located at 24◦30′ N
to 25◦03′ N and 106◦10′ E to 106◦51′ E, in Leye, Guangxi, southwest China. The study area
has a big difference in elevation, higher in the southwest (Guizhou plateau) and lower
in east, north, and west (Guangxi basin). The local climate is mid-subtropical monsoon.
There is a rainy season from May to October. The annual average rainfall is 1400mm,
rainfall accounts for 85% of the mean precipitation, annual relative humidity is 85%, and
mean average temperature is 16.6–23.0 ◦C. Hydrological conditions are superior, with the
first-level tributary of the Hongshui river–Bailang underground river system. In the middle
of the “S”-shaped fold of the Bailang underground river, the river channels are intricate and
unique, forming many special peak clusters, depressions, and Tiankeng negative terrain.
Soils are developed from limestone weathering and are alkaline acidic clay. The Tiankeng
forest was distributed mainly on the Tiankeng negative terrain. The study area is evergreen
and deciduous broad-leaved mixed forest with average altitude of 1200~1266 m [22–25,27].

2.2. Survey and Sampling

To explore SADs between Tiankeng and nearby non-Tiankeng forest, a reconnaissance
survey and vegetation data collection in Dashiwei Tiankeng Group was carried out from
10 August to 20 November 2019. Because most of the Tiankeng forests are steep and difficult
to reach, the number of plots in each area was determined by the size of forests, community
structure, vegetation, and topography conditions [25]. Sampling methods followed Ma [8]
and Zhang [31]. Three habitat types (the inside of Tiankeng forest, the fringe of Tiankeng
forest, and the nearby non-Tiankeng forest) from six sampling sites were selected within
the study area based on differences in location of phytocoenoses in Tiankeng. Furthermore,
the study area for each type of habitat was 3200 m2, and each sampling site was divided
into 16 plots at a scale of 10 m × 10 m.

The inside of Tiankeng forest includes Liuxing Tiankeng (LX) and Dacao Tiankeng (DC).
Liuxing Tiankeng is of 890 m × 320 m and a depth of 210–290 m, which is the second
largest Tiankeng in the Dashiwei group, and Dacao Tiankeng is a general Tiankeng of
250 m × 140 m with a depth of 62–108 m. In the inner area of both Tiankengs are reachable,
natural, and contain abundant species [22]. The fringe of Tiankeng forest contains the Luo-
jia (LJ) and Shenmu Tiankeng (SM). The Luojia Tiankeng is 140 m × 100 m and 71–128 m
deep, and Shenmu Tiankeng is 300 m × 270 m with a depth of 186–234 m. Between Luojia
and Shenmu Tiankeng of the outer fringe area, there is human interference and rich species
diversity [22]. The nearby non-Tiankeng also includes two sampling sites, one (LA) is
near the village and other one (SW) is near the farmland; between them are well protected
karst forests with complex communities. For our research, plot names are coded firstly by
location (see above), and secondly as either inside of Tiankeng forest (-TK), in the fringe
of Tiankeng forest (-BY), or the nearby karst non-Tiankeng forest (-FS) (Figure 1). In each
quadrat, the abundance, diameter at breast height, basal diameter, and cover of all woody
species with a diameter at breast height ≥1 cm were recorded.

2.3. Data Analysis

All the original data were recorded and preserved in the key laboratory of ecology
of rare endangered species and environmental protection, Guangxi Normal University,
in order to preliminarily identify the plant scientific names [31]. Plant family, genus, and
species were identified by the online Flora of China (http://www.iplant.cn/foc/, accessed
on 9 December 2021) and Wei et al. [32] for all the collected specimens. Species abundance
comes from the number of individuals of each species recorded in each sampling site.
The dominant species were determined by the higher importance value (P) [33]. Species
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importance value was calculated from the relative frequency (RF), relative abundance (RA),
and relative dominance (RD) [34] as:

P = [(RF + RA + RD)/3] × 100% (1)
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Figure 1. Map of the study area including the plot location. Sample sites in Dashiwei Tiankeng Group,
Leye, China (a,b). Location of three habitats (c–e), the nearby non-Tiankeng forest (c), the fringe of
Tiankeng forest (d), and the inside of Tiankeng forest (e). Maps are created with ArcMap 10.5. Data
map source from the Ministry of natural resources, PRC (http://www.mnr.gov.cn/, figure number:
GS(2016)1595, accessed on 23 November 2021), Geospatial data cloud, Chinese Academy of Sciences
(http://www.gscloud.cn/, accessed on 23 November 2021).

We used two curves (species ECDF and species abundance curve) to visually observe
the SADs pattern in six sampling sites, and a Kruskal–Wallis test (K–W) was used to
compare the SAD’s difference in the ‘dplyr’ packages of R software 4.0.0. (R Core Team,
Vienna, Austria) [35,36].

The alpha diversity indices, such as species richness (Sp) and Shannon–Wiener in-
dex (H′) were assessed for the species, the formula [37] is as follows:

SP = S (2)

H′ = −∑ PilnPi (3)

where S represents the number of species and Pi represents the ratio of the abundance of
the i-th species to the total abundance.

The beta diversity indices, such as Jaccard index (C′), were assessed for the species to
compare the similarity in two communities. The formula [38] is as follows:

C′ = c/(a + b − c) (4)

where a and b are the number of species in the two communities and c is the number of
species in common in the two communities.

2.4. Models Selection

Six models were selected to simulate the SAD pattern, including two statistical models
(Fisher’s log-series model and Log-normal model), two neutral models (Zero-sum poly-
nomials model and Volkov model), and two niche models (Niche preemption model and
Broken stick model) [1,8]. The details are as follows.

(1) Fisher’s log-series model

This model was proposed by Fisher et al. [39]. It uses a negative binomial distribution
to describe the relationship between the number of species and the individuals of species.
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This model excludes species without individual numbers [40]. The calculation formula [39]
is as follows:

S(n) = αXn/n (5)

where α (α > 0) is the species diversity index of the community, similar to species richness,
n is species abundance, S is the number of species, and X is a constant (Tends to 1) [16].

(2) Log-normal model

This model assumes that the logarithm of the number of species in the community
conforms to the normal distribution, and the abundance of the i-th species is recorded as
Ai. The calculation formula [13] is as follows:

Ai = elog(µ)+log(ϕ), i = 1,2,3, . . . , S. (6)

where µ is the mean of the normal distribution, δ is the standard deviation of the normal
distribution, and ϕ is the normal deviation.

(3) Broken stick model

In this model, a broken stick with a length of 1 is represented as the total niche in the
community, and it is given to S species [14]. The competitiveness and taxonomic status of
each species are basically similar, and they exist in the community at the same time [15]. If
the total number of individuals in the community is J, the abundance Ai of the i-th species is:

Ai = J/S, i = 1,2,3, . . . , S. (7)

(4) Niche preemption model

The model assumes that species 1 first occupies k parts of the niche in the community,
and species 2 occupies the remaining k(1 − k)2 parts, and so on, until the remaining
resources cannot sustain the survival of another species [15]. If A1 is the abundance of the
most dominant species predicted by the model, the abundance Ai of the i-th species is:

Ai = A1 (1 − k)i−1, i = 1,2,3, . . . , S. (8)

(5) Zero-sum polynomials model

This model assumes that the species abundance distribution at a certain point is de-
rived from the random drift of the neutral composite community. This model includes two
parameters, the number of individual species (J) at the sampling point and the fundamental
biodiversity number (θ) [17]. Therefore, the number S of species with an abundance of n at
a sampling point in the composite community is expressed by the formula:

S(n) =
∫

0
Jfn,i(y)(1 − y/J)θ−1dy × θ/n (9)

fn,δ = exp(−y/δ)yn−1/τ(n)δn (10)

(6) Volkov model

When the model fits the SAD of the community, compared to the composite commu-
nity zero-sum polynomial model, the migration rate (m) is increased, and this migration
coefficient is assumed to be constant from the composite community to the local commu-
nity [18]. According to this model, the number S of species with an abundance of n in a
local community can be expressed as:

S(n) = θ[J!/n − (J − n)][τ(γ)/τ(J + γ)]exp(−yθ/)γdy
∫

0
γτ(n + y)τ(J − n + γ − y)/τ(1 + γ)τ(γ − y) (11)

Γ(Z) =
∫

0
∞tZ−1e−t (12)
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γ = m(J − 1)/1 − m (13)

2.5. Fitting Tests for Models

We performed K-S test based on 999 times bootstrap simulation to verify the fitting
results between the observed and simulation values from six models. When the p < 0.05, this
test indicates that the model has not passed the test, otherwise, the model is accepted [41].
The goodness-of-fit of the model was determined by the lowest AIC value. If the AIC
value of a model is more than 2 (4AIC > 2) and lower than others, then this model is
considered significantly better than other models [42]. These basic statistical analyses were
conducted using the ‘sads’ and ‘Matching’ packages in R software 4.0.0. (R core team,
Vienna, Austria) [36,42].

3. Results
3.1. Species Composition of Tiankeng Forests and Nearby Non-Tiankeng Forests

A total of 3599 individuals of woody plants were recorded in the study sites and
the species composition of woody plant was rich and complex. There were 20 families,
21 genera, and 31 species in DC-TK; 24 families, 27 genera, and 32 species in LX-TK;
27 families, 27 genera, and 48 species in LJ-BY; 26 families, 26 genera, and 50 species in
SM-BY; 30 families, 30 genera, and 47 species in LA-FS; and 30 families, 31 genera, and
41 species in SW-FS. If we compare the importance value of dominant species at different
sites, the dominant species in the inner area of Tiankeng forests is rarely distributed in the
nearby non-Tiankeng forests, while the dominant species nearby non-Tiankeng forests is
frequently distributed in the inner and the fringe of Tiankeng forest (Table 1).

Table 1. The importance value of dominant species at different sites of Dashiwei Tiankeng Group.

Species
The Inside of Tiankeng Forests The Fringe of Tiankeng Forests Nearby Non-Tiankeng Forests

DC-TK LX-TK LJ-BY SM-BY LA-FS SW-FS

Lindera glauca (Sieb. et Zucc.) Bl. 29.82% 9.27% - - - -
Schefflera guizhouensis C. B. Shang 21.44% 4.85% - - - -
Miliusa sinensis Finet et Gagnep. 11.29% - - - - -
Machilus chinensis (Champ. ex
Benth.) Hemsl. 10.69% - 3.88% - - -

Handeliodendron bodinieri
(Lévl.) Rehd. 4.90% 12.32% 6.05% 2.18% 2.91% 3.38%

Choerospondias axillaris (Roxb.) B. L.
Burtt & A. W. Hill 5.72% 10.97% 19.61% - 3.81% 4.84%

Lindera pulcherrima var. Hemsleyana
(Diels) H.P.Tsui 1.29% 9.90% 5.78% - 2.97% 1.10%

Ilex macrocarpa Oliv. - - 10.83% - 4.79% 9.99%
Itea macrophylla Wall. ex Roxb. - - 10.05% - - -
Machilus glaucifolia S. K. Lee &
F. N. Wei - - 8.97% 15.39% - -

Celtis sinensis Pers. 1.10% 8.61% 2.67% - 11.70% 7.84%
Rhaphiolepis indica
(Linnaeus) Lindley - 1.73% 1.64% - 3.15% 12.54%

Illicium simonsii Maxim. - - - - 10.82% -
Cinnamomum bodinieri Lévl. - - 2.47% - 1.05% 10.45%
Litsea rotundifolia var. Oblongifolia
(Nees) Allen - 1.62% 9.78% - 1.26% -

Itea yunnanensis Franch. - 8.20% 8.82% - 5.83% 9.61%

3.2. SADs Pattern in Tiankeng and Non-Tiankeng Forests

There was a significant difference in SADs patterns (Kruskal-Wallis chisq = 16.798,
p < 0.05) between the Tiankeng and non-Tiankeng forests (Figure 2a). The species accumu-
lation rate was highest in the fringe of Tiankeng forests and lowest in the inside of Tiankeng
forests (Figure 2b). The Jaccard index showed that the species similarity between the fringe
and inside of Tiankeng forests was the highest (0.36), followed by the non-Tiankeng forests,
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and the fringe of Tiankeng forests (0.29), and between the inside of Tiankeng forests and
the non-Tiankeng forests was the lowest (0.27) (Figure 2c).
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sites of Dashiwei Tiankeng Group.

3.3. Goodness-of Fit of SADs Models in Tiankeng and Non-Tiankeng Forests

We observed differences in the test values at the 40m×40m scale between forests
with different plots. K-S tests indicated that there were no significant differences between
the simulated and actual SAD values and all models have passed the K-S test (p > 0.05)
between Tiankeng and non-Tiankeng forests (Figure 3). The AIC test of goodness-of-fit
results showed that the neutral models (4mean AIC = 1.3, AIC weights mean = 26.0%)
performed better than the niche (4mean AIC = 22.7, AIC weights mean = 0.1%) and statistical
models (4mean AIC = 2.7, AIC weights mean = 24.1%) in the Tiankeng forest, while the
statistical models (4mean AIC = 2.4, AIC weights mean = 20.0%) performed better than the
niche (4mean AIC = 11.2, AIC weights mean = 15.0%) and neutral (4mean AIC = 3.5, AIC
weights mean = 15.1%) models in the non-Tiankeng forests. According to the results of
neutral theory parameters and the species diversity (Table 2), the fundamental biodiversity
number (θ), species immigration rate (m), species richness, and Shannon–Wiener index
was the highest in the fringe of the Tiankeng forest and the lowest was in the inside the
Tiankeng forests.

Table 2. Neutral theory parameter and species diversity.

Neutral Theory Parameter
Species Diversity Index

Volkov Model Zero-Sum Polynomials Model

Sites θ m θ Species richness Shannon-Wiener index
DC-TK 8.31 0.35 6.71 31 3.81
LX-TK 7.3 0.4 7.24 32 3.64
LJ-BY 16.65 0.59 14.28 48 4.63

SM-BY 15.34 0.62 12.44 50 4.40
LA-FS 13.34 0.41 11.12 47 4.33
SW-FS 14.75 0.42 11.86 41 4.25
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4. Discussion
4.1. Species Composition of Tiankeng Forest and Nearby Non-Tiankeng Forests

The species dispersal plays an important role in the structure, composition, and
succession of vegetation [1]. The species dispersal from the inside of Tiankeng forests to
the nearby non-Tiankeng forests is limited, while species have unlimited dispersal from
nearby non-Tiankeng forests to the inside of Tiankeng forests via the fringe of Tiankeng
forests. The unique negative topography of Tiankeng caused a huge surface drop that
further influenced the species dispersal [26]. The natural geographical barrier caused by
towering cliffs and the huge depth limited the species dispersal from the inside of Tiankeng
forests to the nearby non-Tiankeng forests, hindering the evolution of species-specific
communication. As a result, the species composition of Tiankeng forests was changed
with vegetation landscape fragmentation. However, the internal enclosed environment
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of Tiankeng could be conducive to the independent evolution of species in the Tiankeng
forests, which provided habitats for more precious and primitive species [24]. Instead,
species have unlimited dispersal from nearby non-Tiankeng forests to the inside of Tiankeng
forests. Some of the common species (Choerospondias axillaris B. L. Burtt & A. W. Hill and
Rhaphiolepis indica Lindley) in the nearby non-Tiankeng forests were found in the Tiankeng
forests to become dominant or rare species.

It is obvious that the phenomenon of single family, genera, and species were detected
in study sites of Dashiwei Tiankeng Group. The results indicate that the population in the
study area was a mosaic system formed by multiple local populations. Meanwhile, there
are functional exchanges between the various populations in three habitats. Disturbance
promoted the increase of species diversity, and community ecotones controlled the exchange
of species between different ecosystems [43]. The fringe of the Tiankeng forest was an
ecocritical place of species dispersal, while the nearby non-Tiankeng forest was a regional
species pool for the inside of Tiankeng forests. Fragmented habitats in Dashiwei Tiankeng
Group increase the probability of random extinction of vulnerable species in Tiankeng
forests. However, the species dispersal between habitat patches can also rebuild a new
population in those unoccupied spaces [44]. Therefore, we should protect the nearby
non-Tiankeng forests for maintenance of the ecosystem in Tiankeng forests.

4.2. SADs Pattern in Tiankeng and Non-Tiankeng Forests

There were significant differences in the SAD pattern between the inner and outer
fringe area of Tiankeng forest and nearby non-Tiankeng forest. Species accumulation in
the fringe of Tiankeng forest was the largest, and most species in inner Tiankeng forests
originated from nearby non-Tiankeng forests via the fringe area. On the one hand, the
fringe of Tiankeng forest is surrounded by non-Tiankeng forest and encircles the inside
of the Tiankeng forest [30]. The non-Tiankeng forest is usually distributed in the foothills,
ridges, and slopes near villages and farmlands, and is greatly affected by human activities
which enhance alien species to the Tiankeng forests [22,45]. On the other hand, the inside
of the Tiankeng forest is located at the bottom of the negative topographic structure, and
this benefits species accumulation.

The Tiankeng formation can be tracked back to the Paleocene [46]. At that time, species
in this area would freely migrate. Later, the Tiankeng and the Tiankeng forests gradually
evolved and formed along with the geological movement. By now, with global warming,
nearby non-Tiankeng forests were suffering soil loss, water stress, and degradation, some
species could not adapt to their stress environment and took refuge in the Tiankeng negative
terrain [27,47]. Sufficient water and heat condition, stable growing environment, and tundra
organic-rich soil in Tiankeng provide a favorable place for the heterogeneity and diversity
of species [24,27]. Therefore, by comparing the SADs difference between Tiankeng and
non-Tiankeng forests, we can determine that the Tiankeng forest is a plant refuge formed by
surrounding species that have adapted to the environmental changes. One of the reasons
is that the negative topographic structure promotes the accumulation of species, and the
other is that the external environment deteriorates and species are attracted by the hot and
humid environment of Tiankeng.

4.3. Goodness-of Fit of SADs Models in Tiankeng and Non-Tiankeng Forests

SAD is usually described by various fitting curves to reflect the influence of different
ecological processes [1,6]. Our SAD results show that the neutral model has the smallest
AIC value in Tiankeng forests, while the statistical model has the smallest AIC value in
the non-Tiankeng forests. Therefore, in Tiankeng forests, the main driving force is the
neutral process, and in non-Tiankeng forests, it is the niche and neutral processes. Why
is there a difference? One reason may be related to community structure. In the early
stages of growth, young trees are mainly affected by the neutral process and less affected
by the niche process because they have weak biological characteristics and inter-specific
competitiveness, and are vulnerable to the dangers of surface environment filtering and
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randomness [48]. As the species gradually grow, they not only enhance their biological
characteristics, but also become increasingly affected by environmental filtering and the
interaction between organisms. Finally, when species mature, the main community driving
force is the niche process [31]. Tiankeng forest is an isolated natural secondary forest, the
majority of plant individuals are in the growth period, and species relationship is mainly
driven by heterogeneity of the habitat [27,30]. The negative topographic structure can
protect the species from external interference, and strongly limits their dispersal from
inside to outside in Tiankeng. Therefore, the neutral process plays an important role in the
structure of the Tiankeng forest community, and this is one of the important points to incite
Tiankeng forests being a plant refuge. However, the niche process is still evident with lesser
influence [30]. Non-Tiankeng forests are near mountain secondary forests, of higher density,
and with more younger trees than Tiankeng forests [22]. Additionally, their inter specific
community relationships are more competitive and there is a fierce niche overlap and
differentiation [22,30]. Thus, Tiankeng forests are more vulnerable to the neutral processes,
while the non-Tiankeng forests are more readily affected by niche and neutral processes.

Another reason is lower human interference, and stronger erosion is a feature of
negative terrain, compared to more unstable, vulnerable non-Tiankeng forest terrain [29].
The Dashiwei Tiankeng group is formed under the combined action of flowing water and
gravity erosion [22]. The Tiankeng forest is situated in negative terrain and connected with
the underground river, while the nearby non-Tiankeng forest is located in a downslope
of karst rock mountain. This is the reason for which the Tiankeng forest suffered more
hydraulic erosion and gravity erosion than non-Tiankeng. Therefore, as long as the topo-
graphical differences exist, the advantages in Tiankeng forests will continue. Additionally,
this also raises conjecture, as the nearby non-Tiankeng forests were likely Tiankeng forests
many years ago.

There are differences in aspects of species rarity, richness, migration rate, and accumu-
lation rate between Tiankeng and nearby non-Tiankeng forests, but the ecological, niche,
and neutral processes still work together in SADs. Some argued that niche and neutral
processes are not mutually exclusive community forces, and that they are more like two
endpoints in a continuous pattern, with a gradual transition phase between them [49]. In
other words, any community may be able to find a corresponding position on the “niche-
neutral continuum”. Therefore, there is a trade-off between the niche and the neutral
processes in community; when influence of the niche process declines, it is accompanied by
an increase in the role of the neutral process [50]. Additionally, the trade-off relationship
between the niche and neutral processes is decided by the community structure, species
characteristics, environmental changes, and the outside interference.

Both Tiankeng forests and non-Tiankeng forests are karst forests, but the former, as
a small patch of karst forest in the southwest of China, is under the control of nearby
non-Tiankeng forests through the Tiankeng forest fringe area. As an ecotone, the outer
fringe area of Tiankeng forests is affected by the nearby non-Tiankeng forests [24] and then
have an influence on the inner area of Tiankeng forest. For example, Manglietia aromatica
Dandy, a representative refuge plant of Tiankeng forest, has only ever existed in Tiankeng
forest and has never been found in nearby non-Tiankeng forests of the Dashiwei Tiankeng
Group. Therefore, it appears that species have successfully migrated and established in the
Tiankeng forest interior.

Fierce competition among species has always existed in the non-Tiankeng forest, and
the degree of niche differentiation was high, but the Tiankeng forest on negative terrain has
stable environmental conditions and is good at collecting soil, reserving water, and heat [30].
Therefore, some species that prefer wet and warm environments in non-Tiankeng forest will
be attracted by the environmental conditions and continue to move to the negative terrain.
Subsequently, with species migration and evolution, Tiankeng forest species will not only
maintain their own characteristics, but also have similarities with nearby non-Tiankeng
forest communities, illustrating that the local species composition is controlled by the
regional community.
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Different patterns of SAD may indicate specific environmental conditions. It is doubt-
ful whether there would be other ecological processes that respond to the species co-
occurrence. This is because each forests species has its own specific role as a result of
evolutionary processes [41]. Moreover, multiple-mechanism models may have better re-
sults when fitting the same data. The model fitting results based solely on the patterns of
species abundance cannot fully verify the ecological mechanism behind it. Therefore, we
suggested that the neutral process was important for the SAD pattern in Tiankeng forests,
a further analysis needs to be carried out in combination with environmental factors and
spatial patterns.

5. Conclusions

The comparing of SADs between Tiankeng and non-Tiankeng forests is essential for
its management, conservation, and sustainable utilization in Dashiwei Tiankeng Group.
Assessing the role of biodiversity in Tiankeng forests could help in understanding climate
change, approaches to the wise use of sustainable resources, preserving biological diversity,
and exploring the community maintenance mechanism. For example, we found that the
species dispersal from the inside of Tiankeng forests to the nearby non-Tiankeng forests
is limited, while species has unlimited dispersal from nearby non-Tiankeng forests to the
inside of Tiankeng forests via the fringe of Tiankeng forests. Moreover, some species in
Tiankeng forest tend to become rarer and more precious. Therefore, this study’s results
show that the neutral process incites Tiankeng forests to be a plant refuge throughout
the fitting of niche and neutral models with nearby non-Tiankeng forests. Finally, the
SAD pattern was related to the environment, climate, topography, and human activities.
Tiankeng forests will remain its own unique ecosystem functions and ecological position if
we enhance the protection of the nearby non-Tiankeng forest.
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Abstract: As well as bountiful natural resources, the Indo-Burma biodiversity hotspot features high
rates of habitat destruction and fragmentation due to increasing human activity; however, most of
the Indo-Burma species are poorly studied. The exploration of plants closely associated with human
activity will further assist us to understand our influence in the context of the ongoing extinction
events in the Anthropocene. This study, based on widely and intensively sampled F. altissima
across Indo-Burma and the adjacent south China ranges, using both the chloroplast psbA-trnH
spacer and sixteen newly developed nuclear microsatellite markers (nSSRs), aims to explore its
spatial genetic structure. The results indicated low chloroplast haplotype diversity and a moderate
level of nuclear genetic diversity. Although limited seed flow was revealed by psbA-trnH, no
discernible phylogeographic structure was shown due to the low resolution of cpDNA markers
and dominance of an ancestral haplotype. From the nSSRs data set, phylogeographic structure
was homogenized, most likely due to extensive pollen flow mediated by pollinating fig wasps.
Additionally, human cultivation and human-mediated transplanting further confounded the analyses
of population structure. No geographic barriers are evident across the large study range, with
F. altissima constituting a single population, and extensive human cultivation is likely to have had
beneficial consequences for protecting the genetic diversity of F. altissima.

Keywords: Ficus; Indo-Burma; genetic structure; human cultivation; nSSRs

1. Introduction

As one of the 34 identified global biodiversity hotspots [1], Indo-Burma, covering
Burma, Thailand, Laos, Cambodia, and Vietnam, as well as parts of southern China, north-
east India, and Bangladesh, harbours great diversity in both plants and animals. The
endemic species’ ecological and evolutionary trajectories were strongly influenced by plate
tectonics, climatic oscillations, river system dynamics, sea level fluctuations, shifting coast-
lines, and human activity [2–5]. However, the biodiversity of the Indo-Burma region is
severely threatened by factors such as human population growth, deforestation and habitat
conversion, resource exploitation, pollution, and global warming [6–8]. Moreover, our
knowledge about the underlying genomic structures (e.g., population structure, phylogeog-
raphy, cryptic diversity) among Indo-Burma flora and fauna is extremely poor, mainly due
to political instability and lack of infrastructure during long periods of the 20th century in
many parts of this region [9,10].

In recent years, the conditions that prevented the researchers from entering large parts
of Indo-Burma to explore the biodiversity have been improved along with the general
development in this region. A few phylogeographic studies were conducted among
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Indo-Burma fauna, including flukes [11,12], insects [13], fish [14,15], amphibians [16],
reptiles [5], rodents [17,18], birds [9], and mammals [19]. For example, studies that focused
on habitat-dependent freshwater animals revealed complex drainage re-alignments and
sea-level fluctuation histories in the Indo-Burma region [5,15,20]. Drainage has also played
an important role in shaping the phylogeography of plant species with limited pollen
dispersal capability [10]. The population genetic investigation of the endemic species
Dalbergia cochinchinensis Pierre and D. oliveri Gamble ex Prain represents the first detailed
analysis of landscape genetics for tree species within Indo-Burma, although these two
plants do not cover the entire Indo-Burma region [10]. Nonetheless, our knowledge about
the genetic diversity and structure of Indo-Burma species is still extremely poor, especially
for plants, which also impedes biodiversity conservation programs in this region.

The arrival of the Anthropocene has seen the transformation of ecosystems according
to human use requirements [2,21]. Understanding how human activities affect the genetic
diversity and structure of plants and animals is critical from both a scientific and policy
perspective. Human-related threats, such as habitat destruction and fragmentation, in-
vasive species, resource exploitation, and other indirect effects of human activities, often
cause catastrophic biodiversity decline [22,23]. However, there are also some afforestation
and ornamental plant species that are widely cultivated and play an integral role in the
development of human civilization. Although their natural populations could have been
reduced due to human-related threats, their genetic diversities may have been preserved
due to extensive cultivation by humans. Few studies have focused on plants that are closely
associated with humans, particularly those that inhabit badly degraded Indo-Burma forests.
Studying the phylogeographic patterns of such species will be particularly beneficial to the
ongoing biodiversity conservation of Indo-Burma flora and provide insight regarding the
impact of human activity and whether it may degrade or augment genetic diversity.

With more than 800 species, Ficus L. (Moraceae) occurs pan-globally in both tropical
and subtropical biomes. Coupled with their ecological significance as keystone species,
and their typically species-specific relationship with co-evolved pollinating fig wasps
(Hymenoptera, Chalcidoidea, Agaonidae) [24,25], the genus Ficus has long fascinated
biologists. Many members of Ficus are also closely associated with humans, and often
traditionally used as sources of medicines and food, as ornamental trees, religious plants,
lac insect hosts (that exude useful lac gum products), fodder, fuel, hedges, or enclosures [26].
Among them, F. altissima is commonly known as the council tree and is frequently planted
in cities, villages, or temples, both as ornamental and sacred plants [27]. The tree is also one
of the recorded hosts of lac insect, and whose leaves and bark can be used as skin-disease
treatments [28]. It is a long-lived perennial and hemiepiphytic tree (over 40 m tall), which
can occupy a patch of about 300 m2 (and thus almost constitute a single ecosystem [28,29]).
F. altissima, as a keystone species, occurs naturally and widely in forests of tropical Asia at
low densities and produces figs throughout the year in synchronous crops with asynchrony
between trees [27,30].

Ficus altissima is a good example of a tree associated with many species and that is
widespread in Indo-Burma and closely associated with human activity. Here, we present a
phylogeographic study of F. altissma at a broad-scale across Burma, Thailand, Cambodia,
Vietnam, and southern China. Based on an intensive sampling strategy across Indo-Burma,
working with both chloroplast and nuclear DNA markers, we aimed to (1) investigate the
level and distribution of genetic diversity of F. altissima within and among populations, as
well as between populations collected from introduced and native areas; and (2) explore
the population genetic structure of F. altissima within Indo-Burma. It will contribute to
our understanding of the historical phylogeography of this keystone forest species of the
Indo-Burma hotspot, as well as the influence on it from human activities.
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2. Materials and Methods
2.1. Sample Collection

Ficus altissima populations were sampled in 37 locations in southern China, Burma,
Thailand, Vietnam, and Cambodia (Figure 1, Table A1), yielding 267 individuals. The
Fuz, Gan, Nid, Pan, Xia, and Yib populations were collected from areas outside its native
range [31,32] and considered as introduced populations by human. However, within the
native range, populations featuring disturbed habitats cannot be distinguished as either
natural or cultivated. Populations such as Don and Chi, sampled from cities, may originate
from their respective nearby wild source populations, rather than introduced from distant
areas. The sample size for each population ranged from 1 to 23 individuals, according to
limits of the population (Table A1).
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Figure 1. Sample locations and genetic structure of F. altissima in Indo-Burma and adjacent southern China: (a) geographical
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clusters from the STRUCTURE analysis at K = 5 based on 16 nSSRs; (c) geographical distribution of the genetic clusters
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2.2. DNA Extraction and Chloroplast DNA

Total genomic DNA of F. altissima was extracted from silica-gel dried material using
the Plant Genomic DNAKit (Tiangen Biotech, Beijing, China). Ten chloroplast (cpDNA)
intergenic regions, including ndhF-rpl32, psbA-trnH, psbB-psbF, psbC-trnS, psbJ-petA,
trnD-trnT, trnF-trnV, trnL-trnF, trnQ-rps16, and trnS-trnG [33–35], were tested for ampli-
fication and sequence variation. Some of these markers are recognised as informative
from earlier phylogenetic and phylogeographic research of Ficus plants [35–38]. To test
the ten candidate cpDNA markers, one or two individuals were randomly selected from
each sampled population for PCR amplification using universal primer pairs under the
conditions described by Shaw et al. [33,34] and Vieira et al. [35].

Each fragment was bidirectionally sequenced by the Beijing Genomics Institute (Shen-
zhen, China). All forward and reverse strands were edited and assembled using the
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program Sequencher 4.5 (GeneCodes, Ann Arbor, MI, USA). The sequences were aligned
with Clustal X [39] and then adjusted manually using BioEdit 7.0.9.0 [40]. Ultimately, only
psbA-trnH showed variation in preliminary tests and was selected for the PCR amplifica-
tion of all individual samples.

2.3. nSSRs

In preliminary experiments, five nuclear DNA-based markers were tested, including
ETS, ITS, GBSSI, G3pdh, and ncpGS [41,42]. However, all of them showed heterozygous
sequencing peaks, suggesting clone contamination, and were subsequently abandoned.
Alternatively, polymorphic nSSRs were developed. One sample of the population Nah
was selected to construct the DNA library following the manufacturer’s protocols of
the KAPAHyper prep kit (KAPA Biosystems, Wilmington, MA, USA). The sequencing
processes were performed by Microread Genetics Incorporation (Beijing, China) on HiSeq
2500 (Illumina, San Diego, CA, USA), using the corollary reagents from Illumina and
with paired read lengths of 2 × 150 base pairs and yielding 3.71 G raw bases. Raw data
were then quality filtered by trimming the adapter sequences and by removing reads with
quality scores < 20. High-quality reads were assembled into 15,532 contigs. The software
MIcroSAtellite [43] was used to identify contigs with nSSRs, and Primer 3.0 [44] was used to
design microsatellite primers using the default settings. Eighty primer pairs were selected
as candidates for amplification and polymorphism testing. Finally, 16 of the 80 tested
primer pairs were found to produce repeatable amplicons with high polymorphism and
were used for genotyping. The Multiplex PCR amplification was conducted in 10 µL
volumes mixed with 2.0 µL of 5 × Buffer, 0.3 µL of dNTP (10 mM each), 1 µL of DNA
(100 ng), 0.4 µL of primer mixture (5 µM), and 0.1 µL of Taq polymerase (5 U), based on
the following the conditions: initial denaturation at 95 ◦C for 8 min, 30 cycles at 94 ◦C
for 30 s, at 56 ◦C for 30 s, at 72 ◦C for 30 s, and at 60 ◦C for 30 min for the final extension.
Post-PCR products were analysed by capillary electrophoresis on an ABI 3730XL DNA
analyser (Applied Biosystems, Foster City, CA, USA) with the GeneScan 500 ROX Size
Standard. Microsatellite fragment sizes were determined using GeneMapper version 3.2.

2.4. Confirming Usability of nSSRs

Micro-checker v.2.2.3 [45] was used to examine the presence of any genotypic errors
due to stuttering, large allele dropout, and null alleles. Linkage disequilibrium (LD) and
Hardy–Weinberg equilibrium (HWE) were tested by GENEPOP 4.7.0 [46]. Significance
levels were corrected using the Bonferroni correction for multiple tests.

2.5. Genetic Diversity

The cpDNA haplotypes were distinguished using DnaSP v5 [47] on the basis of
nucleotide and indel differences. Molecular diversity indices, including the number of
haplotypes (H) as well as nucleotide (π) and haplotype (HD) diversity, were calculated
using DnaSP v5. For the nSSRs data, classical indices of genetic diversity were estimated
using GenAIEx 6.5 [48]. The inbreeding coefficient (FIS) was calculated by FSTAT 2.9.3 [49].
The polymorphism information content (PIC) for each nSSRs was calculated with Cervus
v3.0.7 [50,51]. Subsequently, the mean number of alleles (Na) and private alleles (PAr) per
locus, observed (HO), and expected heterozygosity (HE) of the 37 sampled populations
based on nSSRs were used to show the geographic pattern by using the inverse distance
weighted (IDW) interpolation function implemented in ArcGIS 10.3 (ESRI, Redlands, CA,
USA). IDW assumed that points close to each other are more relevant than those that
are more distant and is weighted more closely to the predicted position than the farther
distances [52].

2.6. Genetic Structure

Genetic differentiation based on cpDNA and nSSRs data were evaluated by analysis
of molecular variance (AMOVA) performed in Arlequin v3.5 [53], with 10,000 permu-
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tations used for tests of significance. For nSSRs data, a pattern of isolation by distance
(IBD) was assessed using a Mantel test in GenAlEx 6.5 with 9999 permutations to evaluate
the correlations between pair-wise genetic (FST/(1 − FST)) and geographic distance. The
geographic distances between pairwise populations were calculated using the program
Geographic Distance Matrix Generator v1.2.3 [54] based on their decimal degree coordi-
nates. To estimate the interpopulation genetic affinity of studied populations, principal
component analysis (PCoA) was conducted with GenAIEx 6.5 based on Euclidean distance
and an UPGMA phylogenetic tree was constructed by MEGA 6.06 [55] based on Nei’s
genetic distance. To further understand the clustering patterns, the Bayesian clustering
of individual genotypes was investigated using STRUCTURE v2.3.4 [56]. We employed
a model with admixture, with a burn-in period of 100,000 and a run length of 1,000,000
iterations varying K from K = 1 to K = 10. For each value of K, ten runs were done. The
STRUCTURE HARVESTER online program [57] was used to detect the optimal K value
using Evanno method [58]. CLUMPP 1.1.2 [59] was used to summarize the membership
coefficients into clusters.

2.7. Population Dynamics

For cpDNA, the population expansion hypothesis was tested using neutrality and
mismatch distribution tests. For the neutrality test, Tajima’s D, considering the frequency of
mutations [60], and Fu’s FS [61], based on cpDNA haplotype distribution, were conducted.
The mismatch distribution test is used to assess whether the observed distribution of
the pairwise differences matches the expectations under the sudden demographic expan-
sion and the spatial-demographic expansion models. These analyses were conducted in
Arlequin v3.5.

The recent demographic bottlenecks were tested for the populations with more than
ten individual samples using the program BOTTLENECK 1.2.02 [62] with two recom-
mended evolutionary models for nSSRs data [63,64]: the stepwise mutation model (SMM)
and the two-phase mutation model (TPM). Under the TPM, the proportion of SMM and
IAM (infinite alleles model) were set with default values that 70% of the mutations were
assumed to occur under the SMM, and 30% of the mutations were assumed to occur under
IAM. For each mutational model, 10,000 replicates were performed. After a reduction in
the effective population size, the allele diversity is expected to drop more rapidly than
their heterozygosities drop [65]. Thus, the heterozygosity of the population is larger than
expected considering the number of alleles found. Sign test and the allele frequency dis-
tribution mode shift analysis [66] in BOTTLENECK 1.2.02 were performed to determine
the population genetic reduction signatures characteristic of recent reductions in effective
population size.

3. Results
3.1. cpDNA Genetic Diversity

Of the ten tested cpDNA intergenic regions, only psbA-trnH (356 bp) showed se-
quence variation in F. altissima. Of the 233 obtained sequences, only three haplotypes
(GenBank accession numbers: MT291815–MT291817) were detected with two indels and
two single nucleotide polymorphisms, suggesting limited use at the population level. At
the population level, HD and π ranged from 0.000 to 0.667 and (0.000 to 0.495) × 10−2,
respectively. Only three populations, Hua, Kha, and Xia, showed a haplotype polymor-
phism possessing two haplotypes, H1 and H2 (Table A1, Figure 1a). Haplotype H3 was
derived from the ancestral common haplotype H1 by a single 13-bp indel. Haplotype H2 is
different from H1 by two transversions and a 2-bp indel.

3.2. Usability of nSSRs and Genetic Diversity

Sixteen polymorphic nSSRs were successfully developed based on high-throughput
sequencing and microsatellite genotype data for all 267 individual samples were obtained.
They displayed relatively high polymorphism across F. altissima individuals. The sequences
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are deposited in GenBank and detailed characteristic information of these 16 nSSRs is
listed in Table 1. The PIC values ranged from 0.137 for the Fal_61 locus to 0.813 for the
Fal_73 with an average of 0.539. There was no evidence of stuttering errors or large allele
dropout in any of the loci analysed by Micro-checker v.2.2.3. In turn, null alleles were
detected at five loci in a few populations (Table A2). Across the 16 loci and 37 studied
populations, 136 microsatellite alleles were identified, corresponding to 8.5 alleles per
locus and ranging from 5 to 12 alleles for individual loci. A few pairs of loci among
a few populations exhibited linkage disequilibrium. Some populations deviated from
HWE in a few loci, and a deficiency of heterozygotes was observed by GENEPOP in these
populations, which may be due to the presence of null alleles (Table A2). The genetic
diversity parameters for F. altissima populations are summarized in Table A1, with an
observed species-level heterozygosity (HO) of 0.483, expected heterozygosity (HE) of 0.576,
and a species inbreeding coefficient (FIS) of 0.163. For each population, the HO, HE, and
FIS ranged from 0.063 to 0.563, 0.031 to 0.580, and −1.000 to 0.451, respectively. In turn,
the number of private alleles (Np), mean number of alleles (Na), and private alleles per
locus (PAr) ranged from 1 to 3, 1 to 5.125, and 0.000 to 0.188, respectively. Populations Hua,
Pin, and Xia each have three private alleles and showed the highest PAr values. However,
no private alleles were found in 22 of the 37 sampling localities. Most of the loci showed
negative or small positive FIS values, which is consistent with the prevalence of outcrossing
in monoecious fig species. The values of Na, PAr, HO, and HE are geographically displayed
in Figure 2. The regions with high levels of genetic diversity were scattered across the
Indo-Burma hotspots and adjacent southern China. Unexpectedly, the six introduced
populations showed similar levels of genetic diversity with the populations collected from
the native range, and many populations collected from disturbed urban areas, such as
Mas, Rui, Don, Pin, and Chi, also showed high levels of genetic diversity (Figures 1 and 2,
Table A1).

Table 1. Sixteen nSSRs developed for F. altissima.

Locus Primer Sequences Repeat
Motif

GenBank
Accession No. PIC

Fal_2 F: CCTGTGGGAGAGTTTGAAGG (CGT)6 MN255360 0.487
R: CTTGCTGCACGAATCTGCT

Fal_9 F: GAGTACATGCAAATGCCTCG (TTTA)5 MN255361 0.561
R: CTCAGCAGCAACGAAAGATG

Fal_11 F: GACCTGTTGGAGGAGATTGC (GCG)5 MN255362 0.753
R: TCATGGGCCACTTATCCTTC

Fal_14 F: CGATCCTTATCCTCTGCTCG (AAG)10 MN255363 0.740
R: GCACGCAATTTGAACGAAC

Fal_28 F: TCAGAATTGGAACGAGGGAC (TTTG)7 MN255364 0.492
R: GCAGGGACTTCTTCTCTGACC

Fal_31 F: CGATCACCACGAGCTACTGA (GTCT)5 MN255365 0.803
R: TGGCGCATGATAAGTTTGAG

Fal_34 F: CCAACTAGCCACACTTTGGA (AATCCC)5 MN255366 0.582
R: TGGCACAATTGACCTCAGAA

Fal_41 F: CTCTTGGATACCGAGTCCGA (TTTG)5 MN255367 0.434
R: GGACTGAACTGCTGTCATGTG

Fal_45 F: TCGAAATCGGATACTCCTCG (TTTTAT)5 MN255368 0.583
R: CATGAAGCTTGAGCATTGGA

Fal_46 F: GCCACGACATCACATCATTA (ACAT)6 MN255369 0.444
R: TCAGCTTACCTTATTGGCCG

Fal_48 F: ATGTGCCAAACCCAGAACTC (AAAC)5 MN255370 0.764
R: CAACCTAGCTCTCGGAGGTG

Fal_50 F: GCCCATCTGGTGACTGAAAC (AAT)7 MN255371 0.351
R: CGTGTGCATGCTTCATCTCT

Fal_61 F: TGGGCTCGTGACTGACTAGA (TTG)6 MN255372 0.137
R: ATGTGGGGACGGCCTCTT

Fal_62 F: CACGTGGTGGCTATGTTCTG (TTA)7 MN255373 0.215
R: GCTACGGTTTATTTGCGGTG
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Table 1. Cont.

Locus Primer Sequences Repeat
Motif

GenBank
Accession No. PIC

Fal_73 F: ATCCTTTGCTTTGCTCGTGT (ATA)9 MN255374 0.813
R: CGAACCTTGCACACCCTAAT

Fal_75 F: GGATCCAAAATTGGGCAGT (AAT)8 MN255375 0.459
R: ATTCATGGAATCATGGGCAC
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3.3. Population Structure

Chloroplast haplotype H1 was extremely dominant in the whole sampling area,
while population Xia shared haplotype H2 with distant Thailand populations Tak, Kha,
and Hua. Haplotype H3 was endemic to Guangxi of China (Loz and Pin) (Figure 1a).
AMOVA indicated strong differentiation among populations in cpDNA sequences for
F. altissima (FST = 0.958, p < 0.001) and showed that genetic variation mainly occurred
between populations (Table 2).

Based on the 16 nSSRs, pairwise FST among populations ranged from −0.143 between
populations Dal and Kae (979 km apart) to 0.804 between Yan and Tak (1468 km apart).
Slightly negative pairwise FST (i.e., treated as zero) occurs in several population pairs,
suggesting that population differentiation is negligible. Such negative estimates were
converted to zero in the IBD analysis. There is no obvious correlation between genetic and
geographic distance (p = 0.277, Figure 3). AMOVA tests revealed that global FST was low at
0.178 (p < 0.001), and most genetic variation (82.25%) is contained within populations, with
only 17.75% genetic variation observed among populations (Table 2).

511



Diversity 2021, 13, 654

Table 2. Analysis of molecular variance (AMOVA) of the genetic diversity in F. altissima.

Source of Variation df SS VC PV (%) FST

cpDNA
Among populations 36 305.621 1.37 95.83
Within populations 196 11.667 0.06 4.17
Total 232 317.288 1.43 FST = 0.958

nSSRs
Among populations 36 554.386 0.82 17.75
Within populations 497 1888.006 3.80 82.25%
Total 533 2442.391 4.62 FST = 0.178

Notes: df, degree of freedom; SS, sum of squares; VC, variance component; PV, percentage of variation.
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nSSRs data.

The STRUCTURE results of the nSSRs data indicated an optimal K value of 5 us-
ing the deltaK criterion [58], but this does not correspond with any obvious biologi-
cal/geographical interpretation. The bar plots of the membership probabilities of F. al-
tissima individuals to the different clusters using STRUCTURE analysis for K = 5 is shown
in Figure 1b. The geographical distribution of the genetic clusters is shown in Figure 1c and
pie charts represent the assignment values of the admixed clustering analysis performed in
STRUCTURE for all individuals. There are no obvious boundaries defining the adjacent
clusters or populations. Even geographically distant populations are highly genetically
homogeneous (Figure 1b,c). The lack of a clear phylogeographic structure for F. altissima
across the Indo-Burma range, revealed by Bayesian population structure analysis, was
further validated by the PCoA (Figure 4a) and UPGMA phylogenetic analyses (Figure 4b).
The different populations collected in a country also do not cluster together (Figure 4).

3.4. Population Dynamics

Neither Tajima’s D (−0.864, p > 0.1) nor Fu’s FS (10.589, p > 0.1) vary significantly
from zero, suggesting there is no evidence of recent population expansion or no recent
bottlenecks [60,61]. The mismatch distribution analysis failed, as the least-square procedure
to fit expected and observed mismatch distribution did not converge after 2000 steps. Based
on the nSSRs data, under the TPM assumptions it was significant for five populations (Don,
Fuz, Gan, Law, and Mas) while three populations (Gan, Law, and Nya) were significant
under SMM (p < 0.05) and four populations (Gan, Law, Nid, and Xia) revealed a shifted
mode of allele frequency distribution. However, only population, Law, was detected to
have experienced a bottleneck effect by all of the three approaches (Table 3), and this
population was genetically homogenous, as revealed by STRUCTURE analyses (Figure 1b).
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Table 3. Bottleneck test of F. altissima populations with more than ten individual samples.

Population Size
Model Shift TPM SMM

p Value p Value

Che 11 normal L-shaped distribution 0.337 0.448
Don 14 normal L-shaped distribution 0.047 * 0.336
Fuz 12 normal L-shaped distribution 0.033 * 0.245
Gan 10 shifted mode 0.010 * 0.073
Law 17 shifted mode 0.002 ** 0.005 **
Mas 14 normal L-shaped distribution 0.031 * 0.0002
Nid 10 shifted mode 0.233 0.503
Nya 23 normal L-shaped distribution 0.366 0.008 **
Pin 23 normal L-shaped distribution 0.540 0.024 *
Rui 18 normal L-shaped distribution 0.355 0.078
Tai 11 normal L-shaped distribution 0.133 0.566
Xia 10 shifted mode 0.551 0.075

Notes: * Significant deviation from mutation-drift equilibrium at p < 0.05; ** Significant deviation from mutation-
drift equilibrium at p < 0.01.
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4. Discussion
4.1. Genetic Diversity, Population Dynamics, and Phylogeographic Patterns of Ficus altissima

The present study revealed a much lower level of cpDNA haplotype diversity in
F. altissima than for the other published monoecious Ficus species [36,38,67]. To screen
polymorphic markers, ten commonly used cpDNA intergenic regions in plants with the
most potentially informative characters [33,34,68] were employed in our preliminary ex-
periments, but only psbA-trnH showed sequence variation. The psbA-trnH has been
commonly used in fig species [36,38,69]. However, only three psbA-trnH haplotypes were
distinguished from 233 individual samples. Thus, no discernible cpDNA phylogeographic
structure was revealed due to the low resolution of cpDNA regions and dominance of
haplotype H1 across the whole sampling range.

Haplotypes H1 and H2 were also found in closely related fig species. For example, H1
was shared by F. benghalensis L., and H2 was shared by F. binnendijkii Miq., F. curtipes Corner,
F. drupacea Thunb., F. microcarpa L., and F. retusa L., suggesting the retention of ancient
polymorphisms in these closely related species. The sharing of ancestral haplotypes among
widespread monoecious fig species may be a fairly common phenomenon, as observed
in F. altissima and F. insipida subsp. indipida Willd [36]. These species often have large
effective population sizes and long generation times, which will prolong the evolution of
reciprocal monophyly [36,70]. Despite low cpDNA diversity across all samples, AMOVA
revealed high interpopulation differentiation for cpDNA, suggesting that seed dispersal
of F. altissima is limited. The derived haplotype H3, only found in Guangxi, indicates low
seed dispersal as it has not dispersed into surrounding regions, or is a very recent mutation.
Although there is no detailed published information, birds are probably the seed dispersal
agents of F. altissima as it possesses a typical bird-dispersal syndrome [71]. Indeed, small
non-migratory birds, including Megalaima Gray (Capitonidae), Dicaeum Cuvier (Dicaeidae),
and Pycnonotus Boie (Pycnonotidae) species, were observed feeding on F. altissima trees
during our field work. F. altissima is a hemiepiphytic tree and it exists initially as an
epiphyte. The seeds of F. altissima germinate in the canopy of host trees [72], rather than
in the soil. Hence, the germination and early seedling survival appear to be dependent
on microsites provision by the host trees, such as host diameter at breast height, height
and position of colonization in the canopy of host trees, crown illumination, moisture
retention, and slope angle [72]. The requirements for host taxa and microsites may hinder
the dispersal of F. altissima seeds to colonize new habitats. Short-distance seed dispersal
coupled with dependency on microsites for seed development could result in limited seed
flow. Nonetheless, introduced population Xia collected from Xiamen city of China shared
an ancestral chloroplast haplotype H2 with the distant Thailand populations (Tak, Kha,
and Hua), suggesting that human-mediated long-distance dispersal may also play a role
on the current species phylogeography.

Sixteen polymorphic nSSRs for F. altissima were developed based on high-throughput
sequencing and revealed a moderate level of genetic diversity. Twenty-two of the 37 popu-
lations have no private alleles, suggesting strong interpopulation pollen flow, further sup-
ported by AMOVA analyses. Extensive long-distance dispersal of pollinating wasps, aided
by passive air column travel [73,74], has been documented repeatedly in monoecious figs
and is ranked among the furthest known in plants [75–77]. For example, Ahmed et al. [77]
showed successful pollination across distances over 160 km in monoecious F. sycomorus L.
Meanwhile, synchronous intra-tree flowering, between tree asynchrony [78], and low den-
sities of monoecious figs mean host-specific pollinators must travel long distances. Most
populations showed negative or small positive FIS values (Table A1), which is consistent
with regular outcrossing associated with high dispersal events.

Rapid range expansion or a bottleneck event is not supported by assessment of
Tajima’s D and Fu’s FS from the cpDNA markers. However, this contrasts with the nSSRs
data, where three populations (Don, Law, and Mas) were detected to have undergone
bottleneck events (Table 3). However, Don is certainly a cultivated population. Mas and
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Law were also collected from locations near human settlements with traces of cultivation,
suggesting they experienced artificial bottlenecks.

Range expansions often result in reduced genetic diversity compared with the source
populations, for example, glacial refugia compared to edge populations. Across our
study range, no such significant changes in genetic diversity (e.g., haplotype diversity,
observed heterozygosity, private allelic richness; Figure 2 and Table A1) based on nSSRs
or cpDNA data were detected in F. altissima. Range expansion in obligate mutualisms
involving free-living organisms is complicated by requiring the successful range extension
of a pair of independently dispersing species [79,80]. Thus, the successful colonization
and reproduction of F. altissima in a new location also depends on successful population
establishment of the host-specific pollinating fig wasps, and pollinator absence often
appears to limit range expansion of the Ficus host [80,81]. Furthermore, as a hemiepiphytic
fig, germination and early seedling survival of F. altissima appear to be dependent on
microsites provision by host trees [72]. This would be an additional impediment for the
range expansion of F. altissima.

The origin of F. altissima has been estimated to be no earlier than the Upper
Miocene [25,82], when Southeast Asia remained as a single rainforest block [83,84]. This
is further supported by our finding of the widespread persistence of the ancestral H1
haplotype, across a contemporary range that is hypothesized to have undergone repeated
replacement by savanna habitat during the Quaternary glaciations, with rainforest areas
shrinking considerably and mostly persisting in lowland glacial refugia [85,86]. We assume
that F. altissima survived in many lowland forests during Quaternary glaciations, but that
postglacial expansions were slow. The subsequent short evolutionary history coupled with
long generation times would have produced low cpDNA haplotype diversity, while genetic
drift may have caused the loss of rare cpDNA haplotypes.

Indo-Burma has a complex geological and climatic history, as well as diverse habi-
tats largely derived from the wide variation in landform, climate, and latitude [9,13,16].
Moreover, tropical forest tree species typically occur in low densities [87], and thus they
may be more susceptible to genetic drift [88]. Therefore, there are both historical and
ecological reasons to expect high levels of population differentiation and clear phylogeo-
graphic structure in forest trees of Indo-Burma [89,90], as observed in D. cochinchinensis and
D. oliveri [10]. However, this study revealed a pattern of homogenized phylogeographic
structure for F. altissima across Indo-Burma. As a relative generalist species, F. altissima is
continuously distributed throughout Indo-Burma and occurs up to elevation of 2000 m.
There are no obvious geographical barriers to impede the long-distance dispersal of F. al-
tissima’s pollinators. In general, such postulated extensive pollen flow can buffer the effects
of fragmentation and homogenize discrete populations [91,92]. A lack of phylogeographic
structure for F. altissima in Indo-Burma appears to mainly derive from long-distance pollen
dispersal. It differs from dioecious figs in which isolation by distance is often present
within regions [93–95], but is consistent with patterns documented in large monoecious
Ficus species with continuous habitat, as observed in monoecious F. racemosa L. [75] and
F. sur Forssk. [96]. The notably reduced population differentiation in nuclear DNA com-
pared to plastid cpDNA identified in F. altissima is also a common pattern documented in
both monoecious [38,75] and dioecious fig species [94,96]. This pattern of homogenized
phylogeographic structure for F. altissima may be observed among other Indo-Burma for-
est species with extensive pollen flow and limited seed transfer. However, large-scale
anthropic cultivation confounds the analyses of the genetic structure of F. altissima.

4.2. Human Influence

Human influence on planet Earth is well-documented and considered as influential
as natural processes in sculpting contemporary diversity patterns [97]. The rapid and
massive loss of biodiversity directly caused (e.g., logging, hunting, fishing) and indirectly
induced (e.g., pollution, infrastructure, greenhouse gas emission) by human activity in
the Anthropocene is leading to the sixth mass extinction event [2,98–100]. Cultivated
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populations often show evidences of a reduction in genetic diversity due to artificial
selection for specific quality traits [101–104]. F. altissima is frequently planted in its native
areas or introduced into non-native areas as sacred or ornamental trees without artificial
selection of specific traits; however, wild populations are being heavily impacted. It is
likely to have contributed to avoiding drastic decreases in F. altissima genetic diversity
due to declines in wild populations. For example, almost every Dai ethnic village in
Xishuangbanna of China transplanted F. altissima from neighbouring wild resources for
cultural and religious purposes [105]. Our results showed relatively high genetic diversity
in many populations sampled from Dai villages (e.g., Nah, Che, Chi) and disturbed urban
areas (e.g., Mas, Rui, Don, Pin). The six introduced populations also showed similar
levels of genetic diversity with the populations collected from native areas, suggesting that
they may originate from more than one source. This study suggests that conservation by
cultivation is an effective means for protecting the genetic diversity of F. altissima.

It is difficult for hemiepiphytic F. altissima seeds to germinate and grow in urban
habitats far from the natural range due to the lack of suitable host trees. Given Xiamen
city is a regional center with well-established ex-patriate links to Southern Asian countries
and F. altissima is of great ornamental value, the unexpectedly discontinuous distribution
of haplotype H2 between population Xia sampled from Xiamen city and populations
Tak, Kha, and Hua sampled from Thailand could be explained by long-distance human
transportation, rather than by natural seed dispersal agents.

The influence of human activity also most likely explains the random and chaotic
clustering revealed by nSSRs data. For example, the population Law features uniform
tree age among a highly disturbed habitat close to human habitation, while population
Yan is a reforestation area. The uniform genetic constitution among different individuals
within these populations (Figure 1b) may originate from an individual derived germplasm.
Genetic bottleneck signals were detected for all the four cultivated populations (Fuz, Gan,
Nid, and Xia), suggesting artificial bottlenecks. Anthropic cultivation could have linked a
naturally occurring discontinuous F. altissima population (e.g., due to forest fragmentation)
to a continuous population in Indo-Burma and further reduced population differenti-
ation. Therefore, the present distribution patterns and genetic structure of F. altissima
may have been influenced by human activities. Although, it is difficult to identify the
non-confounding factors that exclusively point to the impacts of human influence.

5. Conclusions

In conclusion, within Indo-Burma and south China, no clear phylogeographic struc-
ture was found in F. altissima, presumably as a result of extensive long-distance pollen
flow unencumbered by any geographic barrier. Human cultivation and human-mediated
dispersal further confound population structure, but it is also likely to have had beneficial
consequences for protecting genetic diversity. This large monoecious Ficus species with
continuous habitat constitutes a single population over a very large area. This lack of
phylogeographic structure has been observed in some other plant members of Indo-Burma
flora [75]. Such species will probably be highly resilient to global change as they exist over
huge surfaces and have likely resisted past change due to large population ranges and a
lack of restrictive adaptive specialization to localized conditions.
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Appendix A

Table A1. Sampling information and genetic parameters of the 37 sampled Ficus altissima populations based on cpDNA
psbA-trnH and 16 nSSRs.

Pop. Country Site Lat.
(N)

Long.
(E)

cpDNA nSSRs

Size HD π (10–2) Size Na Np PAr HO HE FIS

Yib China Yibin 28.623 104.418 1 na na 3 2.563 1 0.063 0.396 0.427 0.269
Nid Ningde 26.661 119.532 6 0.000 0.000 10 2.938 0 0.000 0.556 0.428 −0.252
Pan Panzhihua 26.554 101.680 1 na na 1 1.438 0 0.000 0.438 0.219 Na
Fuz Fuzhou 26.153 119.291 7 0.000 0.000 12 2.750 0 0.000 0.469 0.435 −0.033
Liu Nujiang 25.854 98.852 5 0.000 0.000 5 2.625 1 0.063 0.384 0.396 0.143
Gan Ganzhou 25.850 114.928 9 0.000 0.000 10 2.563 0 0.000 0.450 0.422 −0.014
Ten Tengchong 24.943 98.387 1 na na 1 1.375 0 0.000 0.375 0.188 na
Xia Xiamen 24.447 118.062 8 0.429 0.318 10 4.250 3 0.188 0.494 0.548 0.151
Mas Mangshi 24.414 98.566 14 0.000 0.000 14 4.125 0 0.000 0.470 0.478 0.056
Rui Ruili 23.976 97.810 18 0.000 0.000 18 4.000 1 0.063 0.465 0.518 0.130
Ban Lincang 23.297 99.099 8 0.000 0.000 8 3.500 0 0.000 0.485 0.516 0.127
Don Donggang 22.889 112.281 8 0.000 0.000 14 3.625 1 0.063 0.518 0.494 −0.011
Loz Chongzuo 22.471 107.075 6 0.000 0.000 6 3.125 0 0.000 0.531 0.458 −0.069
Nah Jinghong 22.131 100.675 7 0.000 0.000 7 3.188 2 0.125 0.509 0.474 0.008
Yan Yangchun 22.079 111.747 3 0.000 0.000 8 1.313 0 0.000 0.313 0.156 −1.000
Pin Pingxiang 22.056 106.736 19 0.000 0.000 23 5.125 3 0.188 0.519 0.528 0.040
Che Mengla 21.926 101.240 11 0.000 0.000 11 3.688 0 0.000 0.494 0.509 0.076
Tai Changjiang 19.317 109.027 11 0.000 0.000 11 3.563 2 0.063 0.542 0.512 −0.011
Jia Ledong 18.716 108.832 4 0.000 0.000 4 2.938 0 0.000 0.469 0.451 0.104
Dia Baoting 18.666 109.914 6 0.000 0.000 6 3.000 1 0.063 0.465 0.405 −0.057
Man Burma Mandalay 22.549 95.998 2 0.000 0.000 2 1.500 1 0.063 0.469 0.242 −0.875
Nab Myotha 21.697 95.635 3 0.000 0.000 3 2.125 0 0.000 0.479 0.396 −0.011
Law Bagan 21.128 94.851 17 0.000 0.000 17 1.563 0 0.000 0.500 0.258 −0.936
Nya Taunggyi 20.630 96.879 23 0.000 0.000 23 4.313 0 0.000 0.500 0.515 0.052
Tha Thaton 16.923 97.378 1 na na 2 2.000 0 0.000 0.438 0.367 0.152
Mou Moulmein 16.433 97.658 7 0.000 0.000 7 2.563 0 0.000 0.469 0.369 −0.197
Cha Thailand Lampang 18.841 99.467 1 na na 1 1.313 0 0.000 0.313 0.156 na
Chi Chiengmai 18.795 98.962 5 0.000 0.000 9 3.813 2 0.125 0.500 0.495 0.048
Tak Tak 16.791 98.919 1 na na 1 1.000 1 0.063 0.063 0.031 na
Khy Nakhon Nayok 14.413 101.375 4 0.000 0.000 4 2.000 0 0.000 0.563 0.352 −0.500
Kha Rayong 12.766 101.728 3 0.667 0.495 3 3.250 2 0.125 0.563 0.580 0.229
Kae Kaeng Krachan 12.538 99.478 1 na na 1 1.500 0 0.000 0.500 0.250 na
Hua Thap Sakae 11.625 99.615 4 0.500 0.371 4 3.313 3 0.188 0.365 0.540 0.451
Pku Pkuket 7.970 98.279 3 0.000 0.000 3 1.500 0 0.000 0.438 0.247 −0.680
Vun Vietnam Phu Yen 12.852 109.391 1 na na 1 1.375 0 0.000 0.375 0.188 na
Dal Lam Dong 11.940 108.458 2 0.000 0.000 2 2.375 0 0.000 0.531 0.438 0.128
Bqk Cambodia Bokor 10.627 104.025 2 0.000 0.000 2 1.500 1 0.063 0.438 0.234 −0.750
Species 233 0.245 0.104 267 8.500 na na 0.483 0.576 0.163

Note: Bold indicates the six introduced populations collected from non-native range; HD, haplotype diversity; π, nucleotide diversity; Na,
mean number of alleles per locus; Np, number of private alleles; PAr, mean number of private alleles per locus; HO, observed heterozygosity;
HE, expected heterozygosity; FIS, inbreeding coefficient; na, no available data.

Table A2. Null allele frequencies for each locus at each population with more than three individual samples.

Pop. Nuclear Microsatellites
Fal_2 Fal_9 Fal_11 Fal_14 Fal_28 Fal_31 Fal_34 Fal_41 Fal_45 Fal_46 Fal_48 Fal_50 Fal_61 Fal_62 Fal_73 Fal_75

Nid no No No no no no no no no no no no no no no no
Fuz no no 0.279 no no no no 0.366 no no no no no no no no
Liu no no No no no no no no no no no no no no no no
Gan no no 0.304 no no no no 0.340 no no no no no no no no
Xia no no No no no no no no no no no no no 0.342 no no
Mas no no 0.298 no no no no no no no no no no no no no

517



Diversity 2021, 13, 654

Table A2. Cont.

Pop. Nuclear Microsatellites
Fal_2 Fal_9 Fal_11 Fal_14 Fal_28 Fal_31 Fal_34 Fal_41 Fal_45 Fal_46 Fal_48 Fal_50 Fal_61 Fal_62 Fal_73 Fal_75

Rui no 0.191 0.402 no no no no no no no no no 0.208 no no no
Ban no no No no no no no no no no no no no no no no
Don no no 0.423 no no no no 0.349 no no no no no no no no
Loz no no No no no no no no no no no no no no no no
Nah no no No no no no no no no no no no no no no no
Yan no no No no no no no no no no no no no no no no
Pin no no 0.117 no no no no 0.228 no no no no 0.143 no no no
Che no no 0.379 no no no no no no no no no no no no no
Tai no no 0.186 no no no no 0.375 no no no no no no no no
Jia no no No no no no no no no no no no no no no no
Dia no no No no no no no no no no no no no no no no
Law no no No no no no no no no no no no no no no no
Nya no no 0.272 no no no no no no no no no 0.250 no no no
Mou no no No no no no no no no no no no no no no no
Chi no 0.243 No no no no no 0.296 no no no no no no no no
Khy no no No no no no no no no no no no no no no no

Note: no, indicates no null allele; bold font indicates the deviation from Hardy–Weinberg equilibrium (p < 0.05).
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