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Forest tree improvement has mainly been implemented to enhance the productivity of
artificial forests. However, given the drastically changing global environment, improvement
of various traits related to environmental adaptability is more essential than ever.

Plant genome research has revealed the genetic background of various useful traits.
Abundant genomic and genetic information has accumulated for several important forest
tree species. Such information not only enables rapid improvement of new traits, but
also greatly contributes to forest tree breeding programs, including interpretation of the
results thereof. However, there are few cases in which genetic information has been used
effectively for forest tree improvement.

Tree improvement involves many processes, from determining the target tree species
to setting breeding goals, establishing breeding strategies, and producing seeds. Each
of these processes requires specific genetic information. Research on the phylogeny and
genetic diversity of target species can provide information of fundamental importance at
the beginning of a tree improvement program and for evaluating its results. Knowledge of
the genes controlling the heritability and physiology of traits is essential. Accumulated
genetic information can be used directly for marker-assisted selection (MAS) or genomic
selection (GS) of target traits, facilitating more rapid tree improvement.

This special issue focuses on genetic information, including trait heritability and the
physiological mechanisms thereof, which facilitates tree improvement. Nineteen papers
are included reporting genetic approaches to improving various species, including conifers,
broad-leaf trees, and bamboo.

Of the 19 papers, 5 deal with species phylogeny and the phylogeography of woody
species. Li et al. [1] developed retrotransposon-based markers for Bamboo (Phyllostachys
spp.), which are important natural resources, especially in Asia. The taxonomy and genetics
of this group are complex. Therefore, this research should aid future studies. Research
on within-species genetic diversity focuses mainly on conservation issues. However,
this is also an essential issue for forest tree improvement, especially the derivation of
efficacious improvement strategies. Kitamura et al. [2] (Abies sachalinensis F.Schmidt) and
Chen et al. [3] (Larix kaempferi (Lamb.) Carr.) both discuss genetic variation in marginal
populations. Understanding the genetic diversity of such populations will be useful for
estimating their adaptability under changing environmental conditions. Inanaga et al. [4]
report on the genetic diversity of Thujopsis dolabrata (Thunb. ex L. f.) Siebold & Zucc.,
which is an important traditional species in Japanese forestry. Cai et al. [5] report on the
genetic diversity and structure of Cryptomeria japonica var. sinensis (Cryptomeria fortune
(Hooibrenk)), which is endemic to China. These studies not only reveal the phylogeny of
these species, but are also useful for evaluating the genetic resources available for further
improvement thereof. They also provide useful information for determining the genetic
consequences of tree improvement. Mukasyaf et al. [6] revealed the population genetic
effects of adding Pinus thunbergii Parl. seedlings from pine wood nematode-resistant stock
to existing forests.

Several papers discuss the inheritance of trees and relationship between genotype and
environment, which is important to understand for forest tree improvement. Carignato
et al. [7] report genetic variability in drought resistance among Eucalyptus clones and indicate
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the possibility of early selection in the nursery. Two papers evaluate selected P. thunbergii
clones in terms of pine wood nematode resistance [8,9]. Iki et al. [8] report that the
cumulative temperature after nematode infection does not affect the resistance ranking of
progeny seedlings of nematode-resistant pine wood clones. Matsunaga et al. [9] examine
the stability of traits in progeny seedlings moved to a different area from that in which
they were selected. Tsuyama et al. [10] report the results of a 10-year provenance trial of
A. sachalinensis using multivariate random forests, a machine learning method. Matsushita
et al. [11] examine the growth-promoting effects of the light environment and girdling
treatment on female cones in larch seed orchards. Takashima et al. [12] develop an infrared
thermography/chlorophyll fluorescence technology for rapid evaluation of the response to
drought stress of C. japonica. All of these papers not only provide specific selection criteria,
but may also stimulate further research on the genes controlling these traits.

Four papers comprehensively analyze the physiological pathway of trait expression;
this was made possible by recent advances in metabolomics and transcriptome analysis.
Kurita et al. [13] examine genes promoting male strobilus formation after gibberellin
treatment in C. japonica. Yang et al. [14] reveal candidate genes related to wood formation
in C. fortunei. Cao et al. [15] study genes controlling wood properties in Cunninghamia
lanceolate (Lamb.) Hook., especially heartwood color. Yang et al. [16] assess genes associated
with the accumulation of tea oil in the leaves of Camellia oleifera. These four papers show
the usefulness of genomic research for expediting genetic improvement of tree species with
long lifespans.

Among the major targets of contemporary genetics research are MAS for specific
traits and GS for quantitative trait loci. Lebedev et al. [17] provide a detailed review of
GS and emphasize the need for advanced research in this field. Finally, two papers report
on practical research. Moriguchi et al. [18] present the successful results of MAS of male
sterility in C. japonica. Nagano et al. [19] report advanced results of GS in the same species.
Both studies were successful because they used vast amounts of accumulated genetic
information. Molecular breeding requires intensive research on the target species.

All of the papers published in this special issue provide cutting-edge genetic information
on tree genetics and suggest research directions for future tree improvement. Tree improvement
efforts are expected to be facilitated by research progress in various research fields.
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Abstract: The breeding of forest trees is only a few decades old, and is a much more complicated,
longer, and expensive endeavor than the breeding of agricultural crops. One breeding cycle for forest
trees can take 20–30 years. Recent advances in genomics and molecular biology have revolutionized
traditional plant breeding based on visual phenotype assessment: the development of different
types of molecular markers has made genotype selection possible. Marker-assisted breeding can
significantly accelerate the breeding process, but this method has not been shown to be effective for
selection of complex traits on forest trees. This new method of genomic selection is based on the
analysis of all effects of quantitative trait loci (QTLs) using a large number of molecular markers
distributed throughout the genome, which makes it possible to assess the genomic estimated breeding
value (GEBV) of an individual. This approach is expected to be much more efficient for forest
tree improvement than traditional breeding. Here, we review the current state of the art in the
application of genomic selection in forest tree breeding and discuss different methods of genotyping
and phenotyping. We also compare the accuracies of genomic prediction models and highlight the
importance of a prior cost-benefit analysis before implementing genomic selection. Perspectives for
the further development of this approach in forest breeding are also discussed: expanding the range
of species and the list of valuable traits, the application of high-throughput phenotyping methods,
and the possibility of using epigenetic variance to improve of forest trees.

Keywords: forest tree breeding; genomic selection; molecular markers; high-throughput phenotyping;
epigenetics; genotyping; genomic prediction models; quantitative trait locus; breeding cycle

1. Forest Tree Breeding

1.1. Traditional Breeding

In contrast to agricultural crops with their breeding history of centuries or even millennia,
the history of forest tree breeding is relatively recent. It was only in the late 1950s in the USA and
Europe that the increasing demand for wood for construction, fuel, and paper production, and the
reduction in natural forests generated the need for forest tree domestication using modern breeding
methods [1]. The breeding of woody plants is much more difficult, longer, and expensive than that
of agricultural crops. Trees have a long juvenile period (late age flowering and seed production)
and a large physical size; their progeny testing requires large areas and long-term observations.

Forests 2020, 11, 1190; doi:10.3390/f11111190 www.mdpi.com/journal/forests5
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Some important forest tree traits, e.g., tolerance to biotic and abiotic stresses, are difficult to assess in
the field. For forest trees in general and coniferous trees in particular, the stages of reproduction and
progeny testing may take up 15 years each [2]. In the USA, one cycle of pine species improvement
with classical methods can take about 30 years, including breeding (at least 10 years), field testing
(at least 8 years), and propagation (at least 8 years) [3]. Even for the fast-growing Eucalyptus globulus
Labill., improvement programs take 12 years and are quite expensive [4]. Furthermore, it is nearly
impossible to assess the most economically important traits (wood quality, growth rate) in adult trees
(aged 30–50 years), and therefore, selection has to be based on measurements made in young trees
(aged 5–15 years). Normally, selection is made at about one-third of the rotation age, e.g., 2–3 years
for Eucalyptus and 6–12 years for Pinus spp. [5]. However, it is known that tree traits at juvenile and
mature ages poorly correlate with each other [6]. Moreover, most of the complex tree traits (growth,
stem form, and branching) have low or moderate heritability, which limits the selection response and
thereby hampers the genetic gain [7]. Unlike annual crops and fruit trees, forest trees were practically
not subject to domestication, which would have reduced their genetic diversity, and they actually
represent wild populations. Their nearly absent pedigree makes it difficult to estimate their breeding
values. Moreover, possible errors in the determined progeny relationships among open-pollinated
species (pines, spruces) may lead to lower accuracy of estimated breeding values (EBVs) [8]. EBV is
the genetic merit of individual plants that refers to its value in a breeding program for a particular trait.
Thus, forest trees have a slow accumulation of genetic gain per unit time.

Due to the above features, many forest tree breeding programs are now only in the first or
second cycle of breeding, and only the most advanced programs are in their third or fourth cycle [2].
For example, it took 55 years to complete three breeding cycles in a loblolly pine (Pinus taeda L.) breeding
program in the USA [9]. The classical approach based on phenotypic assessment helped improve the
tree genotypes and reduce the rotation time, yet the speed of breeding was absolutely unsatisfactory.
Advanced methods of breeding (e.g., top-grafting) and propagation (e.g., somatic embryogenesis)
can shorten the stages in coniferous trees from 10 to 4 years, and from 8 to 1 year, respectively [3],
but the duration of field testing still remains unchanged. Long breeding cycles of forest trees hinder
the growing demand for new valuable genotypes for forest plantations that are increasingly expanding
around the world. Ongoing global climate change also requires the accelerated development of new
genotypes of forest trees, especially stress-resistant ones. Therefore, breeders are looking for new ways
to improve the efficiency of forest breeding, i.e., to accelerate the selection of valuable genotypes.

1.2. Marker-Assisted Selection

There were attempts to speed up the selection process by using genotypic rather than phenotypic
evaluation of genotypes, i.e., using molecular markers. The first use of molecular markers in traditional
phenotypic selection led to the development of marker-assisted selection (MAS). This method has
been used in plant breeding since the 1990s [10]. The principle of MAS consists of exploiting linkage
disequilibrium (LD) between markers and quantitative trait loci (QTLs), i.e., non-random association
between marker and QTL alleles [5]. MAS is most effective for simple traits controlled by a few QTLs,
each responsible for a relatively large part of the overall phenotypic variability. It was for simply
inherited traits, e.g., disease resistance, that some success was achieved with MAS in forest trees [11].
However, the most economically important tree traits (wood properties, trunk straightness, growth rate)
have quantitative, complex inheritance patterns, and the use MAS was much less effective for them.
Such traits are linked with multiple QTLs, each having a small effect, and MAS is not designed to track
a large number of loci. For example, as shown on two populations of Pinus taeda, QTLs explained as
little as 5.3% to 15.7% of the phenotypic variance in several wood traits, and these populations, in turn,
contained only part of the genetic variability present in the entire population of loblolly pine [12].
Errors in defining a stringent statistical threshold for declaring a significant effect of a particular
QTL can lead to a high percentage of false-positive or false-negative results. Being undomesticated,
forest trees are also characterized by low levels of LD [13]. Finally, successful use of MAS in forest
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trees was hindered by strong QTL-environment and QTL-genetic background interactions, and the
fluctuation of alleles frequency over generations [14,15]. On the whole, it was shown that QTLs do not
explain enough genetic variations to enable any effective implementation of MAS for complex traits in
forest trees [11].

1.3. Genomic Selection

About 20 years ago, Meuwissen et al. [16] proposed an alternative approach based on analysis of
all QTL effects, regardless of their significance. This technology began developing after the costs of
genotyping had dropped due to advances in next generation sequencing (NGS) and the use of large
amounts of SNP markers, as well as the development of statistical methods for large dataset analysis.
Genomic selection (GS) first became widely used in animal breeding, and then in crop breeding.
GS proved to be thrice as efficient as MAS in maize and twice as efficient as MAS in wheat [17]. GS is
also based on molecular markers, but, unlike MAS, preliminary information about phenotype-marker
linkage, localizations of QTLs in the genome and their relative effect on the phenotype are not
prerequisite for GS [18]. In simple words, the key difference is as follows: MAS uses few markers linked
with large-effect QTLs, whereas GS uses lots of markers linked with minor-effect QTLs. The use of
high-density markers is one of the fundamental features of GS: each locus of a trait has likelihood to be
in LD with at least one marker locus in the entire target population [10]. To date, GS has demonstrated
promising results in plants, with prediction accuracy higher than that of MAS [19].

Compared to phenotypic selection-based traditional breeding, GS can significantly shorten the
breeding cycle because the marker-based assessment of genotypes can be done at a very early stage,
when DNAs can be isolated without harming the plants. This eliminates the need for lengthy and
expensive field testing of progeny, otherwise necessary for phenotypic evaluation. The possibility
of early assessment is especially important for traits that manifest at late stages of development
(particularly in long-living species) or are difficult to assess with an adequate accuracy (e.g., pest- and
disease-resistance). Ultimately, this will significantly increase genetic gain per unit time [20,21].

GS is relatively seldom used in forest tree breeding, in contrast to crop breeding. The large and
poorly studied genomes of trees, conifers in particular, make their genotyping difficult. However,
GS can significantly reduce the breeding cycle, which is particularly important for slow-growing boreal
coniferous species with a breeding cycle of 20 to 30 years. For example, the use of GS reduced the field
testing stage to several months [3]. As a result, GS nearly halved the breeding cycle of loblolly pine:
it made phenotype-based assessment unnecessary and allowed marker-based genotyping as soon as
seeds were available. A similar effect was obtained in deciduous trees: GS reduced the breeding cycle
of eucalyptus from 10 to 5 years [11]. One of the first GS studies already showed that, for eucalyptus
species, a 50% shortening of the breeding cycle would increase efficiency gains by 50–100%, and a
75% shortening would increase the efficiency by 200–300% [22]. Stimulation of early flowering in
individual plants can shorten the breeding cycle even more: eucalyptus breeding programs achieve
flowering at 1–4 years compared to 4–8 years in natural conditions, and in Pinus taeda, by grafting,
flowering can be achieved at 3 years [23]. In addition, GS allows simultaneous and early selection for
several traits among a large number of individuals—an impossible task for conventional tree breeding
now mostly based on tandem selection [24]. Thus, GS can provide a higher genetic gain per unit
time, a faster succession of generations in breeding programs, and a faster creation of genotypes better
adapted to environmental changes (the global climate change, the spread of diseases), and can better
meet the industrial demand for wood. Thus, although GS can potentially improve the efficiency of tree
breeding programs, the outcomes would strongly depend on species and traits of interest. Therefore,
cost-benefit analysis is essential.

Due to the low degree of forest tree domestication, long traditional breeding cycles, and a large
genetic variability of almost any trait, GS will probably be much more efficient in forest breeding than
the traditional approach and, perhaps, even more efficient than in crops and animals [2]. Since the
first simulation [23,25] and empirical studies [22,26] in the early 2010s, GS has attracted considerable
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interest among forest breeders around the world: about 60 studies on this topic have been conducted
to date (Tables 1 and 2). As shown in Table 2, more than 80% of them were performed in trees from
the genera Eucalyptus, Picea, and Pinus, the main tree plantation species in the world. In the last
3–4 years alone, the list was expanded by adding less common forest species, such as Douglas-fir,
Japanese cedar, rubber tree, etc. As in traditional breeding, phenotype was mainly assessed based
on growth and wood traits (mainly the physical ones), less often, based on tree architecture and
pulp yield, and very rarely, based on species-specific traits, e.g., the content of essential oils and their
components in Eucalyptus polybractea R.T.Baker [8] or rubber production in Hevea brasiliensis (Willd.
ex A. Juss.) Müll. Arg. [27]. More recently, there appeared studies on GS for resistance to stresses,
such as diseases [28,29], pests [30,31], and drought [32].
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2. Methodology of Genomic Selection

GS is usually implemented in three or four steps: (1) genotyping and phenotyping of a “training
population” from the breeding population of trees; (2) development of genomic prediction models
where marker effects are simultaneously estimated for the alleles of all marker loci and which
can predict phenotype from genotype; (3) validation of predictive models (on a “test population”,
i.e., a group of individuals not included in model training; (4) application of the models to predict
GEBV of non-phenotyped individuals and selection for further purposes based on these values [19].
Some authors, e.g., Tan [51], unite the first and second steps. Thus, a GS program uses two populations:
a training population, for which genotypic and phenotypic data are determined, and a test population,
where the breeding value of each individual is estimated based on the genotypic data.

Establishment of a training population is a critical step in GS [74]. A successful approach to
establishing a training population in forest genomic breeding is to use available progeny tests from
classical breeding programs. Such tests usually involve thousands of trees from several dozen (rarely
hundreds) half-sib or full-sib families. Full-sibs produced from controlled pollination are preferable to
open-pollinated half-sibs with only one known parent. However, half-sibs are widely used because
they can offer some advantages: (1) fast and inexpensive production due to the lack of cross-breeding
stage; (2) screening of a large number of parents with minimal efforts; (3) better genetic sampling due to
a large number of pollen donors [61]. For minor tree species, genotypes from wild populations are also
used. Training populations of forest trees usually include over a thousand individuals, i.e., much more
than in GS of agricultural crops [11].

The plants of a training population are used for whole-genome genotyping through a large
number (thousands to tens of thousands) of SNP markers and phenotyping for as many economically
valuable traits as possible. The use of genome-wide markers is one of the fundamental features of
GS. For each trait locus, there is a probability of being in LD with the marker locus, hence there is no
need to look for specific significant QTL-marker associations, as in MAS [10]. In GS, phenotyping is
only needed for building and validating genomic prediction models. Furthermore, with the same
genomic profiles, the models can be easily recalibrated for other traits of interest in accordance with
new breeding objectives [30].

Genomic prediction models are developed based on genotyping and phenotyping data.
Such models are validated on a test population, which is only genotyped. The test population
is usually related to the training population. Models with higher accuracy, i.e., correlation between
observed and predicted breeding values, can be used to predict BVs in non-phenotyped individuals
based on their genotypic data and ranking by this parameter. Plants with a high GEBV can be used
for further breeding, and those with a high genomic estimated genotypic value (GEGV; where the
prediction took account of non-additive genetic effects)—for clonal propagation and subsequent
cultivation [24]. GS is focused on predicting general breeding value rather than identifying specific
genes associated with a particular trait, and is therefore less limited by polygenic heritability of many
traits in agricultural and forest species [12].

3. Genotyping Forest Trees

The development of high-throughput genotyping technologies has paved the way for a wide use
of GS. A successful GS requires a dense and genome-wide distribution of genetic markers because in
this case, each locus of a trait of interest is likely to be in LD with at least one marker locus in the entire
target population [10]. In addition to the reduction in genotyping costs, the GS breakthrough was
also facilitated by the development of statistical methods for accurate prediction of marker effects [75].
Efficient GS requires a low-cost, flexible, and accurate high-density genotyping platform [44]. GS of
forest trees applies a number of genotyping technologies: SNP chip/array, diversity array technology
(DArT and DArTseq), genotyping by sequencing (GBS), restriction site-associated DNA sequencing
(RAD-seq), sequence capture, and genome-wide sequencing.
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3.1. Single Nucleotide Polymorphic Marker Arrays

A single-nucleotide polymorphic marker (SNP) is a sequence with a single nucleotide replacement
that does not change the overall length of the DNA sequence. SNPs have many applications in plants,
including positional cloning, whole-genome association studies, mapping of QTLs, and determination
of genetic relationships between individuals [40]. SNP array-based genotyping, with detection of the
incorporated nucleotide on a two-dimensional surface (the chip), has become the most commonly
used method in tree GS. Fixed SNP arrays provide the current gold standard for data reproducibility
in forest tree GS; they are also breeder friendly, available from multiple service providers, and easily
managed and stored [24].

Although two microarray-based genotyping platforms—Infinium (Illumina) and Axiom
(Affymetrix)—were used for tree populations, most parts of GS research in trees were done using the
Illumina Infinium platform. This genotyping platform for a non-model species (Pinus taeda) was first
applied by Eckert et al. [76]. It contains 7216 SNPs, each representing a unique pine expressed sequence
tag (EST) contig, and was used for GS of Pinus taeda populations [26,70]. For maritime pine, the Illumina
Infinium SNP array with a large number of markers (9K and 12K) was used [7,18]. The genotyping of
Picea glauca was done using two iSelect Infinium (Illumina) SNP arrays: PgAS1 [59] and PgLM3 [57].
Both had a similar number of assayed SNPs (13,162 and 14,139, respectively), but the first array was
mainly designed for population genetics and genetic association studies, whereas the second one
was constructed for population genetics, genomic prediction, and linkage mapping purposes [77].
SNP arrays were also developed for genotyping of minor species, e.g., the Infinium iSelect SNP
genotyping array containing 5300 SNPs representing as many distinct black spruce gene contigs [64].

Based on the sequencing of 12 eucalyptus species, the high-density Illumina Infinium EuCHIP60K
was developed, which contains probes for 60,904 SNPs [78]. According to the system’s developers,
EUChip60K represents an outstanding tool for GS, genome-wide association study (GWAS), and the
broader study of complex trait variation in eucalypts. The chip was used in GS of various eucalyptus
species and hybrids: Eucalyptus globulus [4], E. grandis × E. urophylla [42], E. nitens [47]. However,
population screening for traits with oligogenic effects, such as disease resistance genes, can supposedly
be done with a low-density SNP chip [1].

The Axiom system was used later and much less often: e.g., for genotyping Cryptomeria japonica [37]
(more than 73,000 SNPs) and Pinus contorta [66] (more than 51,000 SNPs).

3.2. Diversity Array Technology

Diversity Arrays Technology (DArT) is yet another microchip-based marker system.
This cost-effective sequence-independent ultra-high-throughput marker system was developed in
2001 [79]. The DArT technology is based on detection of polymorphic DNA fragments and, unlike SNPs,
its chip development does not need genome sequence data. Hence, GS can also be used for species
with an unsequenced or totally unstudied genome. This technology is also used for large-genome
species such as grain crops [80]. Comparative evaluation of SNPs versus DArT markers in GS of wheat
(Triticum durum Desf.) showed similar prediction accuracies of the two marker systems, although the
number of DArTs was 3 times that of the SNPs (16,383 vs. 5649, respectively) [81]. Later on, there
appeared an improved technology, DArTseq, which has largely replaced the original DArT. DArTseq is
a DArT marker platform combined with next generation sequencing (NGS) platforms, which allows
reduction in genome complexity mediated by restriction enzymes and sequencing of restriction
fragments [82]. Comparative evaluation of various array-based platforms—DArT, Illumina Infinium
BeadChip wheat iSelect, and DArTseq—in GS of spring wheat showed that DArTseq—given the low
cost per SNP—was the best platform for genomic prediction [83].

SNPs and DArT markers were not compared on forest trees, but DArT was used on
Eucalyptus grandis [41,43] and various eucalyptus species and hybrids [22], whereas DArTSeq was used
on E. robusta [49] and E. urophylla × E. grandis [50].
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3.3. Complex Genome Genotyping

Coniferous species are characterized by large genomes of about 20 Gb or more (e.g., the Pinus taeda
genome is 22 Gb [84]), which many times exceed the genomes of deciduous trees (e.g., 485 Mb for
poplar [85]). The huge genomes of coniferous species impede their GS. Although the number of SNP
markers in tree GS widely varies (from 2–3 to several dozens of thousands), most studies use no
more than 10 thousand. This is quite enough for deciduous tree genomes, but not for conifers, where
such a small number of markers may not be able to capture most of the QTL effects in large breeding
populations [54]. To achieve the same coverage density as in deciduous species, one would need
at least 100,000 to 200,000 markers. To save costs and time on conifer genotyping, Neves et al. [86]
proposed focusing on the coding region. This method—exome capture—is a target enrichment method
for sequencing the protein coding regions in a genome, which greatly improves the analysis efficiency.
Genetic variation is not limited to exomes, but sequence capture is a cost-effective alternative to
whole-genome sequencing. Sequence capture consists of targeted hybridization and allows genotyping
almost any number and density of genetic markers. The method has become popular quite recently,
after Suren et al. [87] showed the utility of sequence capture for re-sequencing in complex genomes
of interior spruce (Picea glauca × P. engelmanii) and lodgepole pine (Pinus contorta). Sequence capture
genotyping may be a useful alternative to DNA chips in GS of forest trees. It was used for genotyping
Picea abies [54–56] and Pinus radiata [67], and was the only method applied in all GS studies on
Douglas-fir [19,63,72]. A comparison of two genotyping methods—sequence capture followed by
next generation sequencing (NGS) versus EucHIP60K.br—showed their equivalence in terms of
genomic prediction of the traits of interest in eucalyptus [44]. The authors concluded that sequence
capture could be a good alternative for species where SNP arrays are not available or too expensive
to develop. This was later confirmed by Ballesta et al. [39], where the efficiency of EUChip60K on
Eucalyptus cladocalyx was as low as 6% (about 3900 SNPs), probably due to a distant relatedness with
the species on which the chip was developed.

An alternative to genotyping complex genomes may be provided by DNA sequencing associated
with the restriction site (RAD-seq), which genotypes regions in proximity to endonuclease restriction
sites [44]. This method allows a relatively cheap identification of a large number of SNPs required for
GS in species with an unsequenced genome, and the number of loci selected depends on the number
of these restriction sites. Fuentes-Utrillo [65] applied this method for GS of Picea sitchensis, with four
restriction enzymes and the number of markers for mapping ranging from ~2000 to ~56,000, depending
on the enzyme.

3.4. Next Generation Sequencing Technologies

Yet another method—genotyping-by-sequencing (GBS)—is based on advances in next generation
sequencing technologies for obtaining SNP data and has very low per sample costs [80]. The GBS
employs restriction enzymes to reduce genome complexity, and a barcoding system for multiplex
sequencing. GBS does not require a decoded genome and is suitable for non-model species, such as
forest trees [14]. Furthermore, GBS uses the genotyped population to detect markers, thus minimizing
the ascertainment bias. A comparison of DArT versus GBS marker platforms in winter wheat showed
that 38,412 GBS SNPs provided a higher GS accuracy than 1544 DArT markers. Noteworthy, the per
sample cost of DArT genotyping was 2.5 times as high as that of GBS. The authors suggested that the
higher accuracy of GBS was mainly due to the large increase in the number of markers. GBS was used
in GS of both coniferous—Picea engelmannii × P. glauca [14,15], Pinus sylvestris [68]—and deciduous
species—rubber tree [53], Castanea dentata [28].

Finally, the use of whole-genome sequencing (WGS) in GS is quite ambiguous: its high cost is not
always compensated by a higher accuracy of GEBV due to increased marker density. This method was
used for genotyping Eucalyptus polybractea containing a high concentration of desired oil composition
in leaves [8]. Increased SNP density from 10K to 500K generally results in increased predictive ability
for most traits tested, although for height, chip-based genotyping may be more cost-effective than
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WGS. Apart from its use on eucalyptus, the same method has been recently employed to genotype
Shorea platyclados, a tropical tree from the Dipterocarpaceae family with an excellent timber quality.
This was the first use of GS for wood species from the Southeast Asian rainforest [73].

The use of high-density molecular markers can uncover hidden relatedness in open-pollinated
populations and correct potential pedigree errors. For example, the average pairwise estimates of
genetic relationship among individuals were substantially lower using SNP data than expectations
based on pedigree information of eucalyptus hybrids [51]. The authors suggest that these inconsistencies
likely derived from pollen contamination and/or mislabeling in the process of generating the full- and
half-sib families. Pedigree errors are common in breeding programs and result in incorrect estimates of
heritabilities and decreased breeding value accuracies. The accuracy of GEBVs was 0.55–0.75 when
using the documented pedigree of the radiata pine training population and 0.61–0.80 when using the
SNP-corrected pedigree [67]. The documented pedigree was corrected using a subset of 704 SNPs
and about 50% of parents were reassigned. This pedigree error was significantly higher than that
reported in livestock and plant breeding programs (about 10%) [67]. Errors were also found during the
verification of the lodgepole pine’s population structure [66]. Correct pedigree information is essential
for accurate selection of suitable individuals as parents of the next generation.

The advent of NGS technologies has sharply reduced the cost of sequencing and allowed decoding
the genomes of not only model species and important agricultural crops, but of some forest trees as
well. With the exception of the genome of the model species Populus trichocarpa Torr. and A. Gray
ex. Hook [85], all other sequenced tree genomes were published in the last decade. In total, the genomes
of less than 10 coniferous and less than 20 deciduous forest tree species have been sequenced so far.
They do not include Scots pine (Pinus sylvestris), an economically important species dominant in
forested areas [88]. The availability of a sequenced genome is not a prerequisite for GS, although it
would simplify the genotyping process. On the other hand, there are several important tree species
with known genomes that have not yet been subject to GS (e.g., birch, oak), and they may probably be
used to develop genotyping systems for forest breeding.

4. Phenotyping Forest Trees

4.1. Problems of Classical Phenotyping

The mechanisms of tree phenotype formation have their own specific features: during their long
lives, trees are exposed to alternating dormancy/growth periods and lots of stresses including those never
experienced by annual plants, e.g., autumn and late spring frosts. Poor understanding of phenotype
formation mechanisms in forestry can lead to unpredictable behavior of some genotypes under certain
environmental conditions [89]. Tree phenotyping should be done in different environments because
the phenotype is influenced by both environmental and genetic factors.

Phenotyping has always been a bottleneck in classical breeding programs, since the size of
breeding population is limited by the evaluable number of plants for which the phenotype can be
determined. Genomic selection is no exception, and the phenotyping of the training population is
as important as its genotyping. Precise phenotypic data are key to accurate GEBV prediction for the
training population [90]. While plant genotyping once used to be the bottleneck, the development of
NGS has reduced the costs of genotyping and now, the limiting factor is phenotyping. The current
technical challenge for implementing GS in crop plants is the reliability of phenotypic data [20].
Traditionally, plant phenotypic traits were determined by time-consuming, labor-intensive, and
often destructive manual measurements, which were also prone to researcher bias. The situation
has changed with the recent advent of high-throughput phenotyping (HTP) methods that are an
integral part of plant phenomics and are based on obtaining images in various spectral regions
and their subsequent computer processing [91]. It is the phenomic approach that, for the first time,
has provided an opportunity to deduce the patterns of changes in plant phenotypes in response to
changing environmental factors. These methods allow non-invasive precise phenotyping of large
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number of plants over long periods of time. Plants can be studied at a whole plant level (holistic
phenotypes) or at an organ level, e.g., leaves and stems (component phenotypes) [92]. These methods
assess various parameters automatically, thus eliminating the issues of researcher bias and inadequate
statistical processing.

4.2. High-Throughput Phenotyping

A variety of equipment has been developed for HTP: individual devices, including robotic
ones, as well as automated greenhouse systems that can quickly scan and record accurate data for
thousands of plants by means of non-invasive image capture techniques in various spectral regions.
Special equipment has been also developed for plant phenotyping in the field: moving platforms
(“phenomobiles”) and aerial systems (drones, unmanned aerial vehicles, balloons). Thus, the traditional
manual techniques of plant phenotyping are now giving way to high-precision non-destructive imaging
techniques. Furthermore, specialized image processing software has been developed to assess plant
growth and development both at specific time points and throughout their life. Computer image
analysis has significantly increased the phenotyping throughput that used to be the limiting factor in
the analysis of genotypes or their behavior [93]. For instance, the Quantitative Plant database [94],
formerly called Plant Image Analysis, contains nearly 200 plant image analysis tools.

HTP is most often based on visible-range images that provide much information about the plant’s
height, the structure of its parts, and the size, color, and spatial orientation of its leaves. The use of
infrared (IR) cameras to capture night images allows round-the-clock measurements. According to
some studies, the spectral reflection of leaves closely correlates with their nitrogen and chlorophyll
content, and it can be remotely measured with hyper- and multispectral devices, as well as a chlorophyll
meter (SPAD meter) [95]. Therefore, it is possible to determine not only the rate of plant growth but
also their physiological state, resistance to diseases, etc. Studies of the relationship between drought
severity and associated physiological changes in plants showed the particular importance of long-term
experiments [96]. Obtaining a true picture would require collecting phenotypic data at regular intervals
throughout the plant’s life cycle.

For several years, HTP methods have been used in the GS of annual crops, grains in particular.
Rutkoski [97] observed that aerial measurement of canopy temperature and vegetation index,
as secondary traits, with a thermal and hyperspectral camera, increased the prediction accuracies for
wheat grain yield by 56% in pedigree, and by 70% in genomic prediction models. Juliana et al. [98] used
aerial HTP platforms in the wheat genomic selection for grain yield under stress conditions (drought,
heat) and found that it increased selection intensity due to the large populations used. An unmanned
aerial vehicle (UAV) was first used to assess the heritability of vegetation index traits measured on
small unreplicated plots and to estimate the extent to which they are predictive of wheat grain yield
in replicated yield trials [99]. In that study, aerial HTP provided a substantially better response to
selection for grain yield than conventional visual selection. Not only remote phenotyping but also
other methods were used in GS of wheat. For example, a robotic field phenotyping platform measured
plant height [100]. In another study, grain yield was assessed from spectral reflectance data collected
with a handheld multiple spectral radiometer [101]. HTP was also used in GS of other annual crops.
Greenhouse-based HTP platforms were applied to measure shoot biomass and water use in GS of
rice [102]. Processed images of cassava roots were used as a source of phenotypic data in genomic
selection [103].

The developing technologies of precision phenotyping, remote sensing, robotics, and artificial
intelligence enable breeders to perform high-throughput, low-cost, and labor-saving precision
phenotyping. This can help scale up the experiments, reduce labor costs, and eliminate human
errors in manual measurements [104]. However, HTP methods are still rarely used in GS of tree species.
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4.3. High-Throughput Phenotyping in GS of Forest Trees

Large training populations (about 1000 trees) of woody plants make their phenotyping a long,
complex, and expensive process. Apple breeders note that the development of gene technologies has
brought about the big problem of HTP of large populations [1]. Thus, the main challenge in GS of trees
is field phenotyping of large numbers of plants under various environmental conditions. The challenge
cannot be met without HTP. Furthermore, tree breeding populations do not differ much from the wild
ones, i.e., forest species are in early breeding stages. Meanwhile, selection is most effective at early
breeding cycles, when the frequencies of favorable alleles in the target population are low, and here,
the precision of phenotyping is critical. Otherwise, it will lower genetic gains because of the very low
frequency of favorable alleles [105].

To the best our knowledge, GS of forest tree species, in contrast to annual crops, hardly ever uses
direct HTP techniques, nor are they often applied in forestry. UAV phenotyping was first used on a
black poplar (Populus nigra L.) population of 503 genotypes on an area of 1.67 hectares, where two
water treatments (well-watered and moderate drought) were compared [106]. The study showed
that such a phenotyping technique can be an important tool for improving the efficiency of forest
tree selection for climate change tolerance. Later on, UAV was used to estimate the total height,
intra-annual height growth, and phenology of individual 15-year-old Norway spruce trees (Picea abies)
in a dense field trial [107]. The method proved to be a cost- and time-effective alternative to manual
height measurements, and its precision was high enough for selection with total tree height as the
target trait. An automated phenotyping platform was successfully used to measure a variety of growth
parameters and response to dry-down period in seedlings of two oak species (Quercus bicolor Willd.
and Q. prinoides Willd.) under greenhouse conditions [108]. The use of image processing demonstrated
changes in the leaf shape and size in some transgenic lines of aspen (Populus tremula L.) carrying the
recombinant xyloglucanase gene in the second year of vegetation under semi-natural conditions [109].
Of particular interest are image-based methods that allow reconstructing of the 3D structures of the
trunk and branches. Tree architecture is one of the main traits in GS of forest trees (Table 2), but its
traditional assessment is very labor-intensive and imprecise.

There are hardly any known studies on direct HTP of forest species, whereas indirect phenotyping
methods, such as near-infrared reflection spectroscopy (NIRS) and X-ray diffraction, are used in GS
for high-throughput measurements of chemical and physical properties of wood. Although data
obtained with such methods may not reflect the state of the whole tree, they are usually quite sufficient
for GS [11]. For example, NIRS measurements of chest-level samples of Acacia crassicarpa A. Cunn.
ex Benth. wood correlated well enough with those of samples taken along the entire tree height, so
that tree breeders would still effectively select the best-ranked genotypes [110].

NIRS combines spectroscopic techniques and mathematical algorithms for indirect measurement
of concentrations of OH-, NH-, CH-, or SH-containing compounds and is widely used to determine the
content of nitrogen, moisture, carbohydrates, amino acids, and some other plant compounds in several
crop species [90]. This method allows fast and precise assessment of several phenotypes at a time,
thus saving wet chemistry costs [111]. In one of the first GS studies on trees, NIRS was used for indirect
measurement of eucalyptus pulp yield [22], and later, it was also used to measure physical properties
of wood, such as fiber length, coarseness, and number of fibers per gram [44], basic density [51], as well
as chemical properties of wood, such as α-cellulose content, syringyl to guaiacyl lignin monomer
ratio [46].

Density is one of the main characteristics of wood and is traditionally assessed by extracting
samples of increment cores from trees and then, measuring their volume and weight. The method
is relatively simple and accurate, but also time-consuming and labor-intensive [112]. An alternative
method for measuring wood density is X-ray densitometry, which was often used to phenotype various
spruce species in GS [58,59,64]. Another method of X-ray structure analysis, X-ray diffractometry,
is used for microfibril angle (MFA) measurement [113]. Wood modulus of elasticity (MOE) can be
calculated from wood density and MFA [58].
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4.4. Importance of Age-Related Phenotyping

The age of phenotyping is very important for trees, which is not so for agricultural crops.
According to published data, phenotyping age can vary in a wide range (Table 2): from 1–2 [8] to
40 years [14]. It is known that correlation between the same traits in young and mature trees can differ
significantly depending on trait, species, environment, and age [114]. This was also observed in GS
studies. Studies on Pinus taeda showed that models developed for growth traits based on data from
1–2-year-old plants had a limited accuracy in predicting phenotypes at 6 years [26]. Ratcliffe et al. [14]
compared the heights of interior spruce trees at the ages of 3, 6, 10, 15, 30, and 40 years. The prediction
accuracy of GS models based on 30-year height was nearly equivalent to those based on 40-year, but it
significantly decreased with an increasing age difference between the training and test populations.
On the other hand, quite opposite results have been obtained lately. In order to reduce the breeding
cycle, Alves et al. [71] integrated indirect phenotypic selection based on greenhouse phenotypes with
traditional GS. Plants of the same genotypes of Populus deltoides were grown in the field and in a
greenhouse, with plant height measurements collected from week 1 to 15 in the greenhouse and at
years 1 to 5 in the field. The study showed a moderate correlation (0.39–0.42) between greenhouse
height measurements at weeks 13 and 15 and field measurements at years 3–5. By combining multiple
greenhouse phenotypes into a selection index, a relative efficiency of ~0.48 was achieved, which is
comparable with the results of GS models based on field phenotypes only [71].

The results of the study offer promising prospects. In GS of trees, phenotyping is almost always
performed in the field. Exceptions are very rare and relate to specific traits, e.g., the rooting ability
of Pinus taeda cuttings [69]. The phenotype is influenced by both the genotype and the environment
and therefore, data obtained for naturally perennial plants grown under controlled conditions cannot
be extrapolated to their behavior in the nature. However, the manifestation of some traits, such as
tolerance to biotic and abiotic factors, are difficult to assess in the field, because it is difficult to provide
a large variability of stress factors in order to evaluate the resistance of genotypes. Although pest and
disease resistance can still be evaluated using artificial infection, practical, GS uses indirect methods.
In particular, the levels of acetophenone aglycones (piceol and pungenol) that are known to be active
ingredients against spruce budworm were analyzed in white spruce needles [31], and the growth
traits in Norway spruce plants were assessed in areas with different pest abundance [30]. A trait
such as disease resistance was evaluated under greenhouse conditions [34,69]. It is problematic to
assess drought tolerance in plants, which, unlike some agricultural crops, are normally not artificially
irrigated. Drought in field conditions is hardly predictable, and even more so is its duration and
intensity. In a study on rubber tree [53], plants were cultivated on sites with different water availability
conditions, but such sites would differ not only in the amount of precipitation, but also in temperature,
soil composition, and many other factors. Meanwhile, drought tolerance is becoming an increasingly
valuable trait for forest trees due to ongoing global climate change. The first study on GS for drought
tolerance in trees was conducted not long ago on a eucalyptus hybrid population using water use
efficiency (WUE) as a selective trait [32] and there is no doubt that research in this area will expand.

We think that GS for tolerance to abiotic stresses can use clonally propagated planting material
from training populations to assess the effects of external factors on plant growth and development
(in a greenhouse or, even better, outdoors). The level of correlation between the manifestations of
such traits in juvenile and mature plants is unknown but can be roughly estimated from the growth
history of the adult population and climate data. Traditional assessment of the physiological state of
plants is long and labor-intensive. Bouvet et al. [32] assessed WUE in eucalyptus by measuring stable
carbon isotope ratio (δ13C) in plant tissues by isotopic mass ratio spectrometry, which allows large-scale
screening of plants. An alternative method is HTP using various spectral cameras. These techniques
can effectively evaluate the growth, biophysical, and biochemical performance of plants [115] and will
help reduce the cost of phenotyping and improve breeding value prediction accuracy for forest trees.
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5. Genomic Prediction Models

5.1. Parametric and Nonparametric Models

GEBV estimation is no less important in GS than genotyping and phenotyping of individuals in a
population. A genomic prediction method should provide a high accuracy and preferably capture LD
between markers and QTLs rather than relatedness for higher long-term stability [11]. In addition,
it must be a simple, reliable, and efficient tool for estimation of various traits. There are a number of
statistical methods developed for use in GS. They mainly differ in the assumptions of the distribution
and variances of marker effects. These models usually contain a huge amount of genotypic data
(markers) and a limited amount of phenotypic data. All these methods can be divided into two groups:
parametric and nonparametric models [10,111].

Parametric models were the first to be applied in GS. In the first GS study, Meuwissen et al. [16]
used three such models: Ridge Regression Best Linear Unbiased Predictor (RR-BLUP), Bayes A,
and Bayes B. RR-BLUP assumes that all marker effects are normally distributed and that all markers
have equal variations with small but non-zero effect. The other two models are based on Bayesian
estimation. In contrast to normal distribution in RR-BLUP, marker effects in the Bayes models are
a priori assumed to follow Student’s t-distribution [111]. Later on, modifications of RR-BLUP were
developed (GBLUP (genomic BLUP), HBLUP (single-step genomic BLUP), as were a number of
Bayesian models (Bayes Cπ, Bayes LASSO (least absolute shrinkage and selection operator), etc.).

GEBV prediction accuracy depends, among other things, on the statistical methods used.
They differ in their assumptions and algorithms regarding the variance of complex traits with
different genetic architectures. There are two types of genetic architecture: (1) genetic effects follow a
mixed inheritance process where there are few genetic variants of large effects and many variants of
very small effects, or (2) each genetic effect contributes only a very small fraction of the total genetic
variance [67]. Bayesian models are better suited for traits, with the first type of genetic architecture,
where marker effects are modeled to follow a prior distribution. The basic difference between various
Bayesian methods is that they have different prior distributions and produce different degrees of
shrinkage [116]. In particular, Bayes A assumes that genetic variance follows an inverted chi-square
distribution and therefore, this model is suitable for traits controlled by a moderate number of genes;
Bayes B assumes the variance of markers is equal to zero with probability π and is better suited when
the trait is strongly influenced by certain loci; Bayes Cπ assumes that probability π has a prior uniform
distribution and therefore, it is better suited for analyzing real data [69,116]. The drawback of the
Bayesian methods is the need to set prior values, but this requirement is circumvented in the Bayesian
LASSO that requires less data [117].

For traits with the second type of genetic architecture, i.e., influenced by a large number of minor
genes, better prediction accuracies are achieved with models like GBLUP and RR-BLUP, which assume
that the effects of all loci have a common variance. GBLUP is equivalent to RR-BLUP and uses a
genomic relationship matrix (GRM) generated by evaluating marker covariance across all individuals,
providing greater resolution in genetic relationships among individuals [111]. This model can be
applied even with simple or absent pedigrees and is therefore preferred for breeding programs of
forest trees without a long record of commercial cultivation [67].

In one of the first GS studies, Bayesian approaches outperformed RR-BLUP for disease resistance
traits controlled by a limited number of loci [69]. However, GS for disease resistance is very rare,
and most studies of complex quantitative traits failed to find any advantages of certain models.
For example, both RR-BLUP and Bayes Cπ performed consistently well in a study on interior
spruce [14]. A study on eucalyptus [4] showed comparable prediction accuracies of GBLUP and
Bayesian models (Bayes B, Bayes C, BLASSO). The absence of marked differences between GBLUP
and Bayesian methods in the evaluation of growth and wood quality traits was also observed in
Pinus pinaster [18] and Pinus contorta [66]. In Cryptomeria japonica, however, GBLUP provided higher
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prediction accuracies than Bayes B for almost all assessed traits, which suggests their control by many
QTLs [37].

Unlike phenotypic mass selection based on an ancestral relationship matrix (matrix A),
genomic prediction relies on a marker-based relationship matrix (matrix G), which provides a
more accurate assessment of genetic similarity [56]. Generally, the studies showed the superiority
of marker-based models over pedigree-based models. In a eucalyptus hybrid population [50],
prediction accuracy and stability were improved by using marker-based instead of pedigree-based
relationship matrices. In Picea glauca, marker-based models (GBLUP) showed better prediction
accuracies compared to pedigree-based models (ABLUP) [59]. However, the advantage of such models
was not always observed. In Norway spruce, ABLUP had higher accuracy for all four traits than four
genomic selection methods (GBLUP, BRR, BLASSO, and RKHS (reproducing kernel Hilbert space) [54].
In a recent study on radiata pine [67], the accuracy of GEBVs (from a GBLUP model) was higher than
that of EBVs (from an ABLUP model) for branch cluster frequency, but lower for stem straightness,
internal checking, and external resin bleeding.

In addition to parametric models, GS also uses a group of nonparametric and semi-parametric
models. Examples of such models are random forests (RF), support vector regression (SVR), and neural
networks (NN), nonparametric machine learning methods, and RKHS, a semi-parametric method
where the genomic relationship matrix used in GBLUP is replaced by a kernel matrix, which enables
nonlinear regression in a higher-dimensional feature space [118]. Unlike parametric models that
evaluate additive genetic effects, these models can also capture non-additive ones (e.g., dominance,
epistasis) [111]. Thus, they can predict phenotypes better than the parametric models, especially where
non-additive effects are important.

Nonparametric models are rarely used in forest tree GS, and only in recent years. In eucalyptus,
RKHS demonstrated slightly better predictive abilities than four other models for traits with lower
heritabilities (such as trunk CBH, height, and volume), but it was the worst for pulp yield [51]. In other
studies, RKHS did not differ in accuracy from parametric statistical methods (GBLUP and BLASSO on
Norway spruce [54] and BLASSO and RR-BLUP on rubber tree [27]). A far as we know, RF has only
been used in studies on Cryptomeria japonica [13,37]. The prediction accuracy depended on where the
plants were grown, but on the whole, GBLUP and RF were better models than Bayes B [37].

In each GS model, prediction is based on different analytical assumptions, hence there is no
universally applicable statistical method for any traits in any population. Heslot et al. [119] compared
11 different parametric and nonparametric models for predicting various quantitative traits on wheat,
barley, maize, and Arabidopsis and no model was better than the others for all traits. Normally,
one should start with the use of RR-BLUP or GBLUP, include Bayesian models for large-effect loci,
and machine learning methods for important non-additive effects [11].

5.2. Non-Additive Genetic Effects

Additive effects are considered the most important in breeding, since only they can be inherited,
as opposed to non-additive effects associated with specific genotypes. However, dominance and
epistasis can be confused with additive or random environmental effects, and if they are significant,
ignoring them will lead to bias in genetic estimation. On the other hand, their inclusion in models can
improve the accuracy of prediction [34]. Dominance assessment is important for crossed populations
commonly used in the breeding of perennial species. Parametric models can also be used to estimate
non-additive effects by replacing pedigree-based relationship matrices due to non-additive effects with
their marker-based counterpart [70].

Early studies in forest tree GS evaluated only additive effects, but later simulation studies on
eucalyptus [33] and loblolly pine [34] showed that the inclusion of dominance in the GS prediction
model improved its accuracy. This was verified in practice by some studies. Bouvet et al. [50]
showed that non-additive variance explained a significant part of the total genetic variance, although
epistatic variance could not be clearly estimated. The authors attributed this to their use of
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Eucalyptus grandis × E. urophylla hybrids that could have enhanced heterosis. In another study on
eucalyptus, inclusion of dominance effects in the model increased the accuracy of GS for traits with a
large dominance variance (height and CBH) [52]. The role of non-additive effects was also confirmed
on coniferous trees: El-Dien et al. [59] reported a high proportion of epistatic variance in wood density
of white spruce. Comparing GBLUP-A with GBLUP-AD on interior spruce showed the superiority of
the latter model, which was more pronounced for height than for wood density due to the observed
dominance variance [61]. In contrast to wood density, height assessments showed no differences
between GBLUP-AD and GBLUP-ADE due to the lack of epistatic genetic variances. Thus, in interior
spruce, tree height was best assessed with GBLUP-AD, whereas wood density with GBLUP-ADE,
reflecting the presence of significant additive × additive genetic variances.

The role of non-additive effects was not always noted and often depended on trait. For instance,
inclusion of dominance effects in BLR and RR-BLUP had no effect on GS accuracy in rubber tree [27].
Compared to an additive-only model, the use of an additive + dominance model in eucalyptus
improved the predictive abilities for growth (mean annual increment) but not for wood quality
traits [42]. Inclusion of dominance effects increased R2 for tree height and acoustic velocity in Norway
spruce both in the pedigree-based (ABLUP) and the genomic-based (GBLUP) models [55]. Yet, R2 for
Pilodyn penetration (a surrogate for the trait of wood density) and MOE did not change in either model,
which was consistent with the zero estimates of dominance variations for both traits. Furthermore,
the full genomic-based model with additive, dominance, and epistatic effects (GBLUP-ADE) almost did
not differ from the GBLUP-AD model for all four traits (height, acoustic velocity, Pilodyn penetration,
and MOE), which indicates the absence of three kinds of epistatic interactions in Norway spruce.
Finally, as shown on eucalyptus hybrids, 0% to 30% of the phenotypic variance for growth traits could
be attributed to epistatic variation depending on the plant age, and these findings are consistent with
classical breeding studies in Eucalyptus [52]. However, epistasis showed no effect on basic density and
pulp yield in eucalyptus, in contrast to El-Dien et al. [59], where the epistatic effect on wood density
was noted. Thus, the contribution of non-additive effects may depend on plant species, trait, and age.

5.3. Multi-Trait and Multi-Environment GS

In classical breeding, tests under various environmental conditions are essential for assessing the
influence of environmental factors on genotype behavior and for studying genotype by environment
interactions (G × E). G × E interactions are quite common in forest trees and are used to estimate
the effectiveness of the same lines under different environmental conditions in genotype stability
studies [11]. However, most GS studies use estimates obtained in only one environment, which prevents
the use of information about environmental factors and thus, limits the predictive abilities of the GS
model. Meanwhile, inclusion of genotype-by-environment interactions in GS models can improve their
prediction accuracy. The effect of a genomic marker can be considered as a function of environmental
covariates that can be evaluated by GS methods [120].

Genotype-by-environment interactions in trees are usually studied on contrasting sites [114].
Resende et al. [26] planted loblolly pine on four sites and found that the equation for any single site
provided good prediction accuracy (0.64–0.74) within that site and a lower accuracy (0.18–0.66) for
other sites. Site location was also important: where cross-validation was performed between sites
within the same state (Florida or Georgia), the accuracy was higher compared with sites located in
different states (0.54 and 0.37, on average). This finding was later confirmed on interior spruce planted
on three sites: any of the two GS models, RR-BLUP and Generalized Ridge Regression (GRR), designed
for a specific site predicted GEBV for other sites with a worse accuracy (0.41–0.59 vs. 0.00–0.39) [15].
Thus, G × E interaction was evident even though all three sites were located within one breeding zone.
The researchers also used the multi-site population for prediction of the GEBV for each individual site.
Although the accuracies varied by site, they were higher (0.42–0.49) than in the cross-site validation
study [15]. A GS study on Norway spruce planted on two sites in northern Sweden showed that for
all four traits, the accuracies of within-site training and selection were always higher than those of
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cross-site training and selection [54]. A recent study on rubber tree demonstrated the superiority of
multi-environment GS models over single-environment ones [53].

The effect of G×E may also depend on the trait. As known from classical breeding, G×E usually
has a significant effect on growth traits in coniferous species, while having no influence on their wood
quality [54]. The GS studies on white spruce planted on two sites in different ecoclimatic regions of
Canada confirmed that growth traits were more sensitive to G×E than wood traits [57]. Similar findings
were reported for Norway spruce [54]. Thus, a genomic model developed for one site can be used
to predict GEBV for wood traits in another site, but one should bear in mind that G×E can have a
stronger impact in a more heterogeneous environment. In general, the accuracy of a predictive model
decreases when applied to a different environment, but the degree of the decrease depends on the
trait. GS should also take G×E into account in order to select genotypes adaptable to changes in
environmental conditions.

In addition to multi-environmental trials, multi-trait selection is also of considerable interest in
GS. GS models are usually designed to predict only one trait. However, multi-trait models were also
developed and helped improve the accuracy of BV predictions in animals [43], crops [116], and forest
trees. Studies on Eucalyptus grandis demonstrated the superiority of the multiple-trait combined
approach in predicting BVs over the single-trait combined approach, in particular for a low-heritability
trait (height) [43]. As shown on a eucalyptus hybrid, positive genetic gains can be achieved by
associating biomass, a proxy of WUE, and wood chemical traits (cellulose and lignin) [32]. Interesting
results were obtained on interior spruce with multi-trait GS prediction models based on Principal
Component Analysis (PCA) [15]. There is a known negative genetic correlation between wood yield
and wood quality, which was confirmed by the results from PC1. However, it turned out that the use
of PC2 and PC3 allowed a concurrent selection of traits with different phenotypic optima, i.e., PC2 and
PC3 accessed different combinations of SNPs (i.e., causal genes) that work in the same direction [15].
All these studies show the feasibility of GS for several traits at a time, even with a negative correlation
between them.

5.4. Epigenetic Effects

Along with genetic effects, there are also epigenetic effects, and there is growing evidence that
epigenetics has the potential to contribute to important traits in many plant species. Epigenetic trait is
a heritable change in gene expression without changes in DNA sequence. There are several epigenetic
mechanisms, and the best studied one is the methylation of cytosines within CG dinucleotides [121].
These changes can occur much faster than the genetic ones and they respond to external stresses;
therefore, they may be particularly important in the context of a rapid climate change [122]. The role
of epigenetic changes in phenotypic plasticity has been increasingly studied in recent years. Studies
of DNA methylation in response to climate change are of special importance for long-living trees
because their long generation period limits their ability to respond to rapid environmental changes
through genetic mechanisms [123]. For example, studies revealed an association between DNA
methylation and climatic conditions in natural populations of valley oak (Quercus lobata Nee) [123]
and a correlation of DNA methylation levels and biomass productivity of poplar plants grown under
different water availability conditions [124]. In traditional plant breeding, there is such a phenomenon
as transgressive segregation: the hybrid progeny has a wider phenotypic variation than its parents.
Unlike heterotic phenotypes, extreme phenotypes caused by transgressive segregation are heritably
stable, but the precise molecular mechanisms of this phenomenon remain unclear [125]. It is assumed
that transgressive segregants in plant breeding that are likely due to genetic and/or epigenetic effects
are more common for adaptive traits such as tolerance to abiotic stresses, and water and nutrient use
efficiency that strengthen the plant viability [126].

Although epigenetic effects are considered to be inheritable (additive), they can also be non-additive.
Such a phenomenon as heterosis, where the progeny (F1 hybrids) surpasses its parents in a number of
traits, is often used in plant breeding, including forest breeding. However, despite the wide practical use
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of heterosis, its underlying biological mechanisms are not well understood [127]. Epigenetic changes
were shown to be involved in the generation of heterotic phenotype in annual plants [128]. Later,
Gao et al. [129] investigated the role of DNA methylation changes in F1 hybrids of Populus deltoides
and found non-additive levels of methylation, suggesting a role of DNA methylation in heterosis of
forest trees. Thus, the stability of epigenetic changes (their heritability or non-heritability) may be of
great importance in GS, as it will affect the degree of LD of epialleles with nearby SNPs [130].

Statistical discrimination between genetic and epigenetic changes underlying phenotype changes
has not been studied well enough yet. The existence of epigenetic inheritance means that matrix A,
which is used to describe inheritance in the calculation of estimated breeding values (EBVs), does not
exactly describe the genetic similarity between relatives [131]. A recent application of Bayesian
statistical models to assess the epigenetic architecture of complex traits in clinical practice showed
that BayesRR distinguish between the variance explained by genetic markers and methylation probes
better than LASSO or ridge regression [132].

It is already known that epigenetics can influence all aspects of the phenotypic variance in plants,
including genetic variance, environmental variance, G×E, etc. [121]. Clinical studies showed that DNA
methylation profiles have the potential to significantly improve complex trait prediction over and
above that of SNP markers [133]. Recent advances in genomic technologies and bioinformatics have
made genome-wide high-resolution methylome analysis feasible even for very large genomes [134].
Thus, the use of these technologies in the GS of trees to detect epigenetic polymorphisms (markers)
helps understand the role of epigenetics in phenotypic variation and improve predictive abilities.

6. Accuracy Drivers in Genomic Predictions

The efficiency of GS in plants was initially evaluated using computer simulations. The first study
of this kind was performed by Bernardo et al. [135] in maize, and was soon followed by a simulation
study on a woody plant, oil palm [136]. According to the latter, response to GS was higher than
to MAS for all population sizes, and higher than to phenotypic selection for a population of 50 or
70 individuals. Simulation studies on forest trees [23,25] showed that GS was more efficient than
traditional breeding. According to these simulations and the subsequent empirical studies, the accuracy
of GSin forest trees depended on several key factors [19,51]: (1) the extent of LD between markers and
QTLs, (2) effective population size (Ne), (3) marker density, (4) training population size, (5) relatedness
between training and test populations, (6) genetic architecture of a trait (number of loci and effect
size), (7) trait heritability. Of these, only the inheritance and the genetic architecture of traits cannot be
controlled by the breeder, while the others can be, more or less.

6.1. Linkage Disequilibrium, Effective Population Size, and Marker Density

The first three of the above-mentioned factors are interrelated. Linkage disequilibrium (LD) is
particularly important in the context of GS in forest trees [23]. GS uses the LD between markers and
QTLs by employing a large number of DNA markers: with dense coverage, any QTL associated with a
trait would be in LD with at least one marker [18,137]. Thus, GS prediction accuracy depends on the
degree of LD, which, in turn, depends on the effective population size (Ne) of training population and
the marker density.

Most tree genomes have a low level of LD, which is due to high outcrossing rates, long-distance
propagule dispersal, and large effective population sizes [138]. Grattapaglia et al. [23] suggested that
the low LD levels in most forest tree species could be increased by reducing the effective population
size and increasing the marker density. Ne is one of the most important parameters in population
genetics because it determines the effectiveness of natural selection [139]. Ne is also important in
GS: the smaller Ne, the higher the predictive ability, since a lower Ne is associated with a higher LD,
and hence, a stronger association between markers and QTLs over long distances throughout the
genome [66]. It is believed that the success of GS in trees mostly depends on the interplay of two
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factors: (1) Ne that determines the marker density and (2) LD that can be controlled by selecting Ne
(it can be increased by reducing Ne) [140].

A simulation study on forest trees revealed a non-proportional inverse relationship between
marker density and Ne: an adequate GS accuracy (≥ 0.68) was achieved with a marker density of about
2 markers per cM for Ne = 30, about 10 markers per cM with Ne = 60, and up to 20 markers per cM
with Ne = 100 [23]. Similar results were obtained in a simulation in conifers (Cryptomeria japonica):
efficient GS was achieved with one marker per cM [25]. Forest tree genomes are about 1000–2000 cM
long: from 919 to 1814 cM for Eucalyptus species [141], 1637 cM for Pinus taeda [142], 1859 cM for
Douglas-fir [143]. Thus, with a small Ne, the GS of an average genome would require as little as
3000–5000 markers, but even with a 2–3-fold larger Ne it would require several dozens or hundreds of
times more markers, depending on the genome size.

Practically, non-domesticated forest trees are characterized by a large genetic diversity and a large
Ne. Ne can be reduced by using populations of related individuals (half-sibs or full-sibs), as done
in some tree breeding programs. Meuwissen et al. [144] found that adequate accuracy of predicted
breeding values in populations of unrelated individuals can be achieved with a minimum of 10×Ne×L,
where L is the total genome length in Morgans. Within-family GS requires much less markers, as they
would track only the large chromosome segments shared by family members. For example, GS in a
biparental population of apple trees showed a good accuracy (>0.7) with as little as 2500 markers [145],
whereas theoretically it would have required 130,000 (10 × 1000 × 13) markers in an outbreeding
population of apples [111]. A study on eucalyptus showed that a reduction in Ne from 51 to 11
improved the accuracy from 0.65 to 0.80 [22]. On the other hand, a large effective population size may
lead to greater recombination and genetic diversity within the population due to high outcrossing
rates in wind-pollinated species, which is favorable for a long-term genetic gain [35].

Experimental studies in forest tree species demonstrate quite fair predictive abilities at relatively
moderate genotyping densities (2500–10,000 SNPs), probably due to the impact of relatedness as a
driver of accuracy [11]. For example, in a study on Picea abies, the accuracy reached a plateau at
4000–8000 SNPs [55]. A subset of 3000–4000 markers was sufficient to reach the same predictive abilities
and accuracies as the full set of 8719 markers in Scots pine [68]. If possible, however, higher marker
densities should be used to increase the prediction accuracy. Furthermore, higher marker densities
may be necessary where the training and test populations do not originate genetically from the same
primary population [144].

6.2. Size and Structure of Tree Populations in GS

A larger training population allows more accurate assessment of marker effects and, hence, a higher
accuracy of GEBV for candidate selection. Unlike some agricultural crops and even more so animals,
for most forest trees, the size of training population is usually not a limiting factor. A simulation study
showed that with a population size of more than 2000 individuals, the prediction accuracy leveled off
to a plateau regardless of Ne and marker density [23]. However, with a high marker density or Ne < 30
individuals, 1000 individuals were enough to achieve accuracies of at least 0.7. Therefore, the training
populations included 800–1200 trees in most studies (Table 2). A training population is usually sampled
from an existing progeny trial derived from interbreeding (open or controlled pollinated) a few dozen
elite parents. The costs of genotyping have dropped in recent years and it is no longer the limiting
factor in the analysis of large populations. Moreover, genotyping of a specific individual has to be done
only once. On the other hand, the costs of phenotyping remain high because it requires ample manual
labor and should preferably be repeated in different years, environments, and in several replications.
Therefore, it is phenotyping that is becoming the limiting factor for increasing the size of training
population. The use of HTP methods will help remove this limitation.

In theory, a small Ne (related individuals) should provide higher prediction accuracy than
unrelated genotypes. Calculations show that the use of 1000 eucalyptus half-sibs potentially has a very
high predicted GEBV accuracy (>0.9) owing to the relatively small effective number of independent

27



Forests 2020, 11, 1190

chromosome segments within the half-sib families [111]. To test this statement, the effectiveness of
GS was evaluated in a white spruce (Picea glauca) population of a large effective size [58]. The study
showed that the accuracy of GEBVs obtained with individuals of unknown relatedness was lower,
with about half of the accuracy achieved with half-sibs.

GS studies on forest trees generally reported moderate to high accuracies of selection models with
correlations from 0.6 to 0.8 for full-sib-families, from 0.3 to 0.5 in half-sibs, and a very low predictive
ability for unrelated individuals [64]. Furthermore, the full-sib family structure required significantly
fewer markers than did the half-sib family structure to achieve the same effect. For example, in the
full-sib family of Norway spruce, 250 markers provided the same accuracy, and 750 markers provided
the same predictive ability for all four traits, as 100,000 markers in the half-sib family structure [54].

The degree of relatedness in a training population affects the prediction accuracy and is an
important factor in the relationships between training and test populations, as was demonstrated
in a number of tree studies. In these studies, the progeny of full- and/or half-sibs within one
generation was usually divided into training and test populations [56]. This improved the accuracy
of GEBV prediction by increasing the likelihood of the same chromosome segments being present in
both populations [111]. On the contrary, the use of unrelated populations reduced the accuracy of
predictive models. For example, models built with a half-sib structure of Picea mariana (Mill.) Britton,
Sterns, and Poggenb. led to a large decrease in accuracy, predictability, and genetic gain compared
with a full-sib design [64]. In a study on eucalyptus, the average values of the realized genomic
relationships among full-sibs, half-sibs, and unrelated individuals consistently decreased (0.309, 0.131,
and 0.0056, respectively).

In addition to the degree of relatedness, the ratio of training to test population was also important.
In a study on Norway spruce, Chen et al. [54] compared the effects of five different training to test
ratios (1:1, 3:1, 5:1, 7:1, and 9:1) on the accuracy of statistical models. The GS accuracy increased with
the increasing ratio, although it also depended on the evaluated trait: for tree height, the maximum
accuracy was achieved at the ratio of 5:1, whereas for wood quality traits, only minor improvements
were observed after the ratio had been increased to 3:1. In a similar study on a deciduous species,
eucalyptus genotypes were divided into five different size groups with the training to test ratios of
1:1, 2:1, 3:1, 4:1, or 9:1 [51]. In contrast to the findings of Chen et al. [54], here, the predictive ability
significantly improved after the ratio had been increased from 1:1 to 9:1 (which supports the importance
of an adequate size of the training set in GS), but it did not depend on trait. However, the ratio increase
from 1:1 to 2:1 caused a greater increase in predictive ability than the ratio increase from 2:1 to 9:1.
Thus, it may be more appropriate to improve the predictive accuracy by increasing the size of training
population rather than the marker density.

6.3. Heritability and Genetic Architecture of Traits

Trait heritability and genetic architecture also affect model accuracy, but, unlike the above
key factors, they are natural features and cannot be controlled by the breeder. To some extent,
they can be influenced by choosing an adequate statistical model. Traits with a simpler architecture
(e.g., disease resistance) have fewer loci that control large proportions of phenotypic variance. These are
the features that are best suited for MAS applications and are better predictable in GS. More complex
quantitative traits (growth, wood properties) may be controlled by dozens or hundreds of QTLs with
weaker effects [11]. Given these differences in marker effects, calculations can be done using models
that provide for different or equal contributions of all markers to the observed variability. For instance,
the growth and wood attributes of interior spruce were more accurately predicted by RR-BLUP than
by GRR, thus suggesting the complex genetic architecture of the traits [15]. De Almeida Filho et al. [34]
compared predictions of polygenic (height, 1000 QTLs) and oligogenic (disease resistance, 30 QTLs)
traits in a simulated population of loblolly pine (Pinus taeda). Computations showed that the models
Bayes A and Bayes B were more accurate than BL and BRR for oligogenic traits in all scenarios. Thus,
RR-BLUP (frequentist version of BRR) is better suited for predicting complex traits than simple ones.
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The heritability of a trait can be defined as the fraction of phenotype variability which is due to
genetic variation. Narrow-sense heritability considers only additive genetic effects, while disregarding
the non-additive effects (dominance, epistasis) and genotype-environment interaction [111]. Traits with
a higher heritability are more accurately described by marker effects and are less dependent on other
factors. Heritability was shown to have a relatively small impact on the accuracy where the training
population was large enough for adequate assessment of marker effects [11]. However, in the same
way as for genetic architecture, modeling of dominance effects can improve the GS models for some
traits [66]. The heritability of economically valuable traits is usually high enough to assure accurate GS
of plants, provided there are sufficient markers and large training populations [111].

7. Economic Efficiency of GS in Tree Breeding

The current common breeding approaches—traditional, MAS, and GS—differ in cost and efficiency.
Breeding of new varieties should consider the economic aspect in the process of cost–benefit analysis.
Traditional breeding is based on phenotypic selection and has a long cycle and a low efficiency when
selecting for complex traits [17]. Owing to early evaluation of the genotype, MAS can shorten the
breeding cycle, which could otherwise reach 25 or more years in boreal conifers [146], but it is still
ineffective for selection of polygenic traits. GS can shorten the breeding process even further, primarily
by reducing long and expensive field trials, but this technology is less than 10 years old and its use is
currently limited due to poorly studied genomes of many tree species. Nearly all studies that compared
GS and traditional breeding of forest trees showed the superiority of GS, which significantly reduced
the breeding cycle (Table 2). This was mainly achieved due to the possibility to evaluate plants at a
very young age (down to seedlings). In loblolly pine, the efficiency of GS was 53–112% higher than
with traditional breeding, and the breeding cycle shortened by 50% [26]. In radiata pine, the efficiency
of GS was 37–115% higher, and the breeding cycle shortened from 17 to 9 years [67] compared with
traditional breeding. The results in interior spruce were more modest than in pine species: efficiency
increased by 6–33% and the breeding cycle reduced by 25% [14]. A twofold reduction in the breeding
cycle was achieved in eucalyptus [22,46] and even threefold reduction in some Picea species [58,64]
and rubber tree [53]. At the same time, GS relies on expensive genotypic analysis, and this must be
taken into account when comparing breeding methods in terms of efficiency.

The economic efficiency of a breeding method may depend on such factors as population
size, trait heritability, costs of plant phenotyping and genotyping, etc. For example, a simulation
study on herbaceous plants showed that GS was more cost-effective than phenotypic selection if the
following conditions were met: the heritability of traits of interest was below 0.25, and the cost of
one plant phenotyping did not exceed that of genotyping [147]. Forest trees species differ in genome
organization, duration of juvenile period, vegetative propagation abilities, and different rotation
periods and requirements for growing conditions. The traits of interest for selection are also very
diverse: quantitative (growth rate), qualitative (wood properties), and those responsible for tolerance
to biotic and abiotic stresses. All the above can influence genotyping and phenotyping, propagation
and cultivation during the breeding process, and makes each GS program unique.

The cost-effectiveness of GS in forestry depends on many factors and can vary greatly in each
particular case. This technology is, perhaps, hardly suitable for small breeding programs with minor tree
species and a poorly studied genome, but when used on major industrial forest species, its considerable
time gain may be very important from a commercial perspective [11]. Resende et al. [22] calculated
that the costs of GS of 20,000 eucalyptus seedlings would be paid back at least 20 times due to a 1%
increase in pulp yield, and 9 years earlier than in the case of conventional breeding. On the other hand,
genetic technologies are rapidly developing, and in the coming years, genome exploration may stop
being a limiting factor.

The breeding of trees, even using GS methods, is a long and expensive process, and therefore,
a detailed cost-benefit analysis is absolutely necessary before its practical implementation [11]. The very
first GS study on woody plants (oil palm) [136] estimated that the cost per unit gain with GS was
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26–57% lower than with phenotypic selection when markers cost USD 1.50 per data point, and 35–65%
lower when markers cost USD 0.15 per data point. Only recently, however, there appeared full-scale
studies on forest trees, with the assessment of various scenarios of breeding, propagation, plantation
establishment, forest management, and harvesting. Chang et al. [148] conducted a stand-level financial
benefit-cost analysis to compare GS and traditional breeding of two major commercial tree species
in Western Canada, white spruce and lodgepole pine, if grown for up to 250 years. According to the
results, GS could shorten the breeding cycle for these species in Canada from 33 to 18 years, but under
current market conditions, traditional breeding should still remain the main tree breeding strategy for
producing improved seedlings of white spruce and lodgepole pine for reforestation. Yet, GS would
become a promising approach in the following scenarios: (1) an increased log price premium at harvest;
(2) reduced seedling costs; (3) achieving higher genetic gain; and (4) planting on high-productivity
sites. This study also shows the importance of choosing an appropriate reference year for comparing
different breeding strategies, as this can significantly influence the conclusions made [148]. The authors
emphasize that their calculations were made for the current market conditions and breeding strategies
for white spruce and lodgepole pine in the province of Alberta, Canada, and cannot be extrapolated to
other species and regions of the world. For example, a shorter rotation period and a lower cost of pine
seedlings in the southern USA, New Zealand, or Chile may make GS financially more attractive.

Another study compared the financial performance of various breeding and deployment scenarios,
with or without GS, in the context of intensively managed plantations of white spruce in Quebec
(Canada) [149]. The duration of a classical breeding cycle, 34 years, was similar to the previous
study, but the rotation period lasted for up to 60 years, and weeds were controlled with herbicides.
According to the results of the study, the best scenario used GS with somatic embryogenesis (SE),
followed by a scenario with GS in combination with top-grafting for the production of improved
seedlings. As was already reported earlier, the most significant breeding cycle reduction with maximum
increase in genetic gain could be achieved by combining GS and SE [150]. Li et al. [35] reported that
the use of SE for propagation, even after traditional breeding, led to an additional 8.11% genetic gain
compared with propagation by seeds of the selected individuals. On the other hand, combining
GS with top-grafting resulted in a significant increase in additional genetic gain per year in conifers
due to the reduced age of coning from 5 to 3 years [35]. Thus, top-grafting could be an interesting
alternative to increase genetic gain and shorten breeding cycles for tree breeding programs where SE at
an operational scale is yet not available [149]. Finally, the continuing reduction in genotyping costs is
making GS increasingly financially attractive for use on forest trees.

8. Perspectives of GS in Forestry

Studies of GS in forest trees have been conducted for less than 10 years, but they have already
demonstrated the promising prospects of this approach in forest tree improvement. A few years ago,
Isik et al. [1] named three challenges for GS in trees: (1) lack of reliable, repeatable, and cost-efficient
genotyping platforms; (2) lack of infrastructure to store, retrieve, and analyze large numbers of
markers; (3) lack of well-designed and well-tested breeding populations for many species. The latest
advances in genomics and bioinformatics can help solve the first two problems rather quickly, but the
establishment of breeding population takes much longer. Nevertheless, the list of tree genera used in
GS studies has significantly expanded over the last 2–3 years and is likely to continue expanding in
the future. Among boreal species, good candidates for inclusion in the list are representatives of the
genera Betula and Quercus. Russian breeders have been working with such species as B. pendula Roth,
B. pubescens Ehrh., and Q. robur L. for several decades, and the breeding populations, including full-sib
families, can be used for GS. Genotyping of these species is facilitated by the availability of the recently
sequenced reference genomes of birch (B. pendula) [151] and oak (Q. robur) [152]. Their small genomes,
440 and 740 Mb, respectively, are ten times smaller than those of pine and spruce (~20 Gb), which is also
an advantage. Birch and oak have valuable wood and they are very promising for plantation forestry in
southern regions of European Russia. Of tropical species, Tectona grandis L.f., for which a draft genome
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was recently published [153], can be considered as the best candidates for GS. It was already shown
that the breeding cycle in coniferous trees can be further shortened by using grafting and somatic
embryogenesis. In deciduous species, flowering can be accelerated with the fast-track breeding system
using genetic transformation by flowering inducing genes. The system was successfully applied on
fruit trees—apple [154], plum [155], and trifoliate orange [156]—and made it possible to reduce the
juvenile period several times.

The list of traits of interest for GS will also expand. Global climate change is drastically changing
the cultivation conditions of forest trees, especially in the boreal regions. On the one hand, increasing
temperature can improve forest productivity. On the other hand, the duration and intensity of various
stresses also increase, and traditional breeding fails to respond timely to these challenges. GS programs
would probably also include such traits as tolerance to abiotic stresses, primarily drought. It is difficult
and time-consuming to assess the state of plants exposed to stress factors using traditional approaches,
hence the need for wider adoption of HTP techniques in GS, because they allow such assessment to be
made remotely by capturing images in various spectral regions. Stresses are environmental factors
that occur unpredictably and usually continue for a limited period of time, and can affect economically
important traits of trees. Considering the above-said factors, GS programs should make a wider use of
multi-environment, multi-age, and multi-trait statistical models.

In addition, the proper use of epigenetic variance can open up new opportunities for improvement
of forest trees. This would require a detailed understanding of how to predict the stability of epigenetic
variants (their additive or non-additive nature) so that epigenetics could be used to improve valuable
heritably stable traits, primarily stress tolerance. In particular, changes in methylation of transposable
elements can be responsible for the variability of traits [157]. This is especially important for conifers,
whose large genomes contain a high number of transposable elements, which provide vast potential
genetic resources [158].

Finally, we can expect more extensive use of GS simulations. The GS of forest trees began
with simulation studies and such studies are still occasionally conducted. As shown by the recent
cost–benefit studies, the economic efficiency of GS implementation depends on a large number of factors,
including those difficult to predict (e.g., the market value of wood). GS programs are expensive and
lengthy, although much shorter than traditional breeding, and their implementation should be preceded
by simulation studies to select optimal strategies for specific species, traits, and growing conditions.

9. Conclusions

Despite its short history, GS has already proved to be a powerful tool in plant breeding. It is
especially useful for the prediction of complex quantitative traits, including productivity and wood
quality, the main characteristics of woody plants for cultivation on forest plantations. In each specific
case, it is essential to consider a number of factors and their combinations with the biggest impact on
the selection efficacy. Clarification of the pedigrees of individuals from breeding populations using
molecular markers will improve the accuracy of predicting their breeding values. In general, studies on
GS of forest trees confirm that it can significantly reduce the duration of the breeding cycle and increase
the genetic gain. The reduction in genotyping and phenotyping costs is likely to contribute to a wider
use of this method in forest breeding.

Author Contributions: Conceptualization, V.G.L.; writing—original draft preparation, V.G.L. and T.N.L.;
writing—review and editing, V.G.L. and K.A.S.; funding acquisition, A.I.C. and K.A.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was carried out within the state program of Ministry of Science and High Education of the
Russian Federation (theme “Plant molecular biology and biotechnology: their cultivation, pathogen and stress
protection (BIBCH)” (No 0101-2019-0037).

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

31



Forests 2020, 11, 1190

References

1. Isik, F.; Kumarx, S.; Martínez-García, P.J.; Iwatajj, H.; Yamamoto, T. Acceleration of forest and fruit tree
domestication by genomic selection. Adv. Bot. Res. 2015, 74, 93–124. [CrossRef]

2. Isik, F. Genomic selection in forest tree breeding: The concept and an outlook to the future. New For. 2014, 45,
379–401. [CrossRef]

3. Harfouche, A.; Meilan, R.; Kirst, M.; Morgante, M.; Boerjan, W.; Sabatti, M.; Mugnozza, G.S. Accelerating the
domestication of forest trees in a changing world. Trends Plant Sci. 2012, 17, 64–72. [CrossRef] [PubMed]

4. Durán, R.; Isik, F.; Zapata-Valenzuela, J.; Balocchi, C.; Sofía Valenzuela, S. Genomic predictions of breeding
values in a cloned Eucalyptus globulus population in Chile. Tree Genet. Genomes 2017, 13, 74. [CrossRef]

5. Muranty, H.; Jorge, V.; Bastien, C.; Lepoittevin, C.; Bouffier, L.; Sanchez, L. Potential for marker-assisted
selection for forest tree breeding: Lessons from 20 years of MAS in crops. Tree Genet. Genomes 2014, 10,
1491–1510. [CrossRef]

6. Ballesta, P.; Serra, N.; Guerra, F.P.; Hasbún, R.; Mora, F. Genomic prediction of growth and stem quality traits
in Eucalyptus globulus Labill. at its southernmost distribution limit in Chile. Forests 2018, 9, 779. [CrossRef]

7. Bartholomé, J.; van Heerwaarden, J.; Isik, F.; Boury, C.; Vidal, M.; Plomion, C.; Bouffier, L. Performance of
genomic prediction within and across generations in maritime pine. BMC Genom. 2016, 17, 604. [CrossRef]

8. Kainer, D.; Stone, E.A.; Padovan, A.; Foley, W.J.; Külheim, C. Accuracy of genomic prediction for foliar
terpene traits in Eucalyptus polybractea. G3 Genes Genomes Genet. 2018, 8, 2573. [CrossRef]

9. Zapata-Valenzuela, J.; Whetten, R.W.; Neale, D.; McKeand, S.; Isik, F. Genomic estimated breeding values
using genomic relationship matrices in a cloned population of loblolly pine. G3 Genes Genomes Genet. 2013, 3,
909–916. [CrossRef]

10. Desta, Z.A.; Ortiz, R. Genomic selection: Genome-wide prediction in plant improvement. Trends Plant Sci.
2014, 19, 592–601. [CrossRef]

11. Grattapaglia, D. Status and perspectives of genomic selection in forest tree breeding. In Genomic Selection for
Crop Improvement; Varshney, R.K., Roorkiwal, L., Sorrells, M.E., Eds.; Springer International Publishing AG:
Cham, Switzerland, 2017; pp. 199–249. [CrossRef]

12. Zapata-Valenzuela, J.; Isik, F.; Maltecca, C.; Wegrzyn, J.; Neale, D.; McKeand, S.; Whetten, R. SNP markers
trace familial linkages in a cloned population of Pinus taeda—Prospects for genomic selection. Tree Genet.
Genomes 2012, 8, 1307–1318. [CrossRef]

13. Nagano, S.; Hirao, T.; Takashima, Y.; Matsushita, M.; Mishima, K.; Takahashi, M.; Iki, T.; Ishiguri, F.;
Hiraoka, Y. SNP genotyping with target amplicon sequencing using a multiplexed primer panel and its
application to genomic prediction in Japanese cedar, Cryptomeria japonica (L.f.) D.Don. Forests 2020, 11, 898.
[CrossRef]
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accuracy of breeding values by incorporating genomic information in spatial-competition mixed models.
Mol. Breed. 2017, 37, 125. [CrossRef]

42. Resende, R.T.; Resende, M.D.V.; Silva, F.F.; Azevedo, C.F.; Takahashi, E.K.; Silva-Junior, O.B.; Grattapaglia, D.
Assessing the expected response to genomic selection of individuals and families in Eucalyptus breeding
with an additive-dominant model. Heredity 2017, 119, 245–255. [CrossRef] [PubMed]

43. Cappa, E.P.; El-Kassaby, Y.A.; Muñoz, F.; Garcia, M.N.; Villalba, P.V.; Klápště, J.; Poltri, S.N.M. Genomic-based
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Abstract: Bamboo, a non-timber grass species, known for exceptionally fast growth is a commercially
viable crop. Long terminal repeat (LTR) retrotransposons, the main class I mobile genetic elements in
plant genomes, are highly abundant (46%) in bamboo, contributing to genome diversity. They play
significant roles in the regulation of gene expression, chromosome size and structure as well as in
genome integrity. Due to their random insertion behavior, interspaces of retrotransposons can vary
significantly among bamboo genotypes. Capitalizing this feature, inter-retrotransposon amplified
polymorphism (IRAP) is a high-throughput marker system to study the genetic diversity of plant
species. To date, there are no transposon based markers reported from the bamboo genome and
particularly using IRAP markers on genetic diversity. Phyllostachys genus of Asian bamboo is the
largest of the Bambusoideae subfamily, with great economic importance. We report structure-based
analysis of bamboo genome for the LTR-retrotransposon superfamilies, Ty3-gypsy and Ty1-copia,
which revealed a total of 98,850 retrotransposons with intact LTR sequences at both the ends. Grouped
into 64,281 clusters/scaffold using CD-HIT-EST software, only 13 clusters of retroelements were found
with more than 30 LTR sequences and with at least one copy having all intact protein domains
such as gag and polyprotein. A total of 16 IRAP primers were synthesized, based on the high copy
numbers of conserved LTR sequences. A study using these IRAP markers on genetic diversity and
population structure of 58 Asian bamboo accessions belonging to the genus Phyllostachys revealed
3340 amplicons with an average of 98% polymorphism. The bamboo accessions were collected from
nine different provinces of China, as well as from Italy and America. A three phased approach using
hierarchical clustering, principal components and a model based population structure divided the
bamboo accessions into four sub-populations, PhSP1, PhSP2, PhSP3 and PhSP4. All the three analyses
produced significant sub-population wise consensus. Further, all the sub-populations revealed
admixture of alleles. The analysis of molecular variance (AMOVA) among the sub-populations
revealed high intra-population genetic variation (75%) than inter-population. The results suggest that
Phyllostachys bamboos are not well evolutionarily diversified, although geographic speciation could
have occurred at a limited level. This study highlights the usability of IRAP markers in determining
the inter-species variability of Asian bamboos.

Forests 2020, 11, 31; doi:10.3390/f11010031 www.mdpi.com/journal/forests41
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1. Introduction

Bamboo, a monocot and a major grass genera, is a group of evergreen flowering plants belonging
to the subfamily Bambusoideae of the family Poaceae [1]. Although the proliferation of bamboo
occurs predominantly through rhizomes, most bamboos do reproduce through seeds, flowering at
least once in a lifetime. Usually, flowering intervals are long and vary between species, ranging
from several to hundreds of years [2–4]. More than 1642 bamboo species from 75 genera are
known (https://www.inbar.int), among which 100 species are commercially cultivated over 30 million
hectares worldwide, particularly in Asia. Several members of the bamboo, including Asian bamboo,
are recognised as fast-growing plants, growing up to a height of 35–50 m and up to 30 cm in diameter
(https://www.inbar.int). Among cultivated bamboo species, the Asian bamboo can grow at a maximum
rate of 100 cm a day and produces huge biomass [5].

Most Asian bamboo species are native to China, although some are known to grow in India,
Vietnam and Myanmar. These bamboos account for approximately 0.8% of the forest area worldwide.
Some species were introduced to Japan a hundred years ago and became naturalised. More recently,
a few naturalized species from Australia, Europe and the Americas have been reported [6]. Most Asian
bamboos belong to the genus Phyllostachys in the tribe Arundinarieae. They are chiefly temperate
woody bamboos and are tetraploids (2n = 4x = 48) with a 2B karyotype pattern.

Bamboo wood is a non-timber natural raw material having notable industrial importance and
economic value in South Asia [7]. Asia is the largest producer of bamboo products in the world,
with annual international trade amounting to more than 2.5 billion US dollars (https://www.inbar.int).
In spite of being an economically important perennial species, commercial bamboo remains mostly
confined to natural populations. Further, the genetic diversity of bamboos has not adequately been
explored. The major reasons were the difficulty in assessing the phenotypic variability of clones
because of their extended growth period, perennial nature, gigantic size, propagation behavior,
non-uniformity of age, long flowering cycle and the extensive area of their natural habitat. However,
with the advent of molecular marker-based techniques developed in the 1980s, studies on crop genetic
diversity have gained momentum. Subsequently, from 1991, a relatively limited number of molecular
fingerprinting studies have been carried out to assess the genetic diversity of the Asian bamboo species
using restriction fragment length polymorphism (RFLP), [8,9], randomly amplified polymorphic
DNA (RAPD), [10,11], amplified fragment length polymorphism (AFLP), [12–16], simple sequence
repeats (SSRs), [17,18], expressed sequence tags-SSR (EST-SSR), [19,20], inter-simple sequence repeats
(ISSRs), [15,21] and single-nucleotide polymorphisms (SNP) [22].

In this study, we took advantage of the genome wide abundance of transposable elements to assess
genetic variability in bamboo. Transposable elements (TEs) are ubiquitous genetic elements in eukaryotic
genomes, capable of self-replicative transposition, affecting genome stability [23–28]. Two types of TEs
have been identified based on their transposition mechanisms, namely class I retrotransposons and class
II DNA transposons [28]. Retrotransposons are RNA-based TEs which duplicate themselves and move
within the genome in a semi-conservative manner through a ‘copy-and-paste’ mechanism of an RNA
intermediate [28–30]. DNA transposons, on the other hand, use a conservative style of transposition
and move directly by a ‘cut-and-paste’ mechanism [31–33]. Retrotransposons are found in abundance,
particularly in plant genomes, outnumbering DNA transposons, accounting for a significant part of the
genome such as 68% in wheat [34] and 49%–78% in maize [35,36]. While exploring TEs from 44 bamboo
species belonging to 38 genera, Zhou et al. [37] identified TEs as widespread, abundant and diverse in
the bamboo genome. In moso bamboo, retrotransposons are reported to occupy 39%–46% [38–40] of the
genome, accounting for about 65% of the total repetitive elements in the genome [38].
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Among the two major types of retroelements, long terminal repeat (LTR)-retrotransposons and
non-LTR-retrotransposons, LTR-retrotransposons constitute more than 90% of the retrotransposons
found in plant genomes [41–43]. They have typical structural features, such as LTR sequences at both
ends, transcription and reverse transcription processing signals and target site duplications [24,44].
Additionally, they possess a primer-binding site and a polypurine tract, aiding the synthesis of minus-
and plus-strand DNA [45,46]. Based on their characteristics, LTR-retrotransposons are primarily
divided into two superfamilies: Ty1-copia and Ty3-gypsy [42]. Recent estimates of the bamboo genome
show that 63.2% of the genome is occupied by TEs [40] and 45.7% of the repeat regions belongs to
Ty3-gypsy and Ty1-copia types, signifying their role in determining genome size [39]. The genome-wide
analysis showed that LTR-retrotransposons are transcriptionally active in the bamboo genome and
are responsible for generating 30% of small interfering RNAs (siRNAs) [47]. It has been reported that
LTR-retroelements get activated by environmental stress [48–50]. Therefore, in the course of genome
evolution, LTR-retrotransposon activity could accumulate several variations, making them an ideal
source for genome-wide molecular markers [51–54].

The inter-retrotransposon amplified polymorphism (IRAP) technique produces amplified
fragments that are characteristic of a dominant marker [55,56]. Amplification of the IRAP fragment
between two LTR-retrotransposons is done using outward-facing primers which anneal to LTR
sequences. This method needs neither restriction digestion nor ligation enzyme [57]. Due to technical
ease, the IRAP method has been utilized in several studies of the genetic diversity of various plant
species. Kalendar et al. [51] studied genetic diversity in barley using IRAP markers, proving their
usefulness for diversity studies and the method helped to distinguish between Brazilian and Japanese
rice genotypes [58]. Furthermore, it has been used in sunflower [59], Pinus [60], Lilium [61], Persian oak
(Quercus brantii Lindl.) and in Bletilla striata [62], and in wild diploid wheat [63] for diversity studies,
as well as for population structure and phylogenetic analyses. Guo et al. [62] reported that the results
obtained using IRAP markers were similar to those obtained by start codon-targeted (SCoT) markers.

Although LTR-retrotransposons occupy a significant part of the bamboo genome, the genetic
diversity information attributable to them remains mostly unknown. Furthermore, no TE-based
bamboo markers have been reported to date. In the current study, we report, for the first time, the
development of several IRAP markers based on the moso bamboo genome and the use of these markers
to assess the IRAP-based genetic diversity and population structure of Phyllostachys bamboo.

2. Materials and Methods

2.1. Plant Material

A total of 58 Asian bamboo accessions were used in the study. The accessions included 47
distinct species belonging to the genus Phyllostachys, of which four species had 15 different varieties
shared between them. There were nine varieties of Ph. edulis and two varieties each from Ph. nigra,
Ph. bambusoides and Ph. sulphurea. These materials were collected from the forests of the main Asian
bamboo growing regions of China spread over the provinces of Zhejiang, Anhui, Sichuang, Jiangxi,
Guangdong, Hunan, Henan, Jiangsu and Taiwan. Three species, one sourced from Italy (Ph. nidularia)
and two obtained from America (Ph. elegans and Ph. glauca), were also included. The details are listed
in Table 1. The collected plant materials were planted and maintained in red soil of a botanical garden
of Fujian province. The conservation site has a subtropical monsoon climate with four distinct seasons
in the year, an average rainfall from 1270 and 2030 mm a year, and an annual average temperature of
17.5 ◦C.

Fresh young leaves of the bamboo clones were randomly collected and surface-cleaned by gently
rinsing with 70% ethanol and preserved in a polythene bag containing colour-changing silica gel
(Tsingke, China). The leaf bags were stored in a deep freezer at −80 ◦C for further analysis.
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Table 1. List of 58 Phyllostachys accessions (Asian bamboo) collected from different geographical
regions used for the analysis of genetic diversity using inter-retrotransposon amplified polymorphism
(IRAP) markers.

S. No. Phyllostachys Accessions Source Location

1. Ph. aurea Carr. Zhejiang, China
2. Ph. acutiligula G. H. Lai Anhui, China
3. Ph. varioauriculata Anhui, China
4. Ph. heteroclada Sichuang, China
5. Ph. hispida Zhejiang, China
6. Ph. hirtivagina Anhui, China
7. Ph. edulis (Carrière) J. Houz Jiangsu, China
8. Ph. edulis cv. Obliquinoda Zhejiang, China
9. Ph. edulis cv. Pachyloen Jiangxi, China
10. Ph. edulis cf. huamaoyhw (Wen.) Wen Hunan, China
11. Ph. edulis cv. Viridisulcata Zhejiang, China
12. Ph. edulis (Carr.) Matsumura Zhejiang, China
13. Ph. edulis Mitford cv. Zhejiang, China
14. Ph. edulis (Carr.) Mitford cv. Gracilis Jiangsu, China
15. Ph. edulis cv. Tubaeformis S.Y. Wang Hunan, China
16. Ph. incarnata T.H. Wen, Bull. Bot. Res Zhejiang, China
17. Ph. nidularia Italy
18. Ph. sulphurea (Carr)A. et C. Riv Anhui, China
19. Ph. sulphurea var. viridis Henan, China
20. Ph. mannii Taiwan, China
21. Ph. virella Zhejiang, China
22. Ph. yunhoensxian Zhejiang, China
23. Ph. rubromarginata Guangdong, China
24. Ph. elegans McClure America
25. Ph. fimbriligula Zhejiang, China
26. Ph. viridiglaucescens Zhejiang, China
27. Ph. robustiramea Zhejiang, China
28. Ph. flexuosa Anhui, China
29. Ph. glauca America
30. Ph. zhejiangensis Zhejiang, China
31. Ph. angusta Anhui, China
32. Ph. meyeri Henan, China
33. Ph. vivax Anhui, China
34. Ph. propinqua Anhui, China
35. Ph. iridescens Zhejiang, China
36. Ph. purpureociliata Anhui, China
37. Ph. nuda Jiangsu, China
38. Ph. primotina Zhejiang, China
39. Ph. arcana Jiangsu, China
40. Ph. verrucosa Hunan, China
41. Ph. bissetii Sichuang, China
42. Ph. aureosulcata Zhejiang, China
43. Ph. longiciliata Anhui, China
44. Ph. rutila Zhejiang, China
45. Ph. bambusoides Henan, China
46. Ph. bambusoides Sieb. et Zucc Anhui, China
47. Ph. nigella Zhejiang, China
48. Ph. dulcis Zhejiang, China
49. Ph. aurita Henan, China
50. Ph. funhuanensis Zhejiang, China
51. Ph. platyglossa Zhejiang, China
52. Ph. rubicunda Zhejiang, China
53. Ph. atrovaginata Zhejiang, China
54. Ph. parvifolia Zhejiang, China
55. Ph. corrugata Anhui, China
56. Ph. nigra Hunan, China
57. Ph. nigra var. henonis Jiangsu, China
58. Ph. violascens Zhejiang, China
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2.2. Isolation of Genomic DNA

A modified cetyltrimethylammonium bromide (CTAB) method [64] was used to extract genomic
DNA from the leaf samples. For this, the leaf samples were cut into small pieces of sizes from 3.0 to 5.0
mm. An amount of 200 mg of the cut leaf pieces was ground in a mortar using liquid N, and quickly
transferred into a sterile centrifuge tube containing 850 μL preheated (65 ◦C) 2% CTAB extraction
buffer containing 20 mM EDTA, 100 mM Tris of pH 8.0, 1.4 M NaCl, 2% CTAB, 200 mg/mL PVP and 1%
β-mercaptoethanol. The tubes’ contents were mixed by gentle inversion and incubated at 65 ◦C for 30
min. The tubes were gently inverted twice every 10 min. After incubation, the tubes were allowed
to cool for 15 min at 25 ◦C. After cooling, an equal volume of ice-cold phenol:chloroform:isoamyl
alcohol (25:24:1 v/v) mixture was added to the tube; the contents were gently mixed and centrifuged at
12,000 rpm for 10 min. The clear supernatant was collected in another tube and an equal volume of
ice-cold chloroform:isoamyl alcohol (24:1 v/v) mixture was added. The contents were gently mixed
and centrifuged again at 12,000 rpm for 10 min and the supernatant was collected. To the supernatant,
an equal volume of ice-cold isopropanol was added, and the tubes were kept at −80 ◦C for one hour
to precipitate the DNA. The mix was centrifuged at 12,000 rpm for 5 min and the supernatant was
discarded. To the pellet, 600 μL of 75% ice-cold ethanol was added and the tube was left standing for
10 min. The pellet-ethanol mixture was centrifuged at 12,000 rpm for 5 min. This step was repeated
twice and the pellet was air-dried at 40 ◦C and then dissolved in 40 μL 1× TE (10 mM Tris-Cl pH
8.0 and 1 mM EDTA pH 8.0) buffer. The concentration and purity of DNA were quantified by a
Nanodrop-spectrophotometer (ND1000, ThermoScientific, Wilmington, DE, USA).

2.3. Isolation of LTR-Retrotransposons and IRAP-Primer Design

In an earlier study from our lab, a total of 2,004,644 LTR-retrotransposon-related sequences were
identified in the moso bamboo genome, accounting for about 40% of the moso bamboo genome [39].
The LTR sequences were identified using LTRharvest and LTR digest software [65], and the terminal
repeats were analysed for similarity both at 5′and 3′ LTR regions using CD-HIT software [66]. The LTR
sequences were divided into different clusters using an incremental clustering algorithm with 95%
similarity criteria. LTR sequence clusters with more than 30 copy numbers were chosen as candidate
sequences for IRAP primer designing. The primers were designed using Primer Premier 5.0 software
(http://www.premierbiosoft.com/) and synthesized by Bioengineering (Shanghai) Co. Ltd., (Shanghai,
China). Following this, IRAP primers were used for IRAP fragment amplification using appropriate
polymerase chain reaction (PCR) conditions. Primers that generated a low number of amplicons were
subsequently excluded from the analysis. A set of IRAP primers which provided a high proportion of
alleles were, thus, finally shortlisted.

2.4. PCR Amplification of IRAP and Electrophoresis

PCR reactions were performed in 20 μL reaction mixture containing 100 ng genomic DNA, 400 nM
primer, and 10 μL PCR master mix (Nanjing Nuoweizan Biotechnology Co., Ltd., Nanjing, China) and
the final volume was adjusted to 20 μL by adding nuclease-free water. The annealing temperature of
each IRAP primer was determined using gradient PCR. The amplification reaction was carried out in
a DNA thermal cycler (DNA Engine® Thermal Cycler—Bio-Rad). The PCR reaction was run at an
initial denaturation temperature of 94 ◦C for 5 min, followed by 35 cycles of 30 s denaturation at 94 ◦C,
30 s annealing and 1 min extension at 72 ◦C with a final extension at 72 ◦C for 7 min. The annealing
temperature was readjusted for each IRAP primer. The amplified product was electrophoresed in 1.5%
(w/v) agarose gel at 75–80 V for 2.15 h. The separated alleles were visualised by a gel documentation
system (Bio-Rad). The alleles were visually scored as 1 = present; 0 = absent using GelQuest software
(https://www.sequentix.de/gelquest/).
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2.5. Cloning and Sequencing of IRAP Fragments

Since IRAP markers are dominant, it is important to confirm that it is indeed LTR-retrotransposons
that are selectively amplified. Alleles showing clear brightness were randomly excised from the agarose
gels and were purified using a DNA gel extraction and purification kit (Simgen, Hangzhou, China).
The purified fragment was ligated into the pMD18-T vector between the Not I and EcoR V restriction
sites (TaKaRa, Shiga, Japan). The ligated product was transformed into Escherichia coli (E. coli) DH5α
competent cells. The recombinant E. coli clones were obtained on LB agar plates containing ampicillin
(100 μg/μL), X-gal (40 mg) and isopropyl β-d-1-thiogalactopyranoside (IPTG) (160 μg) and kept at
37 ◦C overnight. White E. coli colonies were selected by the blue-white screening method, and the
insertion was verified by PCR using the corresponding IRAP primer, and the amplified fragment
was sequenced (Sino Biological Inc., Beijing, China). The sequences were aligned with the original
LTR-retrotransposon sequences using MEGA 7 software [67] to confirm correct amplification of the
corresponding LTR sequences. Multiple sequence alignment of the PCR product sequences was
also carried out with ClustalW, using the Neighbor-joining method with evolutionary distance for
construction of phylogenetic tree created [68] in MEGA software with 500 bootstraps.

2.6. Marker Statistics and Genetic Relations

The total number of alleles, range of allele products, percent of polymorphism and the PIC of
each IRAP marker was calculated using the binary data of the corresponding PCR amplicon using
the formula PIC = 1 − [f2 + (1 − f)2], where ‘f’ is the frequency of the marker in the data set. PIC for
dominant markers is a maximum of 0.5 for ‘f’ = 0.5 [69]. Marker allele variation and distribution
among the bamboo accessions were also worked out.

2.7. Genetic Distance and Diversity of Bamboo Accessions

The distance/similarity matrix of the bamboo accessions was constructed from allele distribution
data. The distance was computed based on Jaccard’s similarity coefficient [70] and was subjected to
hierarchical clustering using the unweighted pair-group method with arithmetic average (UPGMA).
The UPGMA dendrogram was produced using Free Tree V. 0. 9.1. 50 software [71]. To access the
dendogram reliability, over 10,000 bootstrapping (resampling) values were set. The phylogram was
visualized by TreeViewX V.0.5.0 software [72].

2.8. IRAP-Statistical Fitness Analysis

To validate the dendrogram and the genetic diversity a statistical fitness analyses were performed
using binary data. The cophenetic correlation coefficient (CCC) was estimated between the dendrogram
and the observed dissimilarity matrix [70]. Further, 58 Asian bamboo species were classified into
different groups using three-dimensional principal component analysis (PCA) based on PC1, PC2,
and PC3. The analyses were performed using PAST v. 3.24 software [73], and the scatter plot of
three-dimensional PCA was obtained by three-dimension PCA tool, using the OmicShare online
tools (http://www.omicshare.com/tools). Both the Broken Stick model and the Jolliffe cut-off value
were used to interpret the number of significant components for the total variation obtained from
the PCA analysis [74–76]. Based on the minimum eigenvalue criteria (of more than 1), significant
components were used to calculate the accuracy value with respect to the population structure and
hierarchical clustering.

2.9. Analysis of Population Structure

An analysis of population structure and gene flow between the 58 Asian bamboo accessions was
performed using a model-based clustering approach to divide the species into sub-populations with the
help of STRUCTURE v.2.3.4 software [77]. The program uses Bayesian estimates to identify population
structure, under assumptions of admixed ancestry and correlated allelic frequencies using unlinked
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markers [78]. No prior information was ascribed to the IRAP data while estimating sub-populations.
The optimal number of sub-populations (K) was determined by running the programme with K values
ranging from 1 to 10, with six independent runs for each K value. To determine the most appropriate K
value, the length of the burn-in period parameter was configured to 100,000 and the number of Markov
Chain Monte Carlo (MCMC) (Bayesian statistics) replications (simulations) after burn-in was set over
500,000 [79]. The optimum K value was found by an ad hoc statistic ΔK based on the percentage of
variation in the log probability of the IRAP marker between successive K values using an online tool,
Structure Harvester [80].

2.10. Analysis of Molecular Variance

After determining the sub-populations among the accessions tested, the analysis of the molecular
variance (AMOVA) between the sub-populations was estimated using GenAlEx 6.5 software [81].
In the parameter set, a nonparametric permutation and standard permute procedure with 999
pairwise-permutations were used. These values were utilised to measure the total molecular variance
between and within the populations.

3. Results

3.1. Development of IRAP Makers and Functionality Assay

A total of 98,850 LTR retrotransposons with both ends of intact LTR sequences were identified
in the moso bamboo genome in the present study. The incremental clustering divided these LTR
sequences into 64,281 clusters with 95% similarity criteria. Only the clusters that contained more
than 30 copies of LTR sequences were considered as candidate clusters for IRAP primer development
(Supplementary Table S1). Accordingly, 13 clusters with more than 30 LTR copies and at least one
copy of all intact protein domains such as gag and polyprotein were shortlisted, which accounted only
0.02% of the identified clusters. These 13 clusters had a total of 696 copy numbers of LTR sequences,
with an average of 53.5 copies per cluster. The highest copy number of 121 was identified in cluster
number 3 followed by cluster 4, cluster 15 and cluster 22. Based on the number of clusters and LTR
sequence size, a total of 90 markers were initially designed. Each marker was represented by a primer
that acted both forward and reverse primers (Figure 1). Among these, 26 primers (29%) that showed
proper amplification with clear allele patterns and high reproducibility were shortlisted. Finally, only
16 primers (18%) those showed clearly distinguishable polymorphism, and were, therefore, chosen for
further analysis.

Figure 1. Amplification strategy for inter retrotransposon amplified polymorphism (IRAP) in Phyllostachys
species (Asian bamboo). LTR stands for long terminal repeat. The single primer acts as both forward
and reverse primer in PCR reaction. (A), Head-to-Head amplification; (B), Tail-to-Tail amplification;
(C), Head-to-Tail amplification. The arrows and rectangles show the position of the IRAP primers and
expected PCR products, respectively.
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A functionality check of the amplicons generated by the selected 16 IRAP markers revealed
consistently well-resolved and reproducible amplicon patterns among all the 58 Asian bamboo
accessions (Figure 2). There was a total of 215 scorable amplicons (alleles) produced of which 214 were
polymorphic (99.5%). Polymorphic alleles were produced with an average of 13.3 alleles per marker.
Across the test population, a total of 3282 polymorphic amplicons were generated with an average of
56.6 amplicons per accession. The allele numbers produced per marker ranged between 8 (CL54-R)
and 16 (CL34-R and CL63-R) with a size variation ranging from 200 bp to 2700 bp (Table 2).

Figure 2. Inter-retrotransposon amplified polymorphism (IRAP) gel fingerprints. Negative agarose
gels illustrate the results achieved in different Asian bamboo accessions for different IRAP markers.
The bold black letters on top of the gel are the names of the IRAP marker. M above the gel on the
left side represents 1 kb DNA Ladder mix (Takara). Numbers 1–47 represent different Asian bamboo
species as defined in Table 1.
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The marker CL59-F produced the widest range of amplicon sizes, from 200 bp to 2700 bp, while
the amplicons generated by the marker CL61-F had the shortest size range, 370–2000 bp. Furthermore,
the marker CL34-R produced the highest number of total amplicons (273) in the population followed by
CL61-F (260), CL37-R (234), CL3-F (231) and CL42-R (230). All the primers produced 100% polymorphic
alleles, except the marker CL22-F, which produced one monomorphic allele and 13 polymorphic alleles
showing a polymorphism of 92.8%. The average allele frequency of the IRAP primers ranged between
0.166 (CL22-F) and 0.450 (CL54-R). The polymorphic information content (PIC) values ranged from
0.256 (CL22-F) to 0.400 (CL15-R), having an average of 0.327.

3.2. IRAP Amplicon Variation within and between the Accessions

Of the total of 3340 amplicons obtained, 3282 (98.3%) were polymorphic, and 58 (1.7%) were
monomorphic. Among the 47 Phyllostachys species used in this study (Table 1), Ph. edulis generated the
highest number of IRAP amplicons, having an average of 60 alleles across its nine varieties. Ph. edulis
generated 72 alleles, followed by Ph. edulis cv. viridisulcata with 71 alleles. Nine moso bamboo varieties
generated a total of 538 amplicons, of which eight alleles were monomorphic in all the nine moso
bamboo varieties. Ninety-four alleles showed no amplification among the Ph. edulis varieties.

3.3. Multiple Sequence Alignment of IRAP-PCR Products

The multiple sequence alignment of IRAP-PCR amplicons using designed IRAP primers proved
that they were indeed LTR-retrotransposon sequences. The neighbor-joining phylogenetic tree showed
that the IRAP product sequences were genetically different (Figure 3), suggesting that all sixteen IRAP
primers amplified unique PCR bands. A total of 14 bootstrap values were obtained, with 9 values
ranging from 56% to 100%, which further confirms that the alleles were unique. The above results
suggest that LTR-retrotransposon have unique amplicons for genome integrity and sizes.

Figure 3. Neighbor-joining phylogenetic tree with bootstrap analysis showing the genetic relationship
of 16 inter-retrotransposon amplified polymorphism (IRAP)-PCR amplicon sequences in Phyllostachys
species (Asian bamboo) by corresponding IRAP markers.
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3.4. Diversity Analysis of Asian Bamboo Accessions

The genetic similarity values of the 58 Asian bamboo accessions are shown in Supplementary
Table S2. Jaccard similarity coefficient values ranged from 0.09 to 0.98 with an average similarity value
of 0.25 among the 58 accessions. A total of 1653 pair-wise similarity coefficients were obtained, among
which only seven pairs showed high similarity that ranged between 0.80 and 0.99. Twenty-eight pair
wise similarity coefficients were intermediate, with values ranging from 0.60 to 0.79. A large proportion
(1618 or 98% of similarity coefficients) were less than 0.59 (Supplementary Table S2). The lowest
similarity coefficient of 0.091 was seen between Ph. longiciliata and Ph. edulis (Carr.) Matsumura
followed by that between Ph. arcana and Ph. edulis (Carr.) Matsumura (0.092). The highest similarity
of 0.984 was observed between Ph. nigra var. henonis and Ph. edulis cv. Pachyloen, followed by the
similarity between Ph. edulis (Carr.) J. Houz and Ph. edulis (Carr.) Mitford cv. Gracilis.

Figure 4. Dendrogram using the genetic distance matrix based on Jaccard’s similarity coefficient
obtained by hierarchical clustering analysis. The unweighted pair-group method with arithmetic
average (UPGMA) with the bootstrap analysis showing the genetic relationship of 58 Phyllostachys
species (Asian bamboo) based on inter-retrotransposon amplified polymorphism (IRAP) markers.
The numbers present inside the clusters represent the bootstrap values. The numbers in bold represent
different Asian bamboo species as defined in Table 1.

Based on the UPGMA clustering, the bamboo accessions were grouped into five clusters (Figure 4)
viz. Phyllostachys clusters, PhC1 to PhC5. The cluster, PhC1 had 19 accessions grouped within, with an
average similarity of 0.33. The second cluster, PhC2 which had a mean similarity of 0.34 contained
13 accessions. The cluster PhC3, which had only two accessions had a similarity of 0.26. The highest
average similarity of 0.42 was observed in the sub-cluster PhC4, which included 17 accessions. All of
the highly similar bamboo accessions were found in this cluster. The remaining sub-cluster, PhC5
encompassed seven accessions, and had average similarity value of 0.33. The clusters themselves
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showed affinity among themselves, with the first three clusters getting grouped together, as well as the
remaining two getting grouped into a separate group. These two groups showed distinct separation
with a bootstrap confidence of 100%. In the dendrogram constructed, bootstrap values ranged from
61% to 100% between clusters and the average bootstrap value observed in this study was 81%. For the
clusters, PhC1 separated from PhC2 and PhC3 with bootstrap value of 74%, while PhC2 and PhC3
were separate for 91 times out of 100 bootstrap iterations. For the second group, the clusters PhC4 and
PhC5 were distinct for 85% of the bootstrap resamplings.

The lowest similarity values observed between several of the accessions studied were due to the
highest percentage (98%) of polymorphic bands generated by the IRAP primers. Of the nine varieties
of moso bamboo, Ph. edulis, eight were found to be included in PhC4, while the remaining, Ph. edulis
cv. tubaeformis, was found to be placed in sub-cluster PhC5. Most Ph. edulis variants were from the
Zhejiang, Jiangsu and Jiangxi provinces of China (Table 1). Among 25 accessions collected from the
Zhejiang province of China were found placed in different clusters. No specific clusters represented
the species collected from the Zhejiang and Anhui province. The species collected from the Jiangsu
province of China were grouped in clusters PhC1 and PhC4, and those from Henan provinces in PhC1
and PhC2. Moreover, two varieties of Ph. nigra were found to be distributed between PhC2 and
PhC4. Similar was the case with two varieties belonging to the species, Ph. bambusoides. However,
varieties of Ph. sulphurea were found to be included in PhC1 and PhC4. The bootstrap value for Ph.
nigra var. henonis and Ph. edulis cv. Pachyloen as well as for Ph. edulis cv. Tubaeformis S.Y.Wang
and Ph. sulphurea (Carr)A. et C. Riv was 100%. A bootstrap confidence of 98% was seen for Ph. edulis
(Carrière) J. Houz and Ph. edulis (Carr.) Mitford cv. Gracilis. The bootstrap values clearly displayed
that a good majority (79%) of cluster nodes were well fitted. None of the nodes were found with
very low bootstrap value. Based on the resampling method, it was confirmed that the IRAP markers
markedly distinguished the Asian bamboo accessions.

3.5. Statistical Fitness Analysis of Clustering Pattern

Two different statistical analyses such as cophenetic correlation coefficient (CCC) and principal
component analysis (PCA) were carried out to confirm the grouping pattern of the Asian bamboo
species. The CCC value of 0.8848 confirmed that hierarchical clustering was in significant agreement
with the similarity matrix obtained from Jaccard similarity coefficients. Based on the IRAP markers the
58 Asian bamboo accessions indicated significant genetic diversity at those loci.

Three-dimensional PCA of the 58 Asian bamboo accessions, based on the variance-covariance
matrix, displayed 13%, 7.9%, and 6.5% of the total variance for the first, second, and third component
axes, respectively (Figure 5). A total of 57 axes (principal components) were extracted of which five
components were retained based on the broken-stick model (Supplementary Figure S1). The selected
components accounted for 38.1% of total variation. Three-dimensional plotting of bamboo accessions
based on first three components showed four groups (Figure 5). Further resolution of the genotype
grouping using hierarchical clustering of Euclidean distances based on the component scores for the
five significant PCs, indicated the members under each group. The first group (Group 1) showed
grouping of 13 accessions, Group 2 contained 19 accessions, Group 3 had 18 accessions and Group 4
with eight accessions (Figure 6). Comparing the clusters based on the Jaccard’s similarity coefficients,
the Group 1 had members drawn from PhC4 and PhC5, while Group 4 was almost entirely was drawn
from PhC4, and contained seven out of nine Ph. edulis accessions used in the study. The Group 2 was
exactly similar to PhC1 in both number and membership of accessions. The remaining group, Group 3
contained all the accessions that were members of PhC2 and PhC3, together with three accessions
drawn from PhC4 and PhC5. The grouping pattern of the accessions revealed that based on the IRAP
polymorphism, Group 2 was more robust and isolated from the subsequent groups of Group 3, Group 1
and Group 4. Group 2 had an accuracy value of 100%, followed by Group 3 (83%), Group 1 (54%) and
Group 4 (47%) from the dendrogram based clusters.
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Figure 5. Scatter diagram of three-dimensional principal component analysis (PCA) showing the
distribution of 58 Phyllostachys species (Asian bamboo) based on inter-retrotransposon amplified
polymorphism (IRAP) markers. PC1 (X-axis), PC2 (Y-axis), and PC3 (Z-axis) are the first, second, and
third principal components, respectively. Numbers 1–58 on the right side represent different Asian
bamboo species as defined in Table 1.

3.6. Population Structure of Asian Bamboo Accessions

The population structure analysis performed using IRAP markers to understand the genetic
relationship among Asian bamboo accessions, revealed the existence of four apparent sub-populations
in the test accessions. The Structure Harvester picked the maximum ΔK value when the inferred number
of sub-populations (K) was at four (K = 4), having the maximum delta K value of 265.41 (Figure 7)
with the lowest standard deviation (2.34) of the parameter, LnP(K). The resolved sub-populations
were designated as PhSP1, PhSP2, PhSP3 and PhSP4 (Figure 8). The first sub-population, PhSP1
accommodated 13 accessions, whereas the remaining sub-populations PhSP2, PhSP3 and PhSP4
carried 19, 17 and 8 accessions, respectively. One of the accessions, Ph. flexuosa remained out of
the sub-populations being an admixture of all the four sub-populations. Respective proportions of
memberships were 23.0% for PhSP1, 35.7% for PhSP2, 27.1% for PhSP3 and 14.2% for PhSP4. The allele
frequency divergence between the sub-populations was maximum between PhSP3 and PhSP4 (0.20),
followed by between PhSP2 and PhSP4 (0.19). The lowest divergence was observed between PhSP1,
PhSP2 and PhSP3. The estimated values of expected heterozygosity that can be construed as the
average distance between members within each sub-population were 0.30, 0.27, 0.29 and 0.08 for
PhSP1 to PhSP4 respectively. The proportion of the total genetic variance (FST) explained by the
sub-populations ranged from 0.21 (PhSP1) to 0.80 (PhSP4), with the remaining PhSP2 and PhSP3 having
FST values of 0.24 and 0.26 respectively. The inferred ancestry coefficients (Q values) for individual
accessions carried by the PhSP1 ranged from 0.63 to 0.99, while that of PhSP2 was between 0.73 and
0.99 (Figure 8). Similarly, PhSP3 had a range of 0.50 to 0.99 for the Q values, and the range for PhSP4
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was between 0.74 and 1.00. The average Q values for each sub-population were 0.90 for PhSP1, 0.94 for
PhSP2, 0.86 for PhSP3 and 0.91c for PhSP4.

Figure 6. Heatmap of principal component analysis (PCA) showing the distribution of 58 Phyllostachys
species (Asian bamboo) based on inter-retrotransposon amplified polymorphism (IRAP) markers.
Five significant principal components (PCs) were identified based on the broken-stick model.
Hierarchical clustering was done using Euclidean distances. Numbers 1–58 on the right side represent
different Asian bamboo species as defined in Table 1.
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Individual members of the sub-populations included Phyllostachys species such as Ph. hispida,
Ph. hirtivagina, Ph. virella, Ph. varioauriculata, Ph. heteroclada, and Ph. mannii having placed in PhSP1,
that possessed maximum allele frequency of that sub-population. Similarly, fourteen accessions were
found to possess high inferred ancestry coefficients for PhSP2, eight accessions for PhSP3 and five for
PhSP4. Seven of the moso bamboo varieties (Ph. edulis) were placed in PhSP4, and four of them had the
maximum inferred membership coefficient together with one accession, Ph. bambusoides (Figure 8B).
All the four sub-populations contained accessions with admixtures of alleles from all, with PhSP3
carrying maximum of admixed accessions, followed by PhSP1 and PhSP4.

Figure 7. Structure Harvester analysis showing the ΔK value of 58 Phyllostachys species (Asian bamboo)
based on inter-retrotransposon amplified polymorphism (IRAP) markers. (A), mean of estimated Ln
probability; (B), rate of change of the likelihood distribution (mean); (C), absolute value of the 2nd
order rate of change of the likelihood distribution (mean); (D), ΔK =mean(|L”(K)|)/sd(L(K)). ΔK = 4
indicates the maximum K value.

We have drawn a consensus of distribution of accessions across the sub-populations by comparing
membership of respective groups obtained from hierarchical clustering using Jaccard coefficients and
PCA (Supplementary Table S3). It was identified that PCA showed a very close accuracy with respect to
the population structure than that obtained by hierarchical clustering. Of the total of 58 accessions, only
46 accessions were commonly shared between the distinct groups obtained among population structure,
principal component, and hierarchical clustering analyses (Supplementary Figure S2). Whereas, both
population structure and principal component analyses commonly shared a total of 54 accessions
from four sub-clusters, with an accuracy value of 93%. The sub-population, PhSP1 had 11 consensual
accessions, with an average similarity of 0.28. The remaining sub-populations, PhSP2, PhSP3, and
PhSP4 shared 19, 16, and 8 accessions, respectively sharing average similarity values of 0.33, 0.29 and
0.65 (Table 3).
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Figure 8. The population structure of 58 Phyllostachys species (Asian bamboo)-based inter-retrotransposon
amplified polymorphism (IRAP) markers based on the Bayesian model. (A), Bar plot of sub-populations;
(B), Accession based bar-plots indicating the members of different sub-populations showing the proportion
of admixture of alleles. The different colors represent different sub-populations. The scale shows the
inferred ancestry coefficients.

Table 3. Description of consensual Asian bamboo accessions picked out from the groupings obtained
from dendrogram and principal component analysis (PCA) with respect to deduced population structure
based on inter-retrotransposon amplified polymorphism (IRAP). There were a total of 54 accessions
falling under different sub-populations, PhSP1 to PhSP4.

Sub-Population Name Phyllostachys Species Name Membership No. Average Similarity

PhSP1

Ph. acutiligula G. H. Lai; Ph. heteroclada;
Ph. hirtivagina; Ph. varioauriculata;
Ph. hispida; Ph. rubromarginata; Ph. aurea
Carr.; Ph. sulphurea (Carr)A. et C. Riv;
Ph. virella; Ph. mannii; Ph. yunhoensxian.

11 0.28

PhSP2

Ph. bissetii; Ph. aureosulcata; Ph. propinqua;
Ph. verrucosa; Ph. vivax; Ph. nuda; Ph. arcana;
Ph. meyeri; Ph. primotina; Ph. glauca;
Ph. iridescens; Ph. angusta; Ph. sulphurea var.
viridis; Ph. rutila; Ph. purpureociliata;
Ph. zhejiangensis; Ph. fimbriligula; Ph. elegans
McClure; Ph. viridiglaucescens.

19 0.33

PhSP3

Ph. atrovaginata; Ph. parvifolia; Ph. rubicunda;
Ph. funhuanensis; Ph. longiciliata; Ph. aurita;
Ph. platyglossa; Ph. corrugata; Ph. dulcis;
Ph. violascens; Ph. bambusoides; Ph. nigella;
Ph. edulis (Carr.) Mitford cv. Gracilis;
Ph. edulis cv. Tubaeformis S.Y. Wang;
Ph. nigra; Ph. nigra var. henonis.

16 0.29

PhSP4

Ph. edulis cf. huamaoyhw (Wen.) Wen;
Ph. edulis cv. Pachyloen; Ph. bambusoides
Sieb. et Zucc; Ph. edulis (Carrière) J. Houz;
Ph. edulis cv. Viridisulcata; Ph. edulis
Mitford cv.; Ph. edulis cv. Obliquinoda;
Ph. edulis (Carr.) Matsumura.

8 0.65
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3.7. Analysis of Molecular Variance

The genetic diversity of the four sub-populations of the Asian bamboo species divulged from the
genome wide IRAP polymorphisms indicated significant level of genetic variation within and among
populations. The sums of squared deviation (SS) values within populations and among populations were
1518.27 and 492.12, respectively with the variance (MS) values of 28.12 and 164.04. The percentage of
total molecular variance within populations was 75%, and, among populations, it was 25%. A molecular
variance of 75% indicates that a strong genetic differentiation occurred within populations. These
values confirm the size of the four sub-populations and the ratio of the admixture of alleles in the four
sub-populations. The genetic diversity value (P) of the Asian bamboo species was highly significant
(p < 0.001) at two hierarchical levels (among populations and within populations).

4. Discussions

To support genetic bamboo improvement, it is essential to understand the genome-wide variation
and diversity among the breeding material. Since TEs form 63% of the bamboo genome [40], of which
more than 46% are LTR-retrotransposons, retrotransposon-based DNA-fingerprinting could be an ideal
technique to study the genome wide diversity of closely related species or breeding lines [82,83]. The use
of retrotransposon-based molecular markers to study plant diversity is a cheap and rapid technique
which can provide potentially useful molecular information augmenting other DNA- based markers [82].
The availability of the complete bamboo genome (BambooGDB, http://www.bamboogdb.org) [84]
enabled a detailed exploration of the LTR-retrotransposons and their copy numbers based on their
structure and subsequently for the development of IRAP primers. Since the development of IRAP
primers is a one-time investment, potential primers can be continually be applied [85–87] for studying
genetic diversity of bamboo species and their corresponding congeners.

In the current study, we confirmed that LTRs of bamboo species had different copy numbers, and
their sequences contained full complement of LTR retrotransposons. The structure analysis revealed
that they are transcriptionally active, and could be functional. The IRAP primers developed from the
high copy number clusters although could amplify multiple-sites of the genome, their number seems
to be low when considering the potential diversity of the Phyllostachys accessions used. The designed
IRAP primers produced both polymorphic and monomorphic alleles that enabled the use of IRAP DNA
fingerprinting to assess the diversity among Asian bamboo accessions. Based on this genome-wide
analysis, we concluded that only 29% of IRAP markers showed polymorphism implying that inter-LTR
regions in the studied genomes of bamboo species were significantly conserved. This implies that the
bamboo genome is still under evolution and LTRs are not very active in contributing to the genome
wide variations. This is, to the best of our knowledge, the first report of IRAP primer development and
the first report of genetic diversity in bamboo using IRAP based fingerprinting.

4.1. Genetic Diversity of Asian Bamboo Species

The IRAP primers designed and used in the current study offered valuable genetic information about
economically important Asian bamboo species and their evolutionary pattern. From the pattern of IRAP
polymorphism, we conclude that in spite of their abundance in the bamboo genome, LTR retrotransposons
significantly lack polymorphism among the 58 accessions investigated in this study. Although, these
accessions belonged to different Phyllostachys species as recognized from their collection sites, the lack of
IRAP polymorphism suggested significant level of conservation within the bamboo genome. Possible
reason for this genome integrity could be the low frequency of sexual reproduction in bamboos that
is monocarpic and occur at long breeding cycles [88]. Moreover, bamboos propagate predominantly
clonally, leading to less variation on the genomes. However, over a longer period of time, geographic
isolation can conserve localized speciation in the bamboo clones leading to identification of different
bamboo species, with some level of morphologic variations. Possibly, active LTR-retrotransposons could
be playing a major role in this type of speciation, as they are capable of bringing in spontaneous changes
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in the genome at random loci. We have observed a few polymorphic loci in the present study, but they
showed high level of polymorphism between different sub-populations. This could be attributed to
the changes infused by active retrotransposons across the genomes. In an earlier study, analysis of 78
accessions of the Asian bamboo species using 23 microsatellite markers had revealed an average of
2.78 alleles per primer [89]. In contrast, the IRAP markers could produce as many as 13 alleles per
marker locus, indicating their effectiveness in revealing the genetic diversity of bamboo genomes in
the current study. It may be emphasized that, 98% of average polymorphism exhibited by the IRAP
amplicons is the highest reported for bamboo. IRAP occurs due to random insertion of retroelements
on the genome, resulting in a length variation of the interspersed regions flanked by two elements.
If such insertions affect functional genes, the resultant variations are further clonally propagated in the
population, resulting in a transient speciation until sexual reproduction occurs. Such transient speciation
can be either transmitted to further sexual generations or can be lost or can subsequently crate novel
variations. Therefore, species level genetic diversity of the Asian bamboo accessions can be considered
predominantly intermediary and is in the course of evolution that may last for several thousands of years
to come. High level of genome wide polymorphism using IRAP markers was also reported in other crop
species such as among octoploid triticale plants, where 85% polymorphism was observed [90]. Similarly,
94%, 79% and 74% polymorphism have been reported in Bletilla striata [62], Lallemantia iberica [91] and
Schistosoma japonicum [92], respectively, using IRAP markers. Like earlier instances, we could employ
IRAP markers reliably in assessing the genetic diversity in bamboo.

Based on the inter-retrotransposon distances, 58 Asian bamboo accessions could be separated
into four sub-populations. Considering the fact that the study included 47 species of Phyllostachys, the
four sub-populations could be considered very low if the bamboo populations are in Hardy-Weinberg
equilibrium with typical random mating behavior. This further consolidated our inferences that the
study accessions used in the study were transient species adapted to local niches and propagated
clonally. There was a significant lack of molecular allelic pattern representing different species, except
for variations at few loci across the genome that could have been accumulated more recently in the
evolutionary time scale due to transposition activity. These observations were similar to previous
report on 78 Asian bamboo accessions using SSR markers, which grouped them into three classes [89].
Similarly, two major clusters have been reported in 50 varieties of Bletilla striata using IRAP markers [62].
Further, Zhao et al. [89] have reported that the genetic variation between Ph. nuda and Ph. propinqua
was 0.2143 using SSR markers. In the current study, we obtained similar variation (0.371) between
Ph. nuda and Ph. propinqua. Both these species were characterized with having or not having bristles on
the back of sheath. Ph. vivax and Ph. aureosulcata have purple-green or yellow-green with purple culm
sheaths and clustered in PhSP2, similar to Zhao et al. [89] study. The current results are consistent
with current bamboo’s taxonomic classification and agreed with the morphological classification [93].
Our study further proved that, model based and PCA based approaches were significantly better for
resolving the population structure of bamboo, in the event of having a few polymorphic IRAP markers,
that has produced significantly good number for highly polymorphic alleles. The CCC of 0.88 obtained
from the dendrogram based on Jaccard coefficient is suggestive of this. In a previous report on 200 tree
accessions in the 20 groups of Olea europaea using IRAP markers, CCC value was 0.96, indicating a
good fit between the similarity matrix and the dendrogram [94].

4.2. Population Structure of Asian Bamboo

Structure analysis used in our study implements a model-based approach for inferring population
structure using unlinked genotype marker data, identifying genetically distinct populations, admixtures
of alleles in populations and assign individuals to specific sub-populations [77]. Using this approach,
Jiang et al. [95] identified three sub-populations in 803 accessions of moso bamboo using 20 SSRs
markers. Further, Nachimuthu et al. [96] have identified two sub-populations in 192 accessions of
rice using 61 SSR markers. In the current study too, the initial analyses of genetic diversity using the
hierarchical clustering as well as the PCA were suggestive of a low-level population differentiation
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within the study panel of Asian bamboo accessions. Therefore, we have fixed a sub-population range
of 1 to 10 for the model, assuming admixed populations and correlated allele frequencies. Analysis
revealed an optimum population structure consisting of four sub-populations.

The inferred ancestry coefficients of Asian bamboo accessions provided the genetic relationship
and gene flow pattern between the sub-populations. Few members of all sub-populations had
admixture of alleles, while some members were specifically grouped with maximum frequency of
sub-population specific alleles. From the molecular diversity pattern of the Asian bamboo accessions,
we concluded that the PhSP2 was the sub-population with particularly lower number of admixed clones.
Conversely, the PhSP3 had significantly high level of admixture especially from PhSP2. Similarly, the
admixture of alleles was found between PhSP1 and PhSP4. However, we could observe that genetic
variations among populations was significantly lower than that within populations indicating several
subtle allelic variations among the members of each sub-populations. This was similar to previous
studies for bamboo species such as Melocanna baccifera and Bashania fangiana (Dwarf bamboo) using
ISSR and AFLP markers, respectively [97,98].

Among the sub-populations, lowest within population variation was observed with PhSP4. This
sub-population contained most of the Moso bamboo accessions of the species, Ph. edulis. This genetically
very close group, however, contained one accession of Ph. bambusoides, which could be suspected as a
mistaken nomenclature. The significant similarity within this group, could be well explained because
all the members were different commercial varieties of Moso bamboo. This category of bamboo is the
most commercially exploited bamboos and are chiefly propagated clonally. Moso bamboos also offer
long flowering intervals, and long breeding cycle [99]. Further, Moso bamboo displayed very low
admixture of alleles, which suggests that LTR-elements had a little role in defining its genetic structure.

5. Conclusions

The aim of the current study was to explore the genome wide abundance of LTR-retrotransposons
in the Asian bamboo accessions and to development IRAP based markers for investigating genetic
diversity and population structure. Although the variation among the interspaces between the LTR
retrotransposons in bamboo species was low, few loci showed apparently high polymorphism aiding
the analyses. Since transposon activity is related to environmental factors, geographic speciation could
be one of the reasons for high IRAP based diversity at certain loci. This is the first report of population
structure using IRAP markers in the Asian bamboo species. From the observed pattern of genetic
diversity, it is reasonable to assume that the ancestors of Asian bamboo could be few in number with
limited variability, which on evolution, adaptably speciated into different species, with subtle genetic
change compared to other rapidly multiplying cross-pollinated species. Each of the IRAP primer had
unique differentiation, and this marker system offered highly efficient and reproducible alleles for
studying inter-retrotransposon-based genetic diversity.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1999-4907/11/1/31/s1.
Supplementary Table S1. Description of moso bamboo clusters, with LTR copy numbers, length of LTR sequences
and similarity ranges. The cluster sequences were used to generate IRAP amplicons to study the genetic diversity
and population structure of different Phyllostachys species (Asian bamboo). The positions of the IRAP primer
are highlighted by underlined bold letters. A, B, C and D represent cluster name, LTR copy number, length of
LTR sequences and similarity (%) (Ranges), respectively. Supplementary Table S2. Jaccard similarity coefficient
values of 58 (Asian bamboo) species generated by 16 IRAP markers. Supplementary Table S3. Description of
total of the number of accessions commonly shared within each sub-population (PhSP1-PhSP4) of Phyllostachys
species (Asian bamboo) by population structure, principal component (PCA), and hierarchical clustering analyses.
The genetic diversity was assessed from the allele pattern produced by 16 inter-retrotransposon amplified
polymorphism (IRAP) markers. Numbers on the table represent different Asian bamboo species as defined in the
Table 1. Supplementary Figure S1. Broken-stick model showing the number of significant principal components
(PCs) of 58 Phyllostachys species (Asian bamboo) based on inter-retrotransposon amplified polymorphism (IRAP)
markers. Supplementary Figure S2. Venn diagram showing the number of accessions commonly shared within
each sub-population (PhSP1-PhSP4) of Phyllostachys accessions (Asian bamboo). The consensus is obtained from
population structure, principal component (PCA), and hierarchical clustering analyses. Sub-clusters, PhC2 and
PhC3 were combined with PhC2 in the analysis since PhC3 had only two genotypes.
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Abbreviations

AFLP Amplified fragment length polymorphism
AMOVA Analysis of the molecular variance
CCC Cophenetic correlation coefficient
CTAB Cetyltrimethylammonium bromide
df Degree of freedom
EST-SSR Expressed sequence tags—SSR
IPTG Isopropyl β-D-1-thiogalactopyranoside
IRAP Inter-retrotransposon amplified polymorphism
ISSRs Inter-simple sequence repeats
LTR Long terminal repeat
MCMC Markov Chain Monte Carlo
MS Mean of squared deviations
PCA Principal component analysis
PhC Phyllostachys cluster
PhSP Phyllostachys sub-population
PIC Polymorphic information content
RAPD Randomly amplified polymorphic DNA
RFLP Restriction fragment length polymorphism
SCoT Start codon targeted
siRNAs Small interfering RNAs
SNP Single nucleotide polymorphism
SS Sums of squared deviations
SSRs Simple sequence repeats
TEs Transposable elements
UPGMA Unweighted pair-group method with arithmetic average
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Abstract: Research Highlights: We detected the longitudinal gradients of genetic diversity parameters,
such as the number of alleles, effective number of alleles, heterozygosity, and inbreeding coefficient,
and found that these might be attributable to climatic conditions, such as temperature and snow
depth. Background and Objectives: Genetic diversity among local populations of a plant species at its
distributional margin has long been of interest in ecological genetics. Populations at the distribution
center grow well in favorable conditions, but those at the range margins are exposed to unfavorable
environments, and the environmental conditions at establishment sites might reflect the genetic
diversity of local populations. This is known as the central-marginal hypothesis in which marginal
populations show lower genetic variation and higher differentiation than in central populations.
In addition, genetic variation in a local population is influenced by phylogenetic constraints and
the population history of selection under environmental constraints. In this study, we investigated
this hypothesis in relation to Abies sachalinensis, a major conifer species in Hokkaido. Materials and
Methods: A total of 1189 trees from 25 natural populations were analyzed using 19 EST-SSR loci.
Results: The eastern populations, namely, those in the species distribution center, showed greater
genetic diversity than did the western peripheral populations. Another important finding is that
the southwestern marginal populations were genetically differentiated from the other populations.
Conclusions: These differences might be due to genetic drift in the small and isolated populations at
the range margin. Therefore, our results indicated that the central-marginal hypothesis held true for
the southernmost A. sachalinensis populations in Hokkaido.

Keywords: central-marginal hypothesis; cline; Pinaceae; trailing edge population; Sakhalin fir;
sub-boreal forest

1. Introduction

The spatial distribution of genetic variation provides essential information for conservation
programs and management of forest tree species [1]. The geographic distribution center provides
favorable biotic and abiotic environments for species persistence. On the contrary, peripheral
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populations are exposed to unfavorable environmental conditions and the populations at the
range margin are smaller and more isolated from each other than those at the range core [2–4].
The central-marginal hypothesis states that marginal populations show lower genetic variation and
higher differentiation than do central populations (see review [5,6]). The above evidence was obtained
from a study of Scots pine [7] and silver fir (Abies alba), which showed a decline in gene diversity
among the western margin populations [8].

Long-lived plant species are sessile organisms and their survival is attributed to their adaptation
to the local environment. Such adaptation processes inevitably involve genetic changes in local
populations [9]. However, genetic variation in a local population is influenced by phylogenetic
constraints and the population history of selection under environmental constraints. Genetic markers are,
therefore, useful for inferring the genetic structure of local populations. They are also useful for inferring
adaptability to similar environments according to similarities in genetic characteristics, as geographic
genetic variations reflect the results of selection and adaptation to the local environment [10].

Sub-boreal conifer species play an important role in the sustainability of its forest ecosystems across
the northern hemisphere. Abies sachalinensis is a major sub-boreal conifer in East Asia. The geographical
distribution of A. sachalinensis ranges from Sakhalin in the north, to the southern Kuril Islands in
the east, and Hokkaido, the northernmost island of the Japanese Archipelago, in the south [11,12].
The species often occurs across a broad altitudinal range; namely, from sea level to 1500 m a.s.l. It is
one of the major conifers of the montane forest in Hokkaido and often forms mixed forests with other
conifers, such as Picea jezoensis, P. glehnii, and broadleaf species, such as Quercus mongolica var. crispula,
Betula ermanii, Fagus crenata, and Tilia japonica. At its southern and western distribution, A. sachalinensis
is scarce, whereas it is abundant in the northern and eastern regions [13,14]. However, the distribution
center of A. sachalinensis, including genetic core populations, has not yet been determined to date.

The species has been known to show both regional geographic and altitudinal variations in
morphological traits [15–17]. Kurahashi and Hamaya [15] earlier noticed a wide variety of altitudinal
differences in growth traits. This phenomenon was later revealed to be the result of adaptation to the
local environment of the establishment sites [18]. Ishizuka et al. [19] confirmed that the altitudinal
gradient of the autumn phenology related to cold tolerance was genetically controlled. Further,
Goto et al. [20] found natural selection at the QTL (quantitative trait loci) of phenological traits across
altitudinal differences. Hatakeyama [16] reported that regional differences in morphological traits were
closely related to the snow-related climatic conditions based on a common garden experiment. Further,
Eiga [17] reported regional genetic clines in both the altitudinal differences and longitudinal range
differences in cold tolerance in Hokkaido, which are attributable to the level of snow acclimation at the
establishment sites. A longitudinal gradient was also observed in allozyme variations [21]. Moreover,
Suyama et al. [22] suggested a single lineage based on the cpDNA sequence of A. sachalinensis among
Hokkaido populations. However, due to the limited numbers of populations and loci, the regional
genetic relationships among A. sachalinensis populations in Hokkaido have not yet been resolved.

In this study, we investigated regional geographic variations in A. sachalinensis in Hokkaido by
EST-SSR polymorphism with a special emphasis on the southern range marginal population. We sought
to answer two questions; is the central-marginal hypothesis applicable to A. sachalinensis? And does
the environmental gradient affect genetic clines as indicated by Nagasaka et al. [21]?

2. Materials and Methods

We chose 25 natural populations of A. sachalinensis from across the island of Hokkaido and a total
of 1189 mature individuals as sample trees (Figure 1, Table 1). Total DNA was extracted from 100 mg
of fresh needle leaves by the DNeasy Plant Mini Kit (QIAGEN K. K., Tokyo, Japan).
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Figure 1. Locations of the 25 natural populations of Abies sachalinensis used in this study.

Table 1. Study sites of Abies sachalinensis populations in Hokkaido, northern Japan.

Population ID Longitude East (◦) Latitude North (◦) Alt 1 (m) N 2 Nttl_a 3 Na 4 Nef 5 HO HE GIS

P1 141.2365 42.7691 800 44 68 3.579 1.815 0.385 0.383 −0.006
P2 141.1201 42.9663 580 48 66 3.474 1.975 0.379 0.410 0.074
P3 142.3221 43.5685 300 50 75 3.947 1.871 0.383 0.401 0.044
P4 142.6851 42.9003 930 47 75 3.947 1.928 0.408 0.417 0.021
P5 142.6656 42.7072 700 48 73 3.842 1.962 0.419 0.418 −0.003
P6 141.8080 44.8361 5 46 70 3.684 1.862 0.356 0.382 0.067
P7 141.8255 44.3187 90 48 71 3.737 1.978 0.394 0.409 0.038
P8 142.4986 44.2581 285 48 72 3.789 1.964 0.419 0.409 −0.025
P9 142.5356 44.8255 260 48 67 3.526 1.908 0.392 0.386 −0.016

P10 141.7521 45.2064 10 48 66 3.474 1.916 0.389 0.395 0.014
P11 142.6033 43.1250 360 43 68 3.579 1.930 0.387 0.396 0.024
P12 143.1218 44.1365 250 48 76 4.000 2.000 0.399 0.422 0.054
P13 144.0025 44.0930 200 48 73 3.842 1.903 0.395 0.400 0.014
P14 144.8912 43.9676 73 48 70 3.684 1.965 0.376 0.411 0.085
P15 145.0595 44.0907 100 47 77 4.053 1.916 0.355 0.399 0.110
P16 145.3731 43.2588 20 48 70 3.684 1.888 0.382 0.407 0.062
P17 144.1321 43.3482 950 48 77 4.053 1.975 0.377 0.416 0.093
P18 143.0752 43.0874 750 48 75 3.947 1.904 0.392 0.409 0.041
P19 143.2620 42.2881 73 48 75 3.947 2.022 0.380 0.424 0.102
P20 141.0124 42.6518 450 48 69 3.632 1.887 0.393 0.402 0.023
P21 140.4678 43.2183 200 48 62 3.263 1.934 0.425 0.385 −0.105
P22 140.3397 41.6239 90 48 47 2.474 1.768 0.312 0.313 0.001
P23 140.2135 41.9132 470 48 62 3.263 1.803 0.379 0.374 −0.014
P24 140.0727 42.4468 620 48 67 3.526 1.897 0.389 0.393 0.010
P25 140.0379 42.2073 100 48 66 3.474 1.939 0.378 0.384 0.017

Overall 1189 0.386 0.398 0.030
1 Altitude, 2 number of individuals analyzed, 3 total number of alleles, 4 number of alleles, 5 effective number
of alleles.

We analyzed the previously reported 11 EST-SSR loci: Aat01, Aat02, Aat04, Aat05, Aat06, Aat08,
Aat09, Aat10, Aat11, Aat13, Aat15 [23]. In addition, we developed 8 new EST-SSR markers from
A. sachalinensis transcriptome data. All the transcript sequences (158,542) from TodoFirGene [24] were
used as input for the CMIB (CD-HIT-EST, MISA, ipcress and BlastCLUST) pipeline [25] to obtain PCR
primers for amplifying unique microsatellite sequences with the number of repeat units ≥ 6, 5, 4, 3,
and 3 for di-, tri-, tetra-, penta-, and hexa-simple sequence repeats (SSRs), respectively. For each primer
pair, genomic DNA from one individual was used to check PCR amplification. PCR reactions were
carried out following the standard protocol included in the QIAGEN Multiplex PCR Kit (QIAGEN,
Hilden, Germany). For the primer pairs that exhibited clear microsatellite peaks at the expected
fragment length, the extracted DNA of 32 individuals of A. sachalinensis representative of the species’
range was used to evaluate EST-SSR polymorphism. Among them, 8 polymorphic markers, Egm1005,
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Egm14860, Egm16822, Egm26233, Egm4191, Egm4389, Egm5979, and Egm55338, were used for the
following analysis. Genotyping data has been deposited in the TreeGenes Database under accession
number TGDR252.

PCR was carried out with a Type-it Microsatellite PCR Kit (QIAGEN K. K., Tokyo, Japan). Fragment
analyses were performed by ABI 3130-xl Genetic Analyzer, 600 LIZ size standard, and GENESCAN for
Windows (Thermo Fischer Scientific, Tokyo, Japan).

We used GenoDive ver. 2.0b17 [26] to calculate the following genetic parameters; observed
(HO), expected heterozygosity (HE), total heterozygosity (HT), inbreeding coefficient (GIS), genetic
differentiation (G’ST), number of alleles (Na), effective number of alleles (Nef), and Nei’s genetic
distance (D). Principal component analysis (PCA) was conducted to clarify the genetic relationship
among populations using the same software. Four genetic diversity parameters; number of alleles,
effective number of alleles, HE, and GIS, were then spatially interpolated by kriging [27] using R [28]
and laid out on the contour map. A neighbornet phylogenetic tree based on Nei’s genetic distance was
drawn using SplitsTree4 ver. 4.14.6 [29].

The climatic conditions for each population were estimated by the Mesh Climate Data 2000 [30].
We calculated the following environmental factors; WI, warmth index; CI, cold index; TMC, mean
minimum temperature of the coldest month; PRS, precipitation in summer (May to September);
PRW, precipitation in winter (October to April); MSD, maximum snow depth; WinSR, solar radiation
in winter (October to April); SprSR, solar radiation in spring (May); SumSR, solar radiation in summer
(June to August); and AutSR, solar radiation in autumn (September). Classification of four seasons for
solar radiation was determined based on the regression coefficient (r > 0.7) between months (Table S1).

3. Results

The 19 EST-SSR loci used in this study were polymorphic, with the number of alleles ranging
from 2 to 13 (Table S2). The genetic diversity (HE) of the 25 populations ranged from 0.313 to 0.424,
and the overall HE was 0.398. The G’ST ranged from −0.105 to 0.110, and the overall value was
0.016 (Table S2). Each genetic diversity parameter, along with the 95% confidence interval for the 25
populations, is shown in Figure S1. The effective number of alleles and HE did not differ significantly
among the populations. The number of alleles of P22 was significantly lower than those of P3, P4, P5,
P12, P15, P17, P18, and P19, and the GIS of P21was significantly lower than that of P15 (Figure S1).
The geographic patterns of genetic diversity were represented by contour diagrams (Figure 2). All four
parameters showed longitudinal gradients; that is, the eastern populations showed higher values for
the genetic diversity parameters (Figure 3). In addition, the four genetic parameters for each locus are
shown in Figures S2–S5. Most of the loci showed eastward increases in genetic parameters, but several
of them, for example, Aat09, Aat10, and Egm1005, showed opposite results for the effective number of
alleles and HE (Figures S2 and S4).

Pairwise differentiation matrices between populations by G’ST (Table S3) revealed significant
differentiation between the isolated populations (P19, P22) and southwestern populations (P20–21,
P23–25) and the rest of the populations.

Principle component analysis by covariance matrix revealed that the plots of the geographically
peripheral populations (P19 to P25) were in outlying positions on the first and second axis plane
(Figure 4). The plots of the southern populations, in particular, showed smaller Co1 and larger Co2
scores (grouped within the dotted line in Figure 4). P19 and P21 showed the highest Co1 and the
lowest Co2 scores, respectively. The other populations did not show any geographical clustering and
were located at the center of the axis plane.
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Figure 2. Spatial contour maps of four genetic parameters, the number of alleles (a), effective number
of alleles (b), HE (c), and GIS (d), measured for the 25 natural populations. Dots indicate study sites
(cf., Table 1, Figure 1).

Figure 3. Relationships among genetic parameters and longitude east. Lines indicate the least squares.
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Figure 4. Principle component analysis based on the covariance matrix of the 25 populations. The first
(Co1) and second (Co2) axes’ % of variances are in parentheses. Southern range populations are
grouped by the dotted line.

The phylogenetic relationships of the 25 populations are shown by neighbornet tree based on
Nei’s genetic distances (Figure 5). The tree shows that the plots of the geographically peripheral
populations (P19 to P25) were in outlying positions. Moreover, the southern populations were placed
on the same branch (grouped within the dotted line in Figure 5). The southernmost population
(P22) was located at the furthest position in the cluster made up of the southern populations. Other
geographically peripheral populations, namely, P19 and P25, were clustered to individual branches
and were differentiated from the central populations.

Figure 5. Neighbornet tree among the 25 populations based on Nei’s genetic distances. Southern range
populations are grouped by the dotted line.

An environmental gradient along longitude was found among the climatic conditions for
A. sachalinensis populations. The results from the correlation test (Table S4) and principal component
analysis (Figure 6) between longitude and climatic conditions indicated negative correlations between
longitude and winter precipitation (PRW), maximum snow depth (MSD), mean minimum temperature
of the coldest month (TMC), and solar radiation in autumn (AurSR), as well as a positive correlation
between longitude and solar radiation in winter (WinSR). Although PRW showed a significant p-value
alone after Bonferroni correction (Table S4), the climatic conditions for the 25 populations studied
along longitude can be assumed; thus, the eastern populations are characterized by less snow, colder
winters, and more solar radiation in winter. On the contrary, the western populations have more snow,
warmer winters, and less solar radiation in winter. We did not detect any relationship between solar
radiation and precipitation in summer.

72



Forests 2020, 11, 233

Figure 6. Principal component analysis using longitude and selected environmental factors for 25
populations of A. sachalinensis.

In addition, we detected significant relationships between Na and climatic environmental factors
(Table S5). We observed that the number of alleles at 10 loci showed significant relationships with
climatic factors, with seven of these loci showing significant relationships with more than two factors.

4. Discussion

Central populations are characterized by high genetic diversity due to a large effective population
size. In contrast, peripheral populations are often characterized by a small effective population size.
Our present results regarding genetic diversity parameters; namely, Na, Nef, and HE, were greater
in the northeastern than in the southwestern populations (Figures 2a–c and 3). This indicated that
the distribution center of A. sachalinenesis in eastern Hokkaido has greater genetic diversity than do
the southwestern peripheral populations. The species distribution model indicated that the suitable
habitat for A. sachalinenesis was from central to eastern Hokkaido, and the marginal habitat was on
the southwestern Oshima Peninsula [31]. Thus, the northern and eastern parts of Hokkaido can
be regarded as the distribution center of this species, as corroborated by the cumulative volume
of A. sachalinensis in previous studies [13,14]. The island of Hokkaido includes the southernmost
distribution range of A. sachalinensis on its southwestern peninsula. Similar results were obtained
for European silver fir, A. alba, which has a long pollen flow distance similar to A. sachalinensis and
shows a decline in gene diversity in its western marginal populations [8]. Thus, the central-marginal
hypothesis is supported in A. sachalinensis in this study.

On the one hand, the inbreeding coefficient, GIS, also showed the same gradient (Figures 2d and
3). The reason for this tendency has not yet been clarified, but the same tendency has been reported
in previous studies of marginal populations of the anemogamous species, Fagus crenata [4]; that is,
the smaller the population, the lower the inbreeding coefficient.

Previous studies of A. sachalinensis revealed east-to-west longitudinal genetic clines in
morphological traits, resistance against disease, tolerance against environmental conditions
by provenance tests [16,17] and allozymes polymorphisms among natural populations [21].
The present study also revealed the same gradient in genetic parameters determined by EST-SSRs.
Nagasaka et al. [21] detected significant east–west directional variation patterns in HE, effective number
of alleles, and number of alleles based on 4 allozyme loci, and they regarded this variation to be due to
temperature and precipitation. A longitudinal gradient in gene diversity can be attributable to the
climatic factors at the establishment site [32]. A longitudinal gradient in climatic factors in Hokkaido
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might involve temperature and snow depth [17,33], with eastern Hokkaido being colder but having
less accumulation of snow than southwestern Hokkaido. Okada et al. [34] revealed that the number of
winter bud scales of A. sachalinensis differed between the eastern and western populations, and they
inferred that this indicated a response to drought hardiness in the winter season. Eiga [17] indicated
a longitudinal gradient in freezing resistance in seedlings. These morphological traits might result
from the natural selection and adaptation to the local climate, which was one of the major causes of the
longitudinal gradient in genetic diversity.

Our results showed that some environmental factors for the 25 populations showed a longitudinal
gradient (Table S4, Figure 6). The relationships between the number of alleles and climatic factors
were revealed to be significant for 10 EST-SSR loci (Table S5). Among them, the most highly correlated
climatic factor was TMC, with the second most being PRW, while PRS and SumSR did not show any
significance. This result indicated that the climate conditions in winter were more correlated to genetic
traits than were those in summer. Specifically, colder temperatures, less snow, and more solar radiation
in the winter and spring were indicative of a greater number of alleles within a population. Several loci
were correlated with more than one climatic factor, such as Aat02, Egm26233, and Egm4389 with WI,
TMC, and PRW. These climatic factors also showed longitudinal clines (Table S5). Thus, the specific
relationships between loci and climate factors could be reflected in the regional differences in gene
diversity observed in A. sachalinensis in this study.

Previous studies have revealed relationships between climatic conditions and gene diversity in
natural populations of forest tree species. For example, associations between AFLP loci and temperature
were observed in Fagus sylvatica [35] and Betula pendula [36]. Grivet et al. [37] found two SNPs that
were correlated with temperature in Pinus pinaster and P. halepensis. Annotated EST-SSR loci in
Eucalyptus gomphocephala showed clines in allele frequencies for climatic factors, such as solar radiation,
potential evaporation, summer precipitation, and aridity [38]. Former studies of allozyme variation
also revealed adaptive differentiation in conifer species (e.g., [39]). Not only allele frequencies but also
the heterozygosity of an individual is often associated with fitness among a changing environment
(e.g., [40]). Correlations have been reported between growth rate and heterozygosity in Populus
tremuloides [41] and survivorship and heterozygosity in Picea jezoensis [42]. It has been observed that
the heterozygosity of a population influences its productivity, fitness, and stability [40,43,44]. Indeed,
genetic diversity was affected by many other factors, such as demographic history and genetic drift,
and we have to wait for association analyses, such as the outlier test, to reveal the natural selection of
certain alleles against the environment for A. sachalinensis.

Another interesting issue regarding the longitudinal gradient was the observed counteraction
among individual loci (Figures S2–S4). Most of the loci showed higher genetic diversity in the eastern
than in the western populations, but several loci showed an opposite trend. This might offer evidence of
opposite selection or adaptation forces to the environmental gradient between different loci. Currently,
we are not able to clarify this discrepancy, but it is likely that these loci were affected by the selective
sweep of adaptive genes [45,46] as the loci used in this study were EST-SSR, whose primers were
developed among the sequences in close proximity to expressed gene sequences.

STRUCTURE analysis [47] by F-model with 70,000 burn-in and 30,000 MCMC detected differences
in the admixture coefficient between the southwestern and the other populations (Figure S6) but did not
indicate any regionally specific ancestral clusters among the 25 populations. This might be attributable
to the long pollen flow distance of anemogamous species such as A. sachalinensis. A long distance
gene flow may result in gene mixture and lead to homogeneous gene pools among populations [48].
It is also known that two major spruce species in Hokkaido, P. jezoensis and P. glehnii, demonstrate
homogeneous gene pools in Hokkaido [49,50]. In this regard, anemogamous conifer species can be
said to generally show homogeneous gene pools among local populations in Hokkaido.

However, there is evidence of genetic differentiation between the southwestern populations and
the rest of the populations. The results from PCA revealed that the southern peripheral populations
were differentiated from the other central populations (Figure 4). Geographic isolation of some
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populations was reflected in the PCA. P20 is located in a volcanic region so that the forest soil is
composed of volcanic ash or pumice as the base materials. Due to recent volcanic activity, the continuity
of the species distribution might also be interrupted. P21 is located in a deep ravine at the tip of
a peninsula and P19 in a coastal area, with both populations being isolated from other A. sachalinensis
populations. Therefore, P19, P20, and P21 were plotted at the periphery of the PCA plane due to their
geographic isolation (Figure 4).

The phylogenetic tree indicated that the six southernmost populations, P20 to P25, were
differentiated from the other populations (Figure 5). These results indicated that the populations of
the southernmost distribution were highly differentiated from the other populations. This finding
is consistent with the previous studies based on morphological traits [34], allozyme variations [21],
and organelle DNA haplotypes [51].

The high genetic divergence of southernmost populations may be also explained by the fossil
pollen record in southwestern Hokkaido [52], which revealed that Abies, supposedly A. sachalinensis,
that had dominated sub-boreal forests was completely replaced by cool temperate forest at the end of
the last glacial period (10,000 yrs. BP), indicating that the southwestern populations became smaller
and more isolated from each other at that time. Pairwise differentiation by G’ST indicated significantly
high values in the southwestern populations (Table S3). These relic populations might have lost gene
exchange with the distributional center. This would cause a genetic drift that affected the genetic
structure of the small, isolated populations on the distribution periphery. In addition, southwestern
Hokkaido is made up of a long, narrow peninsula, which can be a topographical barrier against the
frequent exchange of individuals.

In conclusion, the central-marginal hypothesis that marginal populations show less genetic
variation and higher differentiation than do central populations [4–6] was found to be relevant to
natural populations of A. sachalinensis in Hokkaido, with the southwestern populations being highly
differentiated from the other populations. In addition, the longitudinal genetic cline revealed by
Nagasaka et al. [21] was supported by the 19 EST-SSR markers in this study. This cline may be related
to adaptation to the environmental gradient in Hokkaido.

5. Conclusions

We analyzed the genetic diversity of 25 natural populations of a major sub-boreal conifer,
Abies sachalinensis, including the species distribution range from its center to its southern margin.
Nineteen EST-SSR loci were applied and revealed that the genetic diversity parameters were higher
among the eastern populations and lower among the southwestern ones. This result supported the
central-marginal hypothesis that the distribution center possesses higher gene diversity because the
eastern populations are located in the core of species distribution. Phylogenetic analysis revealed that
the marginal populations at the southern range limit showed further genetic distances from the central
populations. The eastern to southwestern gradient of genetic diversity indicated a relationship to the
species’ adaptation to certain environmental factors.
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Abstract: Research Highlights: The complete chloroplast genome for eight individuals of Japanese
larch, including from the isolated population at the northern limit of the range (Manokami larch),
revealed that Japanese larch forms a monophyletic group, within which Manokami larch can be
phylogenetically placed in Japanese larch. We detected intraspecific variation for possible candidate
cpDNA markers in Japanese larch. Background and Objectives: The natural distribution of Japanese
larch is limited to the mountainous range in the central part of Honshu Island, Japan, with an isolated
northern limit population (Manokami larch). In this study, we determined the phylogenetic position
of Manokami larch within Japanese larch, characterized the chloroplast genome of Japanese larch,
detected intraspecific variation, and determined candidate cpDNA markers. Materials and Methods:
The complete genome sequence was determined for eight individuals, including Manokami larch,
in this study. The genetic position of the northern limit population was evaluated using phylogenetic
analysis. The chloroplast genome of Japanese larch was characterized by comparison with eight
individuals. Furthermore, intraspecific variations were extracted to find candidate cpDNA markers.
Results: The phylogenetic tree showed that Japanese larch forms a monophyletic group, within
which Manokami larch can be phylogenetically placed, based on the complete chloroplast genome,
with a bootstrap value of 100%. The value of nucleotide diversity (π) was calculated at 0.00004,
based on SNP sites for Japanese larch, suggesting that sequences had low variation. However,
we found three hyper-polymorphic regions within the cpDNA. Finally, we detected 31 intraspecific
variations, including 19 single nucleotide polymorphisms, 8 simple sequence repeats, and 4 insertions
or deletions. Conclusions: Using a distant genotype in a northern limit population (Manokami
larch), we detected sufficient intraspecific variation for the possible candidates of cpDNA markers in
Japanese larch.

Keywords: cpDNA; next generation sequencing; northern limit; nucleotide diversity; phylogeny;
In/Del; SNP; SSR; Pinaceae

1. Introduction

The chloroplast genome is highly conserved and has a much lower mutation rate than the nuclear
genome [1]. Chloroplast DNA (cpDNA) has been widely used to clarify interspecific relationships,
and to evaluate the magnitude of intraspecific variation [2,3]. The cpDNA of gymnosperms, particularly
of the conifers, is characterized by high levels of intraspecific variation [4,5] and paternal inheritance [6].
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A high-resolution chloroplast-specific polymorphic assay would facilitate the analysis of population
differentiation and gene flow in gymnosperms [7].

The next-generation sequencing (NGS) technique enables the sequencing of whole chloroplast
genomes. The chloroplast genome has a circular molecular structure, with a length ranging from 120
to 160 kbp in most plants. The cpDNA contains a pair of inverted repeats (IRs), a large single-copy
region (LSC), and a small single-copy region (SSC) [8]. IRs are a crucial feature of the chloroplast
genome in most plants, likely contributing to the maintenance of a conserved arrangement of cpDNA
sequences. Previous studies have reported that the length of observed short IRs is roughly consistent
among gymnosperm species [9]. The whole chloroplast genome is of significant use for phylogenetic
studies [2,3]; Parks et al. [10] presented complete chloroplast genomes for 37 pine species and
documented a notable degree of variation at several loci (particularly at ycf 1 and ycf 2). Intraspecific
variation in whole chloroplast genomes derived from multiple individuals can clarify the phylogenic
lineage of target individuals [11]. In particular, single nucleotide polymorphisms (SNPs) have been
efficiently used in the fields of phylogeography and conservation biology [12].

Japanese larch (Larix kaempferi (Lamb.) Carr.) is a deciduous coniferous tree species endemic to
Japan, and integral to the country’s forestry efforts. The natural distribution of Japanese larch is limited
to the mountainous range in the central part of Honshu Island, Japan [13]. An isolated population
with ten mature trees was discovered at Manokami (hereafter Manokami larch), in the Zao Mountains
in 1932 [14], extending the known northern limit of the species. Manokami larch was initially believed
to be Larix gmelinii var. japonica, based on the morphological traits. An analysis of partial cpDNA
sequences, and random amplified polymorphic DNA (RAPD) analysis, indicated that the Manokami
larch population was actually Japanese larch [15]. However, the phylogenic position of Manokami
larch, with relation to Japanese larch, has not yet been sufficiently defined [16,17].

The complete chloroplast genome of the genus Larix has been reported for several species [11,18,19],
and the complete chloroplast genome of Japanese larch introduced in Korea, was reported by
Kim et al. [20]. However, the intraspecific variations of Japanese larch have not yet been examined
based on the complete chloroplast genome.

In this study, we identified the complete chloroplast genome for eight individuals of Japanese
larch, including from the isolated population at the northern limit of the range (Manokami larch), to (1)
determine the phylogenetic position of Manokami larch within Japanese larch, (2) characterize the
chloroplast genome of Japanese larch, with included chloroplast data from Manokami larch, and (3)
detect intraspecific variation and determine candidate cpDNA markers.

2. Materials and Methods

Eight individuals of Japanese larch were used in this study. Five individuals (Lk_Ho1, Lk_Ho2,
Lk_Ho3, Lk_Ho4, and Sorachi 3) were collected from test plantations or the Arboretum Garden at the
Forestry Research Institute, Hokkaido Research Organization (HRO). Sorachi 3 was selected specifically
due to its superior growth in a larch-breeding program in Hokkaido. Two individuals (Lk_Ka1 and
Lk_Ka2), were collected from the open-pollinated progeny of artificial plantations of Japanese larch,
at the southern edge of Sakhalin Island, Russia. The detailed location of the seed collection of Lk_Ka2
was described in a previous study [11]. These seven individuals were originally derived from the
eastern region of Nagano, in the central part of Honshu Island in Japan, near the center of distribution
for this species. We added one grafted tree (Manokami 15), as an isolated germplasm of Manokami
larch. The ortet of this tree was conserved in situ with the label “No.15” on Mt. Manokami in the
Zao Mountains.

Fresh leaves from all eight individuals were collected in 2016 March for Lk_Ka2, June for Lk_Ho2,
Lk_Ho3, Lk_Ho4, Sorachi3, 2017 March for Lk_Ka1, June for Lk_Ho1, and 2018 July for Manokami15.
Leaf sampling, isolation of purified intact chloroplasts, and extraction of high-concentrate chloroplast
DNA were performed as previously described [11]. Briefly, we used a saline Percoll (GE Healthcare,
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Uppsala, Sweden) gradient for chloroplast isolation and the DNeasy Plant Mini kit (QIAGEN, Hilden,
Germany) for DNA extraction.

The cpDNA sequence reads were obtained using the Illumina platform. CLC Genomics Workbench
9.5.3 software (CLC bio, Aarhus, Denmark) was used for genetic analysis. After trimming low-quality
sequences from the reads, bulked reads for all eight individuals were used to determine the draft
consensus sequence for L. kaempferi. Reference mapping to L. gmelinii var. japonica (LC228570; [11]) was
performed with parameter settings of mismatch cost 3, In/Del cost 3, length fraction 0.9, and similarity
fraction 0.9. The complete chloroplast genome for each sample was then determined by mapping reads
for each sample to our consensus sequence, using the same parameter settings as described above.
The initial annotation of the chloroplast genome was performed using DOGMA [21]. Prediction of
tRNA genes was performed using tRNAscan (http://lowelab.ucsc.edu/tRNAscan-SE). The annotation
was finalized, with reference to that of L. gmelinii var. japonica (LC228570). To estimate the pseudogenes
of ndh (subunits of an NADH dehydrogenase), we referred to the Pinus thunbergii chloroplast genome
(NC_001631; [9]). REPuter [22] was used to confirm repetitive sequences in the chloroplast genome,
(i.e., tandem repeats, duplicated genes, and IR regions). Finally, the gene map of the circular chloroplast
genome of Japanese larch was drawn using OrganellarGenomeDRAW [23].

A phylogenetic tree was constructed based on the chloroplast genome sequences of the eight
individuals identified in this study, and of MF990369 in the NCBI database (https://www.ncbi.nlm.
nih.gov/) for Japanese larch, as well as five reference sequences of related Larix species derived from
the database: LC228570 (L. gmelinii var. japonica), MF990370 (L. gmelinii var. olgensis), NC_016058
(L. decidua), KX880508 (L. potaninii), and NC_036811 (L. sibirica). The alignment of these fourteen
chloroplast genome sequences was performed in MAFFT [24], and the final alignment was checked
using CLC Genomics Workbench 9.5.3. A phylogenetic tree was constructed by MEGA X [25], based on
maximum likelihood (ML) methods. A total of 1000 bootstrap replicates were applied to evaluate the
branch supports.

The SNP data from the eight Japanese larch individuals was used for subsequent analyses.
Haplotype networks have been demonstrated to show alternative genealogical relationships at the
intraspecific population level, with low divergence [26]. We estimated haplotype networks for the
chloroplast data using the software Network 10 (https://www.fluxus-engineering.com/sharenet.htm).
Nucleotide diversity can be used as an inference parameter for evolutionary and demographic
forces [12]; here, nucleotide diversity was calculated using DnaSP v6 software [27] and estimated as π.
Divergent regions of the chloroplast genomes were identified according to the variation in π, by sliding
window analysis, with a 500 bp step size and 10,000 bp window length.

Tandem repeats were identified using the Tandem Repeats Finder website [28]. In addition,
simple sequence repeats (SSRs) were identified by MISA-web (https://webblast.ipk-gatersleben.de/
misa/) [29], with minimum repetition numbers of 10 for mononucleotides, 6 for dinucleotides, and 5
for trinucleotides, tetranucleotides, pentanucleotides, and hexanucleotides each.

3. Results

3.1. Phylogenetic Analysis

The phylogenetic tree showed that Japanese larch forms a monophyletic group, within which
Manokami larch can be phylogenetically placed based on the complete chloroplast genome, with a
bootstrap value of 100% (Figure 1). Japanese larch is genetically close to L. decidua and L. gmelinii,
but distant from L. sibirica and L. potaninii (Figure 1). The haplotype network among the eight
sampled individuals revealed that Manokami larch was genetically distinct from other Japanese larches
(Figure 2).
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Figure 1. The maximum likelihood (ML) phylogenetic tree based on 14 chloroplast genomes of Larix
species. The red square represents Japanese larch.

Figure 2. Haplotype network based on SNP sites within eight individuals of Japanese larch. The red
dot represents missing haplotypes.

3.2. Characteristics of the Japanese Larch Chloroplast Genome

Japanese larch circular chloroplast genomes were characterized in the range of 122,394–122,409 bp
with accession numbers from the DNA Data Bank of Japan (DDBJ) from LC574969 to LC574976.
The gene type, number, and order were identical among the Japanese larch chloroplast genomes
used in this study. Lk_Ho1 (LC574969) was used as a representative of Japanese larch; Figure 3
illustrates the physical mapping of its chloroplast genome, which contained a pair of IRs (436 bp
each) separated by large single copy (LSC), and small single copy (SSC) regions, of 65,398 bp and
56,136 bp, respectively. The trnI-CAU gene was duplicated within inverted repeats, the trnS-GCU
and psbl genes were duplicated as another inverted repeat of 457 bp in the LSC region (Figure 3),
and two trnT-GGU genes were dispersed in the LSC and SSC regions, respectively. A total of 119 genes
were identified (Table S1), including 72 protein genes, 35 transfer RNA genes, 4 ribosomal RNA
genes, and 8 pseudogenes. Thirteen genes contained an intron, including trnA-UGC, trnG-UCC,
trnI-GAU, trnK-UUU, trnL-UAA, trnV-UAC, rpoC1, rps12, rpl2, rpl16, petB, petD, and atpF. In addition,
ycf3 contained two introns. Furthermore, rps12 was a trans-splicing gene with 5′ end and 3′ end
exons, located in the LSC region and the SSC region, respectively. The G+C content of the complete
chloroplast genome of Japanese larch was 38.7%.
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Figure 3. A gene map of Japanese larch chloroplast genome (accession number: LC574969).
Genes shown outside and inside the circle are transcribed clockwise, and transcribed counterclockwise,
respectively. Genes were colour-coded to distinguish different functional groups. The dark and light
gray inner circle indicates the GC and AT content of the chloroplast genome, respectively. “†” represents
the location of a longer inverted repeat. A, B and C represent hotspot of variation.

3.3. Nucleotide Diversity Analysis

The value of nucleotide diversity (π) was calculated at 0.00004, based on SNP sites for Japanese
larch, suggesting that sequences had low variation. As shown in Figure 4, there were three divergent
regions (A, B, and C) in Japanese larch. Two regions (A, C), which were roughly in the range of the rpl16
gene psaB and the rbcL gene psbA, respectively, were classified as moderately variable (π > 0.00004);
these regions contained variant sites in psaB, rpl16, ψndhK, atpB, psbK, and matK, and three intergenic
spacers (between the rpl23 and psbA-partial genes, between the trnS-GGA and ycf3 genes, and between
the trnS-GCU and trnT-GGU genes). The B region (roughly from chlL to rpl32, π > 0.0001) was identified
as a hypervariable region, in which mutation occurred twice in the ψndhD and the ycf1.
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Figure 4. The nucleotide diversity (π) of Japanese larch chloroplast genomes, based on sliding
window analysis.

3.4. Repeat Sequence Analysis of the Japanese Larch Chloroplast Genome

Tandem repeats were detected in approximately 25 sites in the Japanese larch chloroplast genomes.
Repeated lengths of tandem repeats varied from 12 to 117 bp, and 64% of all tandem repeats occurred in
ycf1, which belongs to a protein-coding region containing 76% of all detected tandem repeats. Nineteen
SSR motifs were detected in the Japanese larch chloroplast genome. The majority of the detected
SSR motifs were mononucleotide motifs, of which the SSR motif of mononucleotide T was the most
frequent, followed by mononucleotide A and mononucleotide G. With the exception of three SSR motifs
of dinucleotide AT, no other multiple nucleotide motifs were detected in the Japanese larch chloroplast
genome. Furthermore, most (77.8%) of the detected SSR motifs were found in the intergenic region,
followed by introns (16.7%), and protein-coding genes (5.5%). Eight cpSSR variants out of nineteen
cpSSR motifs were detected in the intergenic region of the chloroplast genome of Japanese larch.

3.5. Genetic Variation among Japanese Larch Chloroplast Genomes

Among the eight individuals sequenced in this study, 31 variants (including 19 SNPs, 8 SSRs,
and 4 In/Dels) were detected. For SNP variants, six and thirteen SNPs were identified in the intergenic
spacer (IGS) and coding sequence (CDS) regions, respectively. These were detected in the ψndhK
(one SNP), ψndhD (two SNPs), and protein-coding ycf1 (two SNPs), all of which belong to the SSC
region. Six SSR variants were identified in the IGS, whereas two SSR variants were detected in the
CDS region. Four In/Del variants were identified in the ψndhK gene (one In/Del variant) and the ycf1
gene (three In/Del variants), belonging to CDS region. (Table 1)
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Table 1. Genetic variation among chloroplast genomes of Japanese larch. CDS: coding sequence; IGS:
intergenic spacer; In/Del: insertion or deletion; SNP: single nucleotide polymorphism; SSR: simple
sequence repeat.

Sequence N
In/Del SNP SSR

CDS IGS CDS IGS CDS IGS

Lk_Ho1(Reference) — — — — — — —
Lk_Ho2 2 2
Lk_Ho3 3 1 1 1
Lk_Ho4 8 4 2 2
Lk_Ka1 4 3 1
Lk_Ka2 5 1 3 1
Sorachi3 3 3

Manokami15 12 2 2 3 1 4

Whole sequences 31 4 19 8

4. Discussion

The phylogenetic position of Manokami larch, has been discussed by several researchers [14,16,17].
This study clearly indicates that Manokami larch should be phylogenetically categorized into Japanese
larch, with a bootstrap value of 100% (Figure 1). Our findings support the assertion by Shiraishi et al. [15]
that Manokami larch must be a Japanese larch. Manokami larch is located far from other Japanese
larches (Figure 2); genetically divergent genotypes, such as that of Manokami larch, could be used to
efficiently detect intraspecific variation in Japanese larch.

The chloroplast genomes of Japanese larch obtained from this study were similar in size and gene
order to those of L. gmelinii [11], L. sibirica [19], L. decidua [30], and L. potaninii [18]. The chloroplast
structure types were classified in Pinaceae according to their alignment order and the orientation of
the F1 (fragment flanked by trnG-UCC and trnE-UUC), F2 (fragment flanked by clpP and trnT-GGU),
T1 (type 1 Pinaceae-specific repeat containing trnS-GCU and psbI), and T2 (type 2 Pinaceae-specific
repeats in intergenic spacers) fragments in the LSC region, which can produce eight different cpDNA
forms, including A, B, C, D, E, F, and G forms [30]. The chloroplast DNA form used in this study
was classified into the C form, the same form identified for L. gmelinii, L. decidua, L. griffithiana,
and Pinus elliottii [11,30] based on the alignment order and orientation of T1, T2, −F1 (reverse strand),
T2, +F2 (forward strand), and T1. Due to this T1 repeat, there were longer inverted repeats (457 bp) in
the LSC region than two IRs (436 bp) in Japanese larch. Extremely shortened IRs, with another pair of
inverted repeats, is regarded as a common feature in Pinaceae [30,31].

In this study, three hotspots of variation were detected throughout the entire chloroplast genome
(Figures 3 and 4). The ycf1 and ψndhD were included in the hypervariable region (region B), and the
ψndhK was included in the moderately variable region (region A). Three In/Del variants occurred in the
ycf1, and previous research has reported insertions or deletions in the ycf1 of L. gmelinii [11]. Although
it was considered a possibility that the ycf1 might be a nonfunctional pseudogene, another study [32]
indicated that ycf1 is a functional gene, and encodes a product essential for cell survival. Dong et al. [33]
revealed that the divergence of the ycf1 was obvious in gymnosperms. Additionally, Firetti et al. [34]
indicated that the ycf1 was more divergent than the non-coding regions in the genus Anemopaegma.
Regarding pseudogenes, eleven ndh genes (ndhA—K) have been identified in the cpDNA sequences of
photosynthetic land plants [9,35,36]. In our study, five ψndh genes were found only in Japanese larch,
of which ψndhD (two SNPs) and ψndhK (one SNP, one SSR, one In/Del variant) belonged to the region
of frequent variation; these genes did not, however, exhibit a function consistent with other Pinus and
Larix species [9,11].

Repeat sequences may play an important role in chloroplast genome arrangement and sequence
divergence. In particular, tandem repeats may induce In/Dels [37,38]. In this study, tandem repeats
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were primarily identified in the ycf1. Tandem repeats were also located in the ycf1 of other conifers,
such as Cryptomeria japonica [39] and L. gmelinii [11].

Among the eight Japanese larch individuals, we detected 31 variants (19 SNPs, 8 SSRs, and 4
In/Dels) located in psaB, ψndhD, ψndhK, psbE, psbK, rpoC1, rpoC2, the intron of rpl16, matK, atpB, ycf1,
six intergenic spacers (between the rpl23 and psbA-partial genes, between the trnS-GGA and ycf3 genes,
between the trnS-GCU and trnT-GGU genes, between the clpP and trnE-UUC genes twice, between the
psbE and petL genes) with SNPs, the intron of atpF,ψndhK, six intergenic spacers (between the trnC-GCA
and rpoB genes, between the ycf1 and rps15 genes, between the trnL-CAA and ycf2 genes, between the
ψycf2 and trnV-GAC genes, between the trnT-GGU and trnV-UAC genes twice) with SSRs, ψndhK and
ycf1 with In/Dels that could prove useful for providing candidate cpDNA markers. Chloroplast simple
sequence repeat (cpSSR) markers often contain highly polymorphic variations within a population
of conifers (see [7]), although Zhang et al. [40] found only three polymorphic cpSSR markers among
11 candidate markers in Japanese larch. We identified 19 SSR motifs within the chloroplast genome of
Japanese larch, preferentially within the intergenic space, and only 8 SSR motifs occurred among 19
SSR motifs in the intergenic region of the chloroplast genome. These results lay a foundation for the
development of cpDNA markers for Japanese larch.

5. Conclusions

The complete chloroplast genome of Japanese larch (122,398–122,409 bp) was obtained using
next-generation sequencing technology. The comparison of whole chloroplast genomes clearly
indicated that the isolated population, forming the northern limit of the species’ range (Manokami
larch), should be placed phylogenetically within Japanese larch. The Manokami larch was found to be
genetically different from other Japanese larches, indicating that sufficient genetic variation should
be detected within the samples used in this study. Based on an analysis of intraspecific variation,
31 variants were detected, including 19 SNPs, 8 SSRs, and 4 In/Dels, all of which can be applied for
the development of cpDNA markers. These variations should be useful for paternity analysis and
population genetics analysis of Japanese larch in future studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/8/884/s1,
Table S1: List of estimated chloroplast genes of Japanese larch. Genes with * have intron(s). Duplicated genes are
shown in parenthesis.

Author Contributions: Conceptualization, W.I. and T.H.; Founding acquisition, T.H.; Software, W.I. and S.C.;
visualization, W.I; Validation, W.I, S.C., T.H. and S.G.; Formal analysis, S.C. and W.I.; data curation, S.C. and W.I.;
Writing—original draft preparation, S.C., S.G.; Writing—review and editing, S.C., W.I., T.H. and S.G. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was partly supported by the Japan Society for the Promotion of Science [15K18715] and the
Grant for Joint Research Program of the Institute of Low Temperature Science, Hokkaido University.

Acknowledgments: We would like to thank K. Ono for the help of laboratory work.

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

References

1. Wolfe, K.H.; Li, W.-H.; Sharp, P.M. Rates of nucleotide substitution vary greatly among plant mitochondrial,
chloroplast, and nuclear DNAs. Proc. Natl. Acad. Sci. USA 1987, 84, 9054–9058. [CrossRef]

2. Wu, F.H.; Kan, D.P.; Lee, S.B.; Daniell, H.; Lee, Y.W.; Lin, C.C.; Lin, N.S.; Lin, C.S. Complete nucleotide
sequence of Dendrocalamus latiflorus and Bambusa oldhamii chloroplast genomes. Tree Physiol. 2009, 29, 847–856.
[CrossRef]

3. Nock, C.J.; Waters, D.L.E.; Edwards, M.A.; Bowen, S.G.; Rice, N.; Cordeiro, G.M.; Henry, R.J. Chloroplast
genome sequences from total DNA for plant identification. Plant Biotechnol. J. 2011, 9, 328–333. [CrossRef]

4. Wagner, D.B.; Furnier, G.R.; Saghai-Maroof, M.A.; Williams, S.M.; Dancik, B.P.; Allard, R.W. Chloroplast DNA
polymorphisms in lodgepole and jack pines and their hybrids. Proc. Natl. Acad. Sci. USA 1987, 84, 2097.
[CrossRef]

86



Forests 2020, 11, 884

5. Tsumura, Y.; Suyama, Y.; Taguchi, H.; Ohba, K. Geographical cline of chloroplast DNA variation in
Abies mariesii. Theor. Appl. Genet. 1994, 89, 922–926. [CrossRef]

6. Neale, D.B.; Sederoff, R.R. Paternal inheritance of chloroplast DNA and maternal inheritance of mitochondrial
DNA in loblolly pine. Theor. Appl. Genet. 1989, 77, 212–216. [CrossRef]

7. Vendramin, G.G.; Lelli, L.; Rossi, P.; Morgante, M. A set of primers for the amplification of 20 chloroplast
microsatellites in Pinaceae. Mol. Ecol. 1996, 5, 595–598. [CrossRef]

8. Sugiura, M. The chloroplast chromosomes in land plants. Annu. Rev. Cell Biol. 1989, 5, 51–70. [CrossRef]
9. Wakasugi, T.; Tsudzuki, J.; Ito, S.; Nakashima, K.; Tsudzuki, T.; Sugiura, M. Loss of all ndh genes as determined

by sequencing the entire chloroplast genome of the black pine Pinus thunbergii. Proc. Natl. Acad. Sci. USA
1994, 91, 9794–9798. [CrossRef]

10. Parks, M.; Cronn, R.; Liston, A. Increasing phylogenetic resolution at low taxonomic levels using massively
parallel sequencing of chloroplast genomes. BMC Biol. 2009, 7, 84. [CrossRef]

11. Ishizuka, W.; Tabata, A.; Ono, K.; Fukuda, Y.; Hara, T. Draft chloroplast genome of Larix gmelinii var. japonica:
Insight into intraspecific divergence. J. For. Res. 2017, 22, 393–398. [CrossRef]

12. Branca, A.; Paape, T.D.; Zhou, P.; Briskine, R.; Farmer, A.D.; Mudge, J.; Bharti, A.K.; Woodward, J.E.; May, G.D.;
Gentzbittel, L.; et al. Whole-genome nucleotide diversity, recombination, and linkage disequilibrium in the
model legume. Proc. Natl. Acad. Sci. USA 2011, 108, E864. [CrossRef] [PubMed]

13. Ngamitsu, T.; Nagasaka, K.; Yoshimaru, H.; Tsumura, Y. Provenance tests for survival and growth of
50-year-old Japanese larch (Larix kaempferi) trees related to climatic conditions in central Japan. Tree Genet.
Genomes 2014, 10, 87–99. [CrossRef]

14. Japan Forest Tree Breeding Association. Characteristics and conservation of isolated and northernmost
natural population of larch in Japan-observing the population and trying to reveal what it really is like.
In Proceedings of the 1st Forest Genetics Seminar, Miyagi, Japan, July 1994; p. 97, NAID: 10015777891.
(In Japanese).

15. Shiraishi, S.; Isoda, K.; Watanabe, A.; Kawasaki, H. DNA systematical study on the Larix relicted at
Mt.Manokami, the Zao Mountains. J. Jpn. For. Soc. 1996, 78, 175–182.

16. Oda, H. The northern natural Japanese larch forest at Manokami, the Zao Mountaions. For. Sci. 2013,
38, 52–58. (In Japanese)

17. Tozawa, T. Ecological studies on the natural forest of the Japanese larch in Tohoku districts (Northeast of
Honshu Island, Japan), 1: Natural forest of the now as its northern limit in Japan. Univ. For. Rep. Iwate Univ.
1975, 6, 1–18.

18. Han, K.; Li, J.; Zeng, S.; Liu, Z.-L. Complete chloroplast genome sequence of Chinese larch (Larix potaninii
var. chinensis), an endangered conifer endemic to China. Conserv. Genet. Resour. 2017, 9, 111–113.

19. Bondar, E.I.; Putintseva, Y.A.; Oreshkova, N.V.; Krutovsky, K.V. Siberian larch (Larix sibirica Ledeb.) chloroplast
genome and development of polymorphic chloroplast markers. BMC Bioinform. 2019, 20, 38. [CrossRef]

20. Kim, S.-C.; Lee, J.-W.; Lee, M.-W.; Baek, S.-H.; Hong, K.-N. The complete chloroplast genome sequences of
Larix kaempferi and Larix olgensis var. koreana (Pinaceae). Mitochondrial DNA Part B 2018, 3, 36–37. [CrossRef]

21. Wyman, S.K.; Jansen, R.K.; Boore, J.L. Automatic annotation of organellar genomes with DOGMA.
Bioinformatics 2004, 20, 3252–3255. [CrossRef]

22. Kurtz, S.; Choudhuri, J.V.; Ohlebusch, E.; Schleiermacher, C.; Stoye, J.; Giegerich, R. REPuter: The manifold
applications of repeat analysis on a genomic scale. Nucleic Acids Res. 2001, 29, 4633–4642. [CrossRef]
[PubMed]

23. Lohse, M.; Drechsel, O.; Kahlau, S.; Bock, R. OrganellarGenomeDRAW: A suite of tools for generating
physical maps of plastid and mitochondrial genomes and visualizing expression data sets. Nucleic Acids Res.
2013, 41, W575–W581. [CrossRef] [PubMed]

24. Kuraku, S.; Zmasek, C.M.; Nishimura, O.; Katoh, K. aLeaves facilitates on-demand exploration of metazoan
gene family trees on MAFFT sequence alignment server with enhanced interactivity. Nucleic Acids Res. 2013,
41, W22–W28. [CrossRef] [PubMed]

25. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis
across computing platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]

26. Templeton, A.R.; Crandall, K.A.; Sing, C.F. A cladistic analysis of phenotypic associations with haplotypes
inferred from restriction endonuclease mapping and DNA sequence data. III. Cladogram Estim. Genet. 1992,
132, 619.

87



Forests 2020, 11, 884

27. Rozas, J.; Ferrer-Mata, A.; Sánchez-DelBarrio, J.C.; Guirao-Rico, S.; Librado, P.; Ramos-Onsins, S.E.;
Sánchez-Gracia, A. DnaSP 6: DNA Sequence Polymorphism Analysis of Large Data Sets. Mol. Biol. Evol.
2017, 34, 3299–3302. [CrossRef]

28. Benson, G. Tandem repeats finder: A program to analyze DNA sequences. Nucleic Acids Res. 1999, 27, 573–580.
[CrossRef]

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

30. Wu, C.-S.; Lin, C.-P.; Hsu, C.-Y.; Wang, R.-J.; Chaw, S.-M. Comparative chloroplast genomes of Pinaceae:
Insights into the mechanism of diversified genomic organizations. Genome Biol. Evol. 2011, 3, 309–319.
[CrossRef]

31. Kang, H.-I.; Lee, H.O.; Lee, I.H.; Kim, I.S.; Lee, S.-W.; Yang, T.J.; Shim, D. Complete chloroplast genome of
Pinus densiflora Siebold & Zucc. and comparative analysis with five pine trees. Forests 2019, 10, 600.

32. Drescher, A.; Ruf, S.; Calsa, T., Jr.; Carrer, H.; Bock, R. The two largest chloroplast genome-encoded open
reading frames of higher plants are essential genes. Plant J. 2000, 22, 97–104. [CrossRef]

33. Dong, W.; Xu, C.; Li, C.; Sun, J.; Zuo, Y.; Shi, S.; Cheng, T.; Guo, J.; Zhou, S. ycf1, the most promising plastid
DNA barcode of land plants. Sci. Rep. 2015, 5, 8348. [CrossRef] [PubMed]

34. Firetti, F.; Zuntini, A.R.; Gaiarsa, J.W.; Oliveira, R.S.; Lohmann, L.G.; Van Sluys, M.-A. Complete chloroplast
genome sequences contribute to plant species delimitation: A case study of the Anemopaegma species complex.
Am. J. Bot. 2017, 104, 1493–1509. [CrossRef] [PubMed]

35. Ohyama, K.; Fukuzawa, H.; Kohchi, T.; Shirai, H.; Sano, T.; Sano, S.; Umesono, K.; Shiki, Y.; Takeuchi, M.;
Chang, Z. Chloroplast gene organization deduced from complete sequence of liverwort Marchantia polymorpha
chloroplast DNA. Nature 1986, 322, 572–574. [CrossRef]

36. Hiratsuka, J.; Shimada, H.; Whittier, R.; Ishibashi, T.; Sakamoto, M.; Mori, M.; Kondo, C.; Honji, Y.; Sun, C.-R.;
Meng, B.-Y.; et al. The complete sequence of the rice (Oryza sativa) chloroplast genome: Intermolecular
recombination between distinct tRNA genes accounts for a major plastid DNA inversion during the evolution
of the cereals. Mol. Gen. Genet. 1989, 217, 185–194. [CrossRef] [PubMed]

37. Guisinger, M.M.; Kuehl, J.V.; Boore, J.L.; Jansen, R.K. Extreme reconfiguration of plastid genomes in the
Angiosperm family Geraniaceae: Rearrangements, repeats, and codon usage. Mol. Biol. Evol. 2011, 28, 583–600.
[CrossRef]

38. Weng, M.-L.; Blazier, J.C.; Govindu, M.; Jansen, R.K. Reconstruction of the ancestral plastid genome in
Geraniaceae reveals a correlation between genome rearrangements, repeats, and nucleotide substitution
rates. Mol. Biol. Evol. 1994, 31, 645–659. [CrossRef]

39. Hirao, T.; Watanabe, A.; Kurita, M.; Kondo, T.; Takata, K. A frameshift mutation of the chloroplast matK coding
region is associated with chlorophyll deficiency in the Cryptomeria japonica virescent mutant Wogon-Sugi.
Curr. Genet. 2009, 55, 311–321. [CrossRef]

40. Zhang, X.Y.; Shiraishi, S.; Huang, M.R. Analysis of genetic structure in population of Larix Kaempferi by
chloroplast SSR markers. Hereditas 2004, 26, 486–490.

© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

88



Article

Genetic Diversity and Structure of Japanese Endemic
Genus Thujopsis (Cupressaceae) Using
EST-SSR Markers

Michiko Inanaga 1, Yoichi Hasegawa 2, Kentaro Mishima 1 and Katsuhiko Takata 3,*

1 Forest Tree Breeding Center, Forestry and Forest Products Research Institute,
Forest Research and Management Organization, 3809-1 Ishi, Juo, Hitachi, Ibaraki 319-1301, Japan;
inasuzume@affrc.go.jp (M.I.); mishimak@affrc.go.jp (K.M.)

2 Department of Forest Molecular Genetics and Biotechnology, Forestry and Forest Products Research
Institute, Forest Research and Management Organization, 1 Matsunosato, Tsukuba, Ibaraki 305-8687, Japan;
yohase@gmail.com

3 Institute of Wood Technology, Akita Prefectural University, 11-1 Kaieizaka, Noshiro, Akita 016-0876, Japan
* Correspondence: katsu@iwt.akita-pu.ac.jp; Tel.: +81-185-52-6900

Received: 24 July 2020; Accepted: 24 August 2020; Published: 27 August 2020

Abstract: The genus Thujopsis (Cupressaceae) comprises monoecious coniferous trees endemic to
Japan. This genus includes two varieties: Thujopsis dolabrata (L.f.) Siebold et Zucc. var. dolabrata
(southern variety, Td) and Thujopsis dolabrata (L.f.) Siebold et Zucc. var. hondae Makino (northern
variety, Th). The aim of this study is to understand the phylogeographic and genetic population
relationships of the genus Thujopsis for the conservation of genetic resources and future breeding.
A total of 609 trees from 22 populations were sampled, including six populations from the Td
distribution range and 16 populations from the Th distribution range. The genotyping results for
19 expressed sequence tag (EST)-based simple sequence repeat (SSR) markers, followed by a structure
analysis, neighbor-joining tree creation, an analysis of molecular variance (AMOVA), and hierarchical
F statistics, supported the existence of two genetic clusters related to the distribution regions of the
Td and Th varieties. The two variants, Td and Th, could be defined by their provenance, in spite
of the ambiguous morphological differences between the varieties. The distribution ranges of both
variants, which have been defined from their morphology, was confirmed by genetic analysis. The Th
populations exhibited relatively uniform genetic diversity, most likely because Th refugia in the
glacial period were scattered throughout their current distribution area. On the other hand, there was
a tendency for Td’s genetic diversity to decrease from central to southern Honshu island. Notably,
the structure analysis and neighbor-joining tree suggest the hybridization of the two varieties in the
contact zone. More detailed studies of the genetic structure of Td are required in future analyses.

Keywords: Thujopsis dolabrata; EST-SSR markers; varieties; population structure

1. Introduction

Conifers are a dominant plant type found in the vast boreal forests of the North American and
Eurasian continents. They represent an important forest resource in many countries because of their
superior wood properties, including straighter trunks and stronger yet lighter wood compared to those
of most angiosperms [1]. Generally, wild populations of trees are an important genetic resource and are
required for breeding programs that aid in the selection of new plant varieties suitable for withstanding
a range of environmental conditions, diseases, and future climate change [2–4]. A principal requirement
for conserving forest genetic resources is maintaining the genetic diversity within and among the
populations of a species [5]. Phylogeographic and population genetic studies using neutral molecular
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markers provide a means of identifying in situ units and can be used to determine diversity level and
distribution, gene flow routes, and major genetic disjunctions within the species [6]. Therefore, it is
important to examine the genetic diversity and phylogeography of a wide range of wild populations,
including in the context of conifer breeding.

Thujopsis (Cupressaceae) is a genus of monoecious coniferous trees with wind-mediated pollen-
and seed-dispersal systems. It is endemic to Japan and is one of the basal lineages of Cupressoideae in
the Cupressaceae phylogenetic tree [7]. This genus includes two varieties: Thujopsis dolabrata (L.f.)
Siebold et Zucc. var. dolabrata (Td) and Thujopsis dolabrata (L.f.) Siebold et Zucc. var. hondae Makino
(Th). Taxonomically, the former is regarded as the southern variety and the latter as the northern
variety. Td, which features somewhat horned cones, is widely distributed in the southern region of
the Japanese Archipelago, whereas Th, which is characterized by denser needles and rounder cones,
is a race distributed in northern Honshu and the southern region of Hokkaido [8,9] (Figures 1a and
A1). It is difficult to distinguish between these varieties using morphology alone, as their morphology
tends to vary continuously. Therefore, in this study, both varieties will be classified according to their
regional distribution. Because of the valuable properties of the wood, the genus Thujopsis is one of the
most important tree species in Japanese forestry, and plantations of Th have been actively established
in Aomori, Niigata, and Ishikawa Prefectures (see Figure 1b and Table 1) [10]. It is therefore essential
to understand the phylogeographic and population genetic relationships of the genus Thujopsis for the
conservation of genetic resources and future breeding.

Figure 1. (a) Classical distribution range of genus Thujopsis defined by morphological differences
between varieties shown in Kurata [9], var. dolabrata (Td, black dots) and var. hondae (Th, white dots).
(b) Locations of the 22 sampled populations. Numbers correspond to the population numbers in
Table 1.

Higuchi et al. [11] suggested that seven natural populations from the Th distribution region,
as well as other Japanese conifers distributed over a wide area, showed a relatively low FST (0.046).
The two populations that were located in the marginal part of the Th distribution region and the
five populations in the northern part of the distribution region were genetically different in the
neighbor-joining tree and structure analysis [11]. Ikeda et al. [12] also analyzed the genetic structure
of natural forests using populations distributed over almost the same geographical area as studied
by Higuchi et al. [11]. They suggested that the distribution area of Th included four regional groups
(Hokkaido and Aomori prefectures, Iwate and Yamagata prefectures, Niigata, and Ishikawa prefectures)
of natural populations [12]. These findings are important for illustrating the genetic structure of Th;
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however, they did not include Td populations. Therefore, a study examining both Td and Th is needed
to determine the extent to which these two varieties are genetically distinct.

Table 1. Locations of Thujopsis dolabrata. Populations 1 to 16 fall within the range of var. hondae and 17
to 22 fall within var. dolabrata.

No Pop Name Pop Code Prefecture Distribution Region Latitude/Longitude N

1 Minamidate MD Hokkaido var. hondae 41.870072,140.283394 15
2 Todogawa TG Hokkaido var. hondae 41.823216,140.208334 23
3 Okoppe OK Aomori var. hondae 41.478333,140.952778 27
4 Ohata OH Aomori var. hondae 41.386911,141.048666 30
5 Higashidori HD Aomori var. hondae 41.085490,141.314990 30
6 Nakazato NZ Aomori var. hondae 40.987595,140.456850 31
7 Ajigasawa AS Aomori var. hondae 40.677765,140.184354 12
8 Choubousan CB Aomori var. hondae 40.903131,140.605565 15
9 Juniko JN Aomori var. hondae 40.558209,139.964216 30
10 Owani OW Aomori var. hondae 40.448351,140.590625 22
11 Omyoujin OM Iwate var. hondae 39.654310,140.896561 29
12 Hayachine HC Iwate var. hondae 39.582572,141.481268 24
13 Goyousan GY Iwate var. hondae 39.207849,141.716187 24
14 Kaminoyama KM Yamagata var. hondae 38.083196,140.304773 19
15 Sado SD Niigata var. hondae 38.215756,138.451880 31
16 Suzu SZ Ishikawa var. hondae 37.402306,137.165028 17
17 Minakami MK Gunma var. dolabrata 36.839137,138.972695 35
18 Nikko NK Tochigi var. dolabrata 36.822614,139.440342 48
19 Kiso KS Nagano var. dolabrata 35.727433,137.620934 32
20 Kuraiyama KR Gifu var. dolabrata 35.985774,137.216638 35
21 Toyo-oka TO Hyougo var. dolabrata 35.509750,134.637190 44
22 Obitani OB Tokushima var. dolabrata 33.844595,134.327933 36

Population numbers (No); sample size of each population (N).

The aim of this study was to examine the genetic structure of the genus Thujopsis and to determine
the relative contributions of the genetic structure between varieties. In the present study, simple
sequence repeat (SSR) markers, which were representative neutral and co-dominant genetic markers,
were used in order to provide basic information that would be useful in the conservation of Thujopsis
genetic resources in natural forests.

2. Materials and Methods

2.1. Sampling and Study Sites

A total of 609 trees from 22 populations, including 6 populations from the Td distribution range
and 16 populations from the Th distribution range, were sampled (Table 1; Figure 1b). Fresh needles
were collected and stored at −30 ◦C. The sampled trees were each separated by more than 30 m. Sample
sizes varied among the populations (Table 1). This variation reflects the sampling of large individuals
(older trees) from some populations. Moreover, sampling was not attempted in dangerous areas where
the topography was too steep.

2.2. DNA Extraction and Genotyping

Total genomic DNA was extracted from 100-mg needles using the hexadecyltrimethylammonium
bromide (CTAB) method [13] with minor modifications. The genotypes of the sample trees were
determined for 19 markers that were developed from expressed sequence tag (EST)-based simple
sequence repeat (SSR) markers for the genus Thujopsis [14] (Table 2). In addition, universal primers
were attached to each forward primer to efficiently incorporate fluorescent dyes during PCR for
multiplexing [15]. The PCR was performed in a volume of 10.0 μL containing 10–120 ng of template
DNA, 0.15 μM of forward primer, 0.5 μM reverse primer, 0.2 μM of either one of the tail primers
fluorescently labeled by FAM, VIC, or NED, and 5.0 μL of Go Taq Master mix (Promega Corporation,
Madison, MI, USA). A GeneAmp PCR System 9700 thermal cycler (Applied Biosystems, Foster City, CA,
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USA) was used (Applied Biosystems, Foster City, CA, USA) with the following thermal profile: initial
denaturation at 94 ◦C for 2 min, followed by 30 cycles of denaturation at 94 ◦C for 30 s; an annealing
temperature of 60 ◦C for 30 s, and an extension at 72 ◦C for 30 s; then a final extension at 72 ◦C for
5 min. The amplified PCR products of each individual were classified into five groups according to the
fragment size and the type of fluorescent marker (Table A1). Each group of PCR products was separated
by capillary electrophoresis using a 3100 Genetic Analyzer (Applied Biosystems), and genotypes were
scored with Geneious 7.0.4 software (Biomatters Ltd., Auckland, New Zealand).

Table 2. Genetic diversity measures estimated at 19 microsatellite loci.

Variety No Pop Code N Allele Number Allelic Richness Private Allele Ho He FIS

Th 1 MD 15 6.30 5.86 1 0.646 0.639 0.025
2 TG 23 6.70 5.54 1 0.593 0.623 0.071
3 OK 27 7.50 5.97 2 0.673 0.662 0.002
4 OH 30 8.00 6.02 1 0.628 0.664 0.071
5 HD 30 7.80 5.93 2 0.646 0.641 0.010
6 NZ 31 8.70 6.55 0 0.689 0.682 0.005
7 AS 12 5.80 5.84 3 0.746 0.646 −0.112
8 CB 15 6.50 6.12 0 0.662 0.660 0.032
9 JN 30 7.80 6.08 3 0.681 0.664 −0.009

10 OW 22 6.80 5.76 1 0.624 0.636 0.042
11 OM 29 7.90 6.13 4 0.679 0.663 −0.006
12 HC 24 6.80 5.56 1 0.618 0.603 −0.004
13 GY 24 7.60 6.19 0 0.672 0.651 −0.012
14 KM 19 6.70 5.87 3 0.637 0.624 0.006
15 SD 31 7.30 5.67 0 0.637 0.623 −0.005
16 SZ 17 6.50 5.74 1 0.573 0.587 0.054

Average 7.17 5.93 1.4 0.650 0.642

Td 17 MK 35 7.20 5.61 1 0.609 0.611 0.018
18 NK 48 7.30 5.24 5 0.554 0.584 0.062
19 KS 32 6.40 5.15 1 0.554 0.561 0.027
20 KR 35 6.20 4.70 2 0.496 0.500 0.022
21 TO 44 5.90 4.68 1 0.542 0.548 0.023
22 OB 36 5.50 4.20 1 0.513 0.504 −0.005

Average 6.42 4.93 1.8 0.545 0.551

Thujopsis dolabrata (L.f.) Siebold et Zucc. var. hondae Makino (Th); T. dolabrata (L.f.) Siebold et Zucc. var. dolabrata
(Td); population numbers (No); sample size of each population (N); number of alleles per locus (allele number);
allelic richness for standardized samples of 24 gene copies (allelic richness); number of private alleles per population
(private allele); average observed heterozygosity (Ho); average expected heterozygosity (He); fixation index (FIS).

2.3. Data Analysis

2.3.1. Genetic Diversity within Populations

The total number of detected alleles (TA), the observed heterozygosity (Ho), the total gene diversity
(HT), and Wright’s inbreeding coefficient (FIS) were calculated at each locus using FSTAT software
version 2.9.4 [16].

The total number of detected alleles (allele number), the observed (Ho) and expected heterozygosity
(He), and the number of private alleles were calculated for each population using GenAlEx 6.51b2 [17].

The allelic richness was standardized based on 12 individuals (24 gene copies), which was the
smallest sample size among the populations. Fixation index values estimating inbreeding within
individuals in a population (FIS) were calculated. The significance of positive or negative values of
FIS was tested based on 8360 randomizations with a Bonferroni correction. These calculations were
performed using FSTAT [16]. The statistical independence of loci (linkage disequilibrium for all pairs
of loci across populations) was also evaluated using FSTAT.

To compare genetic differentiation among populations and between loci, the relative genetic
differentiation among populations defined under the infinite allele model (IAM; FST) [18] and the
stepwise mutation model (SMM; RST) [19] were calculated using SPAGeDi version 1.5 [20]. The genetic
differentiation coefficients (GST; analogous to FST) and a standardized measure, which had a range of
0–1 for all levels of genetic diversity (G’ST), were calculated based on the allele frequencies for each
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locus using GenAlEx [21,22]. The significance of the deviations of FST, RST, GST and G’ST (from zero)
was evaluated by permutation tests.

The likelihood of a bottleneck within each population was examined using the two-phase model
with 95% single-step mutations and 5% multi-step mutations with 1000 iterations, implemented in the
program BOTTLENECK version 1.2.02 [23]. The one-tailed Wilcoxon test was used to detect an excess
of expected heterozygosity (He) compared to that expected under mutation–drift equilibrium (HEQ).

2.3.2. Genetic Structures among Populations and Distribution Regions

The presence of isolation-by-distance patterns in population differentiation was investigated by
applying the Mantel test to the pairwise relationship between the geographic distances (transformed
to natural logarithms) and genetic distances, FST/(1 − FST), between the populations according to
Rousset’s method [24]. Comparison analyses for Td population vs. Td population, Th population vs.
Th population, and the species as a whole were performed, in order to separately examine the effect of
isolation-by-distance within each distribution region and within the species. These calculations were
performed using SPAGeDi version 1.5 [20].

For the analysis of molecular variance (AMOVA), we used Arlequin version 3.5.2.2 [25].
Hierarchical F statistics were estimated using the R hierfstat package [26] (“varcomp.glob”

and “boot.vc” functions), with the individuals (“Ind”) nested within populations (“Pop”), nested
within distribution regions (“Region”), and with 95% confidence intervals (CIs) from 1000 bootstraps.
The significance of the hierarchical F statistics was assessed using 10,000 permutations (“test.between”
and “test.within” functions) [27]. These calculations were performed using R version 3.6.1 [28].

The genetic relationships among the populations were evaluated by constructing a neighbor-joining
tree [29] using Poptree2 web [30,31]. Nei’s chord distance (Da) [32] was used to estimate the degree
of genetic divergence of the populations. The node significances of the trees were evaluated using
bootstrap probabilities based on 1000 replicates.

The Bayesian approach, which infers population structure and assigns individuals into clusters,
was used, implemented in STRUCTURE version 2.3.4 software [33]. We performed 10 runs for each
value of K (number of putative populations) from 1 to 10, and employed the Markov chain method
with 100,000 iterations (burn-in) and 100,000 Markov chain Monte Carlo repetitions. The simulation
was performed under the admixture model with correlated allele frequencies (default parameters).
Then the most appropriate cluster number (K) was selected using the criterion from Evanno et al. [34],
which is based on ΔK. To choose K and identify sets of highly similar runs in multiple independent
runs at a single K value, we used CLUMPAK software [35].

3. Results

3.1. Genetic Diversity across All Populations

The total number of detected alleles for all populations at each locus ranged from five to 32,
with an average value of 14.3 (Table A2). On average, over all loci, the observed heterozygosity (Ho)
and gene diversity in the total population (HT) were 0.621 and 0.691, respectively. The inbreeding
coefficient (FIS) ranged from −0.056 to 0.096. At all loci, the FIS values deviated significantly from zero.

The ranges of genetic diversity within the populations were 5.5 to 8.7 for allele number, 4.20 to
6.55 for allelic richness, 0.496 to 0.746 for Ho, and 0.500 to 0.682 for He (Table 2). The average genetic
diversities for Td and Th were 6.42 and 7.17 for allele number, 4.93 and 5.93 for allelic richness, 0.545 and
0.650 for Ho, and 0.551 and 0.642 for He, respectively. Private alleles were found in 18 populations,
with a maximum value of five. There were four populations without private alleles. In all populations,
observed heterozygosity was not significantly different from that expected for Hardy–Weinberg
equilibrium. No evidence of significant linkage disequilibrium was detected in any of the total of
3420 tests for linkage disequilibrium between loci in the populations.
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The genetic differentiation among population parameters FST, RST, GST and G’ST varied among
loci, ranging from 0.037 to 0.238, from 0.021 to 0.289, from 0.031 to 0.204, and from 0.098 to 0.502,
respectively (Table A2). The genetic differentiation between populations over all loci (FST, RST, GST and
G’ST) was 0.105, 0.096, 0.088, and 0.246, respectively. All these measures were significantly different
from zero at all loci.

No evidence of a recent bottleneck was found (i.e., no He excess compared to HEQ) in the genotypes
of all the populations.

3.2. Genetic Structure among Populations

All of the FST/(1 − FST) values between pairs of populations calculated for the three categories were
significantly related to the natural logarithms of the geographic distances between them (Figure A2).
For the Td vs. Td category, the intercept of the regression line (a) = −0.073 and the slope of the
regression line (b) = 0.038, R2 = 0.567 and p < 0.01. The Th vs. Th category showed a = −0.075, b = 0.022,
R2 = 0.479, p < 0.000. The species as a whole category showed a = −0.292, b = 0.071, R2 = 0.564,
p < 0.000.

The AMOVA suggested that the majority of the variation existed within population (Within Pop,
5.889, p < 0.001, Table 3). The results of the AMOVA and hierarchical F statistics revealed a
highly significant genetic divergence between the two distribution regions (Among Region, 0.606;
FRegion/Total = 0.088; p < 0.001). The genetic differentiation was highly significant among populations,
whereas the contribution of variety was relatively low between the two distribution regions (Among Pop,
0.393; FPop/Region = 0.062; p < 0.001).

Table 3. Hierarchical analysis of genetic structure using analysis of molecular variance (AMOVA) and
hierarchical F statistics.

AMOVA Hierarchical F Statistics

Source of Variation Variance Components Percentage of Variation F 95% CI

Among Region 0.606 8.80 * FRegion/Total 0.088 * 0.050–0.136
Among Pop 0.393 5.71 * FPop/Region 0.062 * 0.049–0.079
Within Pop 5.889 85.49 * FInd/Pop 0.018 ns 0.004–0.035

* p < 0.001.

The neighbor-joining tree based on Da distance reflected the geographical locations of the
populations for the most part (Figure 2). However, genetic relationships between two distribution
regions (Td and Th) and two intermediate populations (Minakami (MK) and Nikko (NK)) were not
reliably supported because of low bootstrap values.

According to clustering analysis in STRUCTURE, the cluster number (K) was 2 (Figure A3).
The distribution of populations for the two clusters was found to be geographically structured between
the populations along the distribution regions (Figure 3). The proportion of cluster 1 was much higher
in the Td distribution region, while that of cluster 2 was much higher in the Th region. Although the
MK and NK populations were located in the Td region, individuals of these two populations belonged
to both clusters 1 and 2.

94



Forests 2020, 11, 935

Figure 2. Neighbor-joining tree based on the Da distance of the 22 populations. The populations
from No. 1 to 16 represent var. hondae (Th), whereas the populations from No. 17 to 22 represent var.
dolabrata (Td).

Figure 3. The proportions of cluster memberships at the individual level in the 22 genus Thujopsis
populations based on STRUCTURE software analysis. Populations are represented from the left
(southern populations) to the right (northern populations).

4. Discussion

4.1. Genetic Diversity at EST-SSR in Thujopsis

In the present study, 19 EST-SSR loci were used to estimate population genetic diversity and
to investigate the genetic structure in 22 natural populations of the genus Thujopsis. The EST-SSR
polymorphisms of the genus Thujopsis retained a nearly equal or slightly higher diversity compared to
other Cupressaceae species (Table 2) [36–38]. In general, EST-SSR markers have a lower polymorphism
than nuclear SSR markers [39,40]. Therefore, the EST-SSR marker loci used in the present study showed
lower levels of polymorphism than the previous research on Th [11] and other conifers that are widely
distributed in Japan [4,41,42].

A significant and relatively high value of overall population differentiation was found among
the populations we examined (Table A2; FST = 0.105, p < 0.001; RST = 0.096, p < 0.001; GST = 0.088,
p < 0.001; G’ST = 0.246, p < 0.001). These values were clearly greater than those obtained in Ikeda
et al. [12] (FST = 0.039; G’ST = 0.114; EST-SSR). Katsuki et al. [43] reanalyzed and summarized the
measures of population differentiation for major conifers distributed in the Japanese Archipelago,
including Cryptomeria japonica (FST, 0.028; RST, 0.032; G’ST, 0.125; SSR; [41]), Chamaecyparis obtusa
(FST = 0.039; GST = 0.040; G’ST = 0.188; SSR; [4]), Picea alcoquiana (FST = 0.071; G’ST = 0.164; SSR; [44]),
and Picea jezoensis (FST = 0.101; SSR; [45]). Additionally, Iwaizumi et al. [46] performed these
measurements for Pinus densiflora populations distributed in Japan (FST = 0.013; GST = 0.013;
G’ST = 0.122; SSR). Compared with these species, we found a relatively moderate value for FST

and a high value for G’ST in the genus Thujopsis. In contrast to previous studies, which were conducted
on a single species, measures of population differentiation in the genus Thujopsis may be higher
because the study populations included two varieties (Td and Th). On the other hand, higher
values for population differentiation measures have been observed in species, including isolated
populations, of Picea koyamae (FST = 0.209; RST = 0.173; G’ST = 0.410; SSR; [43]), Sciadopitys verticillata
(FST = 0.142; SSR; [47]), Abies mariesii (GST = 0.144; allozyme; [48]), and Pinus pumila (GST = 0.170;
allozyme; [49]). These species have narrow, isolated distributions that could reflect restricted gene flow
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between populations because of habitat discontinuity [50]. Therefore, it is likely the case that the two
populations were not completely genetically isolated, although we identified relatively high values for
the population differentiation measures in the genus Thujopsis.

4.2. Comparison of Genetic Structure between Td and Th

The population relationships and genetic structures for the genus Thujopsis were analyzed,
focusing on the relationship between the two variants. Structure analysis supported the existence
of two genetic clusters related to the distribution regions (Figure 1a), i.e., the Td and Th varieties
(Figure 3). These clusters were significantly differentiated based on AMOVA and hierarchical F statistics
(Table 3). The neighbor-joining tree also supported these results, according to the high (100%) bootstrap
probability of branches between the KM population (No. 14, Th) and the MK population (No. 17, Td)
(Figure 2). Therefore, the two variants, Td and Th, could be defined by their provenance, in spite of the
ambiguous morphological differences between these varieties.

The average values of allelic richness, Ho and He, were relatively lower in Td than Th. Two factors
may have contributed to the decline of genetic diversity in Td. First, demographic factors, such as
postglacial colonization and a history of human overexploitation, could have played a role. If the
refugia of the species were restricted to the southern region, a postglacial rapid expansion to northern
regions would be expected to cause a series of founding events that would lead to a loss of alleles
and homozygosity [51]. Similarly, tree species that have experienced population declines due to
human overexploitation may show low genetic diversity and genetic bottlenecks [52–54]. However,
no significant bottlenecks were detected in the population in the present study. This suggests that the
low genetic diversity exhibited by each of the Td populations was probably caused by the natural
characteristics of this variety, or other factors.

Since the Japanese Archipelago extends in a narrow arc from northeast to southwest, with the
various mountain ranges probably acting as physical barriers, temperate plant species have generally
migrated along the Pacific side, the Sea of Japan side, or the mountain slopes of the Archipelago. Thus,
plants species migrated either southwards along the coasts or to lower altitudes into refugia during
glacial periods, and expanded either northwards or to higher altitudes during interglacial periods [55].
In fact, many plant species distributed in Japan exhibit genetic divergence between the Pacific side and
the Sea of Japan side (e.g., Fagus crenata, [56]; Kalopanax septemlobus, [36]). Additionally, as many tree
species exhibit a long generation time, it is likely that not many generations have elapsed since the
initial postglacial colonization. As a result, there has been less opportunity for genetic drift, and the
large size of many plant populations could fossilize the genetic structure established at the time of
colonization [57]. In the case of conifers, Kimura et al. [58] identified clear genetic divergence between
two and four gene pools in Cryptomeria japonica. Two gene pools were distributed along the Sea of
Japan side and along the Pacific Ocean side, while four gene pools suggested the potential of northern
cryptic refugia and/or the potential of admixture events from several refugia between populations in
the northern Tohoku district and an isolated gene pool on Yakushima Island (south of Kyushu district).
As an example of fossilized genetic structures, Tsuda and Ide [59] suggested that the populations
of Betula maximowicziana could be divided into a southern group (Central Honshu island) and a
northern group (Hokkaido and Tohoku district) that originated from different refugia. They detected
significant bottlenecks that may have been caused by processes of postglacial colonization and the
species’ characteristics and/or life history as a long-lived pioneer tree species. However, the present
study indicates that the relatively high genetic differentiation of the genus Thujopsis did not fit these
frequent patterns of genetic differentiation. The Td and Th varieties were distributed in the southern
and northern parts of the Japanese Archipelago. No evidence of a genetic structure between the Sea of
Japan side and Pacific Ocean side was found in this study. Th has similar diversity among populations,
with relatively uniform values of allelic richness, Ho and He. On the other hand, there was a tendency
for allelic richness, Ho and He, to decrease from the Minakami and Nikko groups to the Obitani
group in Td. Structure analysis, and the locations of the Minakami and Nikko populations in the
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neighbor-joining tree with low node significances, suggested that these two populations may contain
Td and Th hybridization. In this case, the reason for the high genetic diversity in the Minakami and
Nikko populations could be due to hybridization. The remaining four populations (Kiso, Kuraiyama,
Toyo-oka, and Obitani) most likely represented pure Td populations, but we found no evidence of
refugia in any of these.

Comparing the current distribution of Th with that of Cr. japonica, Aoyama [60] indicated that
Th is more drought tolerant and can survive in colder climates. These physiological characteristics
may have allowed Th to form refugia in southern Hokkaido and the areas below 500 m elevation
in the Tohoku district during the last glacial period [60]. In the case of Th, refugia may have been
scattered throughout the Tohoku district, which is the approximate current distribution range of Th.
The relatively uniform values of allelic richness, Ho and He, among the Th populations could be
explained by this hypothesis. However, additional populations must be examined to fully understand
the characteristics of Td.

4.3. Contributions of the Breeding Program for the Genus Thujopsis

Both varieties, Td and Th, are essential elements of natural forests in Japan, and logs from natural
forests have historically been used for timber and other wooden materials. However, at present,
Th is more important than Td in forestry. Plantations of Th are active mainly in Aomori, Niigata,
and Ishikawa Prefectures (see Table 1) [10]. In Aomori, the demand for Th has recently increased.
As a result, seed orchards were established in the beginning of 2003 [61]. In Niigata, plus trees on
Sado Island were selected in 1989, and a seed orchard was established on Honshu island in 2009 [62].
Plantations in Ishikawa were established using rooted cuttings or saplings created by layering, and
the majority of trees in these plantations are clones of 14 Th cutting/saplings [10]. In the Niigata
and Ishikawa plantations, particular attention to interactions between natural populations through
pollen flow and hybridization with Td is required. Th is found on Sado Island, and both Td and Th
are distributed in the closest area on Honshu island (Figure 1). Similarly, the Suzu (SZ) population
in Ishikawa, the present study site, is classified as Th; however, Td is distributed in neighboring
areas. This study showed that these varieties are genetically different, and there is a risk that the
seed orchard in Niigata may unintentionally produce seeds derived from hybridization between the
variants. Furthermore, Th plantations in Ishikawa might risk introducing pollen of different variants
into the surrounding natural Td forests. Since the breeding program of Th in Niigata and Ishikawa
started relatively recently, the results of the present study could be useful for ongoing and future
breeding programs, especially for the proper development and maintenance of seed orchards.

The results of the present study suggest that Td and Th can be distinguished by EST-SSR.
As mentioned previously, distinguishing among varieties may be an important task in the future for
breeding within the genus, Thujopsis. Several loci containing alleles with characteristic frequencies for
Td and Th, respectively, were identified (Table A3). A combination of four loci, Tdest24, 39, 42, and 56,
maintain a 100% bootstrap probability between varieties when constructing a neighbor-joining tree.
Therefore, an analysis of these four loci is sufficient for the identification of the varieties.

5. Conclusions

Evidence from EST-SSR markers suggested that the two variants of the genus Thujopsis,
Thujopsis dolabrata (L.f.) Siebold et Zucc. var. dolabrata (Td) and Thujopsis dolabrata (L.f.) Siebold
et Zucc. var. hondae Makino (Th), were clearly distinct, as assessed using structure analysis and a
neighbor-joining tree. Using these techniques, the two varieties could be defined by their provenance,
in spite of the ambiguous morphological differences between them. The relatively uniform values
of genetic diversity among the Th populations suggest that refugia of Th may have been scattered
throughout the Tohoku district. On the other hand, there was a tendency for genetic diversity to
decrease from central to southern Honshu island in Td. Structure analysis and the neighbor-joining
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tree suggested hybridization in the contact zone between the two varieties. More detailed studies of
the genetic structure of Td will be needed in the future.
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Appendix A

 

Figure A1. Typical morphology of (a) Thujopsis dolabrata (L.f.) Siebold et Zucc. var. dolabrata
(Td) and (b) Thujopsis dolabrata (L.f.) Siebold et Zucc. var. hondae Makino (Th). Td (a) have
horned cones, and Th (b) have denser needles and rounder cones. Photographs are cited from
Forestry and Forest Products Research Institute (FFPRI) Database of Japanese Woods ((a) http://
db.ffpri.affrc.go.jp/WoodDB/JWDB-E/detailA_coll.php?-action=browse&-recid=262420, and (b) http:
//db.ffpri.affrc.go.jp/WoodDB/JWDB-E/detailA_coll.php?-action=browse&-recid=265188).

Figure A2. Relationships between pairwise genetic distances, FST/(1− FST), and the geographic distance
separating 22 Thujopsis populations.
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Figure A3. Relationships between the number of clusters (K) and the rate of the change in lnP(X|K)
(Delta K), based on STRUCTURE analysis.

Table A1. Characteristics of 19 EST-SSR loci for use in the genus Thujopsis.

Locus Group Repeat Motif Primer Sequence (5′−3′) Allele Size Range (bp)

Tdest1 5 (CT)11 F: GCCTCCCTCGCGCCATCAG GATTTTCTGACAGGCTTTGTTCTC 137–173
R: GTTTCTTAATTCCCAAGAGTGCTTATGAGTTC

Tdest3 1 (AT)11 F: GCCTCCCTCGCGCCATCAG CGGCCCAGGTTTCTGTACTC 155–184
R: GTTTCTTGCCCATTAAAGTCGGGTATTG

Tdest11 3 (AT)12 F: GCCTCCCTCGCGCCATCAGTGGGATACATACTGCATTTGTTAGG 136–161
R: GTTTCTTCTCCCCAAGCAAGTCACCAC

Tdest14 4 (AG)12 F: GCCTCCCTCGCGCCATCAGCAGTAGACAATTTCTGCAAATCACC 152–190
R: GTTTCTTTCCCTTTTGTTGGCATTATAGG

Tdest17 3 (AG)12 F: GCCTCCCTCGCGCCATCAGGCTTTTGATGTCCGCTATATCCTC 160–176
R: GTTTCTTGGAGATTCCAATGTTTGTCATGC

Tdest21 3 (AG)13 F: GCCTCCCTCGCGCCATCAGGTCCATCCATTCTCACTCCAAAG 228–292
R: GTTTCTTAGCAGACCCTATTTCACAGCATC

Tdest24 4 (AT)15 F: GCCTCCCTCGCGCCATCAGATACCATACAGCTTTCAGCCAG 239–266
R: GTTTCTTGCAGAACAAACGAATCAATGAGAG

Tdest29 3 (AC)16 F: GCCTCCCTCGCGCCATCAGAAACGACTCTGCTGGATTTCAC 215–243
R: GTTTCTTTTCCGCTCTTGATTTTCTCTCC

Tdest35 2 (CT)15 F: GCCTCCCTCGCGCCATCAGAAGCTATTGACCCTTCTCAGGATAC 191–227
R: GTTTCTTCCATGTTGAATTGTTCCCTTTC

Tdest37 5 (ATC)9 F: GCCTCCCTCGCGCCATCAGCCAAGCGACAGAAAACCATTC 158–175
R: GTTTCTTTCAGTCTCTTCCTCCTCCTCCTC

Tdest38 1 (ACC)9 F: GCCTCCCTCGCGCCATCAGTGACCATTCCTCCTCCTCCTC 114–137
R: GTTTCTTCATGTTTGCAGTTGAGAGAAGACC

Tdest39 1 (GCT)9 F: GCCTCCCTCGCGCCATCAGGCAGCACAGGAGAAGAAAGATG 153–186
R: GTTTCTTACAACAGCCACAACGTGTCC

Tdest42 1 (ACC)9 F: GCCTCCCTCGCGCCATCAGCTCCCTATCCCAACACCAACAC 225–258
R: GTTTCTTTGCCTACCTATCCTTCTTCTTCTCC

Tdest43 2 (CGG)9 F: GCCTCCCTCGCGCCATCAGGGTCCAATGCAGGTAATACAAGAAG 134–167
R: GTTTCTTTCCCCGCCAAGATACTCAAC

Tdest45 5 (GGT)12 F: GCCTCCCTCGCGCCATCAGTGAGGGTGGTGAGACAATTC 208–235
R: GTTTCTTCAAGATTTGGAACTCCTGCAAC

Tdest49 2 (GAT)10 F: GCCTCCCTCGCGCCATCAGGTGCCCTCAAAGTTACAGCAGTC 221–248
R: GTTTCTTGCAATCACCTCATCCTCACTTC

Tdest53 4 (CTT)13 F: GCCTCCCTCGCGCCATCAGCCAAAGCCCTTCCAGTAACATC 241–305
R: GTTTCTTGATGGAATGAGTGAATCTCAGGAAC

Tdset56 2 (AAG)9 F: GCCTCCCTCGCGCCATCAGCATTGCCCTTTGGAATATAGGATC 142–167
R: GTTTCTTGTTGCCCATCTGCTCTTCTTC

Tdest58 4 (AAG)13 F: GCCTCCCTCGCGCCATCAGCTGAACGGCGCCCTAATCTC 151–188
R: GTTTCTTGCCCACTCCTCAAATCCAAC

Groups of loci that were mixed when amplified PCR products of individuals were separated by capillary
electrophoresis (Group).
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Table A2. Genetic diversity measures estimated at 19 microsatellite loci.

Locus TA Ho HT FIS FST RST GST G’ST

Tdest1 19 0.889 0.904 −0.037 * 0.065 ** 0.097 ** 0.052 ** 0.380 **
Tdest3 13 0.503 0.606 0.064 ** 0.135 ** 0.058 ** 0.113 ** 0.251 **

Tdest11 14 0.789 0.873 0.032 ** 0.078 ** 0.289 ** 0.066 ** 0.371 **
Tdest14 20 0.864 0.904 0.014 * 0.037 ** 0.024 * 0.031 ** 0.260 **
Tdest17 10 0.624 0.781 0.054 ** 0.175 ** 0.069 ** 0.157 ** 0.474 **
Tdest21 32 0.891 0.927 0.004 ** 0.041 ** 0.021 * 0.035 ** 0.349 **
Tdest24 16 0.710 0.767 0.023 ** 0.054 ** 0.205 ** 0.053 ** 0.199 **
Tdest29 8 0.358 0.409 0.025 ** 0.118 ** 0.153 ** 0.101 ** 0.163 **
Tdest35 32 0.852 0.935 0.040 ** 0.059 ** 0.095 ** 0.051 ** 0.470 **
Tdest37 5 0.398 0.484 0.018 ** 0.207 ** 0.205 ** 0.164 ** 0.281 **
Tdest38 10 0.655 0.692 −0.034 ** 0.108 ** 0.104 ** 0.085 ** 0.239 **
Tdest39 7 0.456 0.490 −0.056 ** 0.143 ** 0.173 ** 0.118 ** 0.212 **
Tdest42 13 0.565 0.732 0.031 ** 0.238 ** 0.054 ** 0.204 ** 0.502 **
Tdest43 14 0.714 0.753 −0.011 ** 0.077 ** 0.121 ** 0.062 ** 0.218 **
Tdest45 9 0.462 0.581 0.096 ** 0.144 ** 0.136 ** 0.120 ** 0.252 **
Tdest49 8 0.228 0.272 0.051 ** 0.121 ** 0.125 ** 0.116 ** 0.155 **
Tdest53 21 0.863 0.888 −0.025 ** 0.064 ** 0.099 ** 0.052 ** 0.342 **
Tdest56 8 0.626 0.730 −0.010 ** 0.183 ** 0.082 ** 0.152 ** 0.411 **
Tdest58 12 0.361 0.402 0.044 ** 0.065 ** 0.068 ** 0.060 ** 0.098 **
average 14.3 0.621 0.691 0.014 ** 0.105 ** 0.096 ** 0.088 ** 0.246 **

Total number of detected alleles (TA); average observed heterozygosity (Ho); total gene diversity (HT); Wright’s
inbreeding coefficient (FIS) and significant deviations from Hardy–Weinberg expectations were tested; Weir and
Cockerham’s FST (FST); relative genetic differentiation among populations defined under the stepwise mutation
model (RST); genetic differentiation coefficient (GST); standardized measure of relative genetic differentiation among
populations (G’ST); *, p < 0.01; **, p < 0.001; p values indicate the significance of deviations of FIS, FST, RST, GST,
and G’ST from zero, evaluated by permutation tests.

Table A3. Recommended set of markers for distinguishing Td and Th and their allele characteristics.

Allele Frequencies across All Populations

Locus Allele Size Td Th Td/Th Th/Td

Tdest24 N 230 379
239 0.152 0.003 57.6 0.0
242 0.000 0.001
243 0.030 0.000
245 0.217 0.090 2.4 0.4
247 0.424 0.429 1.0 1.0
249 0.072 0.110 0.7 1.5
251 0.057 0.173 0.3 3.1
253 0.004 0.074 0.1 17.0
255 0.002 0.051 0.0 23.7
256 0.002 0.008 0.3 3.6
257 0.026 0.028 0.9 1.1
259 0.002 0.003 0.8 1.2
261 0.009 0.004 2.2 0.5
263 0.002 0.022 0.1 10.3
265 0.000 0.004
266 0.000 0.001

Tdest39 N 230 379
153 0.952 0.575 1.7 0.6
156 0.000 0.001
159 0.039 0.243 0.2 6.2
162 0.000 0.003
165 0.009 0.170 0.1 19.6
168 0.000 0.003
186 0.000 0.005
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Table A3. Cont.

Allele Frequencies across All Populations

Locus Allele Size Td Th Td/Th Th/Td

Tdest42 N 230 379
225 0.028 0.001 21.4 0.0
228 0.000 0.003
231 0.004 0.018 0.2 4.2
234 0.022 0.000
237 0.041 0.215 0.2 5.2
240 0.015 0.001 11.5 0.1
243 0.498 0.042 11.8 0.1
244 0.102 0.000
246 0.048 0.600 0.1 12.5
249 0.185 0.062 3.0 0.3
252 0.007 0.041 0.2 6.3
255 0.050 0.007 7.6 0.1
258 0.000 0.009

Tdest56 N 230 379
142 0.002 0.000
147 0.000 0.001
152 0.370 0.080 4.6 0.2
153 0.011 0.000
155 0.022 0.463 0.0 21.3
161 0.478 0.230 2.1 0.5
164 0.117 0.223 0.5 1.9
167 0.000 0.003

Sample size (N); T. dolabrata (L.f.) Siebold et Zucc. var. dolabrata (Td); Thujopsis dolabrata (L.f.) Siebold et Zucc. var.
hondae Makino (Th); ratio of allele frequency, Td divided by Th (Td/Th); ratio of allele frequency, Th divided by Td
(Th/Td).
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Abstract: Research highlights: Our study is the first to explore the genetic composition of ancient
Cryptomeria trees across a distribution range in China. Background and objectives: Cryptomeria japonica
var. sinensis is a native forest species of China; it is widely planted in the south of the country to
create forests and for wood production. Unlike Cryptomeria in Japan, genetic Chinese Cryptomeria has
seldom been studied, although there is ample evidence of its great ecological and economic value.
Materials and methods: Because of overcutting, natural populations are rare in the wild. In this
study, we investigated seven ancient tree populations to explore the genetic composition of Chinese
Cryptomeria through ddRAD-seq technology. Results: The results reveal a lower genetic variation
but higher genetic differentiation (Ho = 0.143, FST = 0.1204) than Japanese Cryptomeria (Ho = 0.245,
FST = 0.0455). The 86% within-population variation is based on an analysis of molecular variance
(AMOVA). Significant excess heterozygosity was detected in three populations and some outlier
loci were found; these were considered to be the consequence of selection or chance. Structure
analysis and dendrogram construction divided the seven ancient tree populations into four groups
corresponding to the geographical provinces in which the populations are located, but there was
no obvious correlation between genetic distance and geographic distance. A demographic history
analysis conducted by a Stairway Plot showed that the effective population size of Chinese Cryptomeria
had experienced a continuing decline from the mid-Pleistocene to the present. Our findings suggest
that the strong genetic drift caused by climate fluctuation and intense anthropogenic disturbance
together contributed to the current low diversity and structure. Considering the species’ unfavorable
conservation status, strategies are urgently required to preserve the remaining genetic resources.

Keywords: Cryptomeria japonica var. sinensis; genetic diversity; population structure; demographic
history; SNP; RAD-seq; ancient tree; conservation

1. Introduction

Cryptomeria (Cupressaceae) is a relic genus that was widely distributed throughout Eurasia
during the Cenozoic era [1]. Today, there is only one extant species, Cryptomeria japonica (Linn. f.)
D. Don, which has three recognized varieties. Two Japanese varieties, var. japonica and var. radicans,
are found in the moist temperate region from Aomori Prefecture to Yakushima Island on the Japanese
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archipelago [2]; var. japonica mainly occurs on the Pacific Ocean side and var. radicans mainly on the
Sea of Japan side. These two varieties are present in 44% of all Japanese planted forests [3], and the
species is known as “the national tree” of Japan. The third variety, var. sinensis, is limited to southern
China, with a few natural occurrences in Fujian (Nanping), Jiangxi (Lushan mountain), and Zhejiang
(Tianmu mountain) provinces. However, these wild forests are hard to distinguish from an enormous
number of artificial stands [4]. Planted forests in China are not as common as in Japan, but still play an
important role in forestry in the south of the country. This species has been long cultivated in China,
and the earliest historical document can be traced back to 1279, referring to the Tianmu mountains area.
Some ancient trees are still well preserved in villages such as Fengshui forest, and they are supposed
to bring fortune and happiness. Since the founding of modern China, the government has launched
a series of greening campaigns. Because var. sinensis is a common and popular species, it has been
widely planted throughout southern China for afforestation and to exploit as timber in the future.
Recently, studies have revealed that Chinese Cryptomeria (Cryptomeria japonica var. sinensis Miquel)
forests have great ecological benefits with respect to soil properties, water infiltration, and biodiversity,
and also have substantial economic benefits in terms of wood production. However, we know little
about its population genetics.

Knowledge of population genetic diversity and structure is of fundamental importance for conifer
conservation and breeding programs [5]. Chen et al. [6] investigated the demographic structure of
Chinese Cryptomeria on Tianmu mountain using microsatellites markers. This area contains the most
famous and largest ancient tree population. Luo et al. [7] examined the genetic diversity of 96 clones
from 12 provenances in seed orchards, using 26 polymorphic microsatellite loci. However, a large-scale
study on natural or artificial resources of Chinese Cryptomeria has yet to be conducted.

Single-nucleotide polymorphisms (SNP) have proved to be the most abundant form of variation
within a species at the genome level and can provide detailed insight into the genetic basis of a
population [8]. Combined with Next-Generation Sequencing (NGS) technology, SNP markers are
having substantial impacts on population genetics as well as plant breeding [9,10]. Among large-scale
sequencing-based approaches, Restriction-site Associated DNA sequencing (RAD-seq) technology has
been shown to be cost-effective for generating genome-wide markers for a large number of samples
simultaneously [11–14]. This approach has great advantages, including generating a large quantity of
data across the genome, having reasonable costs, needing simpler procedures for library construction,
needing a short duration of experiment, having no requirements for a reference genome, and having a
well-developed pipeline for data treatment and analysis [15,16].

In the present study, we employed ddRAD-seq (double digest RAD-seq) technology, based on
122 samples from seven ancient tree populations in China, to (1) evaluate the level of genetic
diversity, (2) explore the genetic structure among current ancient tree populations, and (3) estimate
the demographic history. We also used six natural Japanese populations to (4) compare the genetic
diversity between Japanese and Chinese Cryptomeria. From this analysis, we hope to gain insight
into the status of genetic resources of C. japonica var. sinensis, and put forward some suggestions for
conservation strategies.

2. Materials and Methods

2.1. Population Sampling

We investigated the sites where natural forests supposedly occurred in China, according to
previous studies [17]. Unfortunately, most forests have been exposed to severe disturbance as a result
of human activities, and the species is now found in patches in villages and national forest parks.
To avoid materials from unknown sources, only ancient trees with a DBH (diameter at breast height)
greater than 100 cm were selected for this study. A total of 122 individuals from seven populations were
collected, covering all the recorded natural forest sites. For each population, needles were collected
from 10 to 22 mature trees from each population (Figure 1). The name, geographic location, altitude,
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and sample size for each population are listed in Table 1. We also used six natural populations of
C. japonica from Japan, covering the whole natural distribution range and the most important forests,
in order to compare the genetic diversity with Chinese populations [18] (Table S1).

 
Figure 1. Sampling locations of seven populations of C. japonica var. chinensis in China and six populations
of C. japonica in Japan.

Table 1. Geographic locations and sample size (n) of the seven Chinese Cryptomeria populations.

Populations
Longitude (E) Latitude (N) Altitude (m) n

Province location

Jiangxi Lushan (LS) 115.5801 29.3259 895 m 22

Anhui Huangshan (WT) 118.1600 29.2743 436 m 17

Fujian
Tianbaoyan (TBY) 117.3044 25.5756 1132 m 17

Nanping (YTG) 118.0848 26.4418 846 m 10
Wuyishan (WYS) 117.4136 27.4535 892 m 18

Zhejiang Tiantaishan (TT) 121.0541 29.1458 897 m 17
Tianmushan (XTM) 119.2608 30.2017 1089 m 21

Total 122

2.2. DNA Extraction and RAD Sequencing

The total genomic DNA was extracted from fresh needles using a modified CTAB
(cetyltrimethylammonium bromide) method [19]. Purified DNA was digested with PstI and SphI,
ligated with Y-shaped adaptors, and amplified by PCR with KAPA HiFi polymerase (Kapa Biosystems,
Wilmington, USA). After PCR amplification with adapter-specific primer pairs (Access Array Barcode
Library for Illumina, Fluidigm, South San Francisco, USA), an equal amount of DNA from each
sample was mixed and size-selected with the BluePippin agarose gel (Sage Science, Beverly, MA, USA).
Approximately 450 bp library fragments were retrieved. Further details of the library preparation
method are given by Ueno et al. [20]. The quality of the library was checked using a 2100 Bioanalyzer
with a high-sensitivity DNA chip (Agilent Technologies, Waldbronn, Germany) and finally sequenced
using an Illumina Hi-Seq X to generate paired-end reads 150 bp long.

2.3. SNP Calling and Filtering

SNPs were called by dDocent (version 2.17) [21], which is a pipeline containing a series of statistical
tools. Because no reference genome was available for Cryptomeria japonica, a reference was constructed
using the dDocent de novo assembly and optimized utilizing the reference optimization steps provided
on the dDocent assembly tutorial. We followed the default settings of dDocent for mapping and SNP
calling, and the resulting vcf-file was used for filtering by VCFtools [22] in the dDocent environment.
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Specifically, for the first filtering sites with >50% missing data across all individuals and sites with
a minor allele count <3 and quality value <30 were excluded. Secondly, we removed individuals
with >10% missing data, and further filtered SNPs with the following criteria: mean depth ≥20,
the proportion of missing data >95%, a Minor Allele Frequency (MAF) ≥0.05. In addition, we removed
sites that deviated greatly from the Hardy–Weinberg equilibrium within populations and thinned sites
that were tightly linked at <1 kb intervals using VCFtools. For the stairway plot analysis, we included
all SNPs located less than 1 kb apart with no MAF filtering.

2.4. Genetic Diversity and Genetic Differentiation

Neutral loci tests of the genotype data for all populations and markers were conducted using
BayeScan [23] and the “Fsthet” package [24]. Genetic indices, such as the number of alleles (Na), number
of effective alleles (Ne), observed heterozygosity (Ho), expected heterozygosity (He), and Fixation
index (FIS) were estimated within each population using GenALEx 6.502 [25]. HP-Rare v.1.1 [26] was
employed to calculate the allelic richness (Ar) and private allelic richness (pAr) with a minimum sample
size of eight.

To examine differences between populations, genetic differentiation coefficients were calculated
following Meirmans’s method [27] in GenALEx 6.502 and Weir and Cockerham’s method [28] in the R
“hierfstat” package. Hierarchical analysis of molecular Variance (AMOVA) [29] was performed using
GenALEx 6.502. Gene flows (Nm) based on FST and private alleles were calculated using GenALEx
6.502 and GENEPOP v4.3 [30]. Genetic distance matrices of pairwise population FST and pairwise
population gene flow were also calculated in GenALEx 6.502.

2.5. Population Structure

We inferred the most likely number of genetic clusters using STRUCTURE v.2.3.4 [31]:
10 independent runs were performed at K = 1–10 with a burn-in period of 50,000 iterations and
100,000 MCMC repetitions, using no prior information, under the admixture and correlated allele
frequencies models. The outputs of STRUCTURE were analyzed in Structure Harvester [32] to
determine the most likely number of clusters according to ΔK [33] and mean LnP(K) [31]. CLUMPP
v.1.1 [34] was then used to calculate the average pairwise similarity of runs based on the Greedy
method, and finally the outputs of CLUMPP were visualized in Distruct v.1.1 [35].

The pairwise FST distance matrix was used to generate a dendrogram in MEGA v.7.0.26 [36]
with the neighbor-joining method [37] and a network in SplitsTree v.4.14.8 [38] with the neighbor-net
method [39]. In addition, we tested the correlations between genetic distance and geographic distance
by correlating FST/(1 − FST) with geographic distance (km) in a Mantel test with 9999 permutations,
as implemented in GenAIEx.

In order to assess the relationship structure within each population, we employed the
COANCESTRY software to calculate the pairwise relatedness for all individuals with Wang
estimator [40]. These relatedness coefficients(r) vary from 0 to 1, and a value of 0.5 indicates
that individuals are first-order relatives, such as parents–offspring or full siblings. A value of 0.25
indicates second-order relatedness, such as half sibling, grandparents–grandchildren, avuncular,
or double first cousins.

2.6. Demographic History

The variation in effective population size (Ne) over time was inferred using the composite likelihood
approach with a multi-epoch model implemented in the Stairway plot software [41]. This method
evaluates the difference between the observed site frequency spectrum (SFS) and its expectation under
a specific demographic history [42]. The software was run using the two-epoch method, following the
recommended 67% of sites for training and 200 bootstraps on the folded SFS. We excluded singletons
from the estimation to minimize errors due to genotype calling. We assumed a mutation rate per
generation of 1.50 × 10−9 based on a previous study by Moriguchi et al. [43]. Cryptomeria japonica is a
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long-lived species, and there are many ancient trees older than 1000 years in the wild. Suzuki and
Susukida [44] estimated that 100 to 300 years were necessary for the regeneration of the natural forest
on Yakushima Island, thus we set the generation time to 150, 200, or 300 years in different runs.

3. Results

3.1. Genetic Diversity and Differentiation

A total of 922 SNPs were obtained and used to assess the genetic diversity of seven populations
of Chinese Cryptomeria. The SNP data were deposited in Dryad (DOI: https://doi.org/10.5061/dryad.
nk98sf7rf); the loci did not depart from neutrality according to Bayescan. The number of alleles in
each population ranged from 1.550 to 1.939, with an average of 1.789. The observed heterozygosity
and expected heterozygosity were in the ranges Ho = 0.187 to 0.307 and He = 0.174 to 0.316, with an
average of Ho = 0.269 and He = 0.253, respectively. The fixation index (FIS) for populations LS and
WT indicated significant inbreeding, while populations YTG, WYS, and XTM exhibited significant
excess heterozygosity. The allelic richness varied from 1.42 in population WT to 1.77 in population LS.
Notably, population LS had a relatively higher private allelic richness of 0.03 and the other populations
were lower (pAr = 0.01 or 0). Overall, the highest diversity within a population was in LS and the
lowest was in WT (Table 2).

Table 2. Genetic diversity indices of the seven populations of C. japonica var. sinensis based on 922 loci.

Pop N Na Ne Ho He F Ar pAr

LS
Mean 16 1.939 1.532 0.307 0.316 0.023 * 1.77 0.03

SE 0.008 0.011 0.006 0.005 0.009

WT
Mean 11 1.550 1.309 0.187 0.174 0.023 * 1.42 0.00

SE 0.016 0.013 0.009 0.007 0.015

TBY
Mean 15 1.900 1.458 0.286 0.277 −0.023 1.70 0.01

SE 0.010 0.011 0.006 0.005 0.009

YTG
Mean 8 1.614 1.351 0.239 0.209 −0.123 * 1.53 0.00

SE 0.016 0.012 0.008 0.006 0.011

WYS
Mean 11 1.871 1.466 0.306 0.279 −0.087 * 1.71 0.00

SE 0.011 0.011 0.007 0.006 0.009

TT
Mean 17 1.838 1.429 0.266 0.257 −0.033 1.64 0.01

SE 0.012 0.011 0.007 0.006 0.08

XTM
Mean 15 1.807 1.427 0.279 0.257 −0.082 * 1.64 0.01

SE 0.013 0.011 0.007 0.006 0.007

Total
Mean 13.3 1.789 1.424 0.267 0.253 −0.042 1.63 0.0086

SE 0.005 0.004 0.003 0.002 0.004

N: sample size; Na: No. alleles; Ne: No. effective alleles; Ho: observed Heterozygosity; He: expected Heterozygosity;
FIS: Fixation index; Ar: Allelic richness; pAr: private Allelic richness. * Significance (>confidence interval 99%).

The overall population differentiation coefficient (FST) among all Chinese populations
for the 922 loci was 0.119 (Meirmans’s method) and 0.134 (Weir and Cockerham’s method).
Correspondingly, the gene flows (Nm) based on FST were 1.858 and 1.618 respectively, while the
Nm based on private allele frequency was only 0.0811. The AMOVA results (Table 3) showed that
the proportion of variation among populations was 12%; among individuals, it was 12%’ and within
individual, it was 76%. The majority of variation occurred within individuals. The pairwise FST and
pairwise Nm for each population in this study suggested significant differentiation in every pair of
populations, and the gene flow varied widely between different pairs. The greatest gene flow occurred
between populations TBY and WYS (7.846), and the lowest occurred between populations YTG and
WT (0.696) (Table 4).
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Table 3. Analysis of Molecular Variance (AMOVA) for the seven populations of C. japonica var. sinensis.

Source df SS MS Est. Var. %

Among Pops 6 4033.190 672.198 18.885 12%
Among Indiv 89 14,142.633 158.906 18.552 12%
Within Indiv 96 11,693.000 121.802 121.802 76%

Total 191 29,868.823 159.239 100%
FST 0.119
Nm 1.858

Table 4. Pairwise Nm (above the diagonal) and pairwise genetic differentiation (FST) (below the
diagonal) of the seven populations of C. japonica var. sinensis.

LS WT TBY YTG WYS TT XTM

LS - 1.014 2.460 1.251 2.630 1.533 1.963
WT 0.198 *** - 1.296 0.696 1.293 0.995 1.047
TBY 0.092 *** 0.162 *** - 1.927 7.846 2.902 3.259
YTG 0.167 *** 0.264 *** 0.115 *** - 2.287 1.282 1.490
WYS 0.087 *** 0.162 *** 0.031 ** 0.099 *** - 2.780 4.953
TT 0.140 *** 0.201 *** 0.079 *** 0.163 *** 0.083 *** - 4.788

XTM 0.113 *** 0.193 *** 0.071 *** 0.144 *** 0.048 ** 0.050 *** -

Significance levels: ** p < 0.01, *** p < 0.001.

Six Japanese populations were also sequenced and merged with the Chinese populations into
a CHN-JPN dataset. We obtained 183 SNPs from this dataset to compare the genetic diversity and
structure between the Chinese and Japanese groups. Japanese populations (Na = 1.842, Ne = 1.393,
He = 0.267, Ho = 0.245) showed higher genetic diversity than the Chinese populations (Na = 1.511,
Ne = 1.232, He = 0.150, Ho = 0.143). Interestingly, the highest diversity population in China, LS,
harbors a very similar level of diversity to the Japanese populations (Table S2). In addition, a higher
genetic differentiation among Chinese populations (FST = 0.1204) was detected than among Japanese
populations (FST = 0.0455).

3.2. Genetic Structure

We explored the genetic structure of the Chinese and Japanese populations based on 183 SNPs.
Two groups were clearly identified, but the population LS was placed with the Japanese group in the
network (Figure S1).

We subsequently analyzed the genetic structure within Chinese populations using the 922 SNPs.
The Bayesian cluster analysis assigned the seven populations into four distinct clusters (Figure 2).
The results based on ΔK and mean LnP(K) indicated optimal values of 4 and 5, respectively (Figure S2).
The presence of four clusters is consistent with division according to the four geographical provinces
in which the populations are located, but note that population WYS from cluster 3 (Fujian prov.)
shows a certain amount of mixing with cluster 4 (Zhejiang prov.). When K = 5, population YTG from
Fujian province is allocated to a separate cluster. The other values of K also provided some additional
information. Population LS (Jiangxi prov.) was the first to split from the other populations when
K = 2, followed by population WT (Anhui prov.) when K = 3. Separation occurred within cluster 3
(Fujian prov.) when K = 5–7. Cluster 4, two populations from Zhejiang province, were always closely
related. Similar results were obtained from the dendrogram based on the pairwise FST matrix (Figure 3)
(Figure S3).

In summary, we partitioned the seven populations of C. japonica var. sinensis into four clusters (LS
from Jiangxi prov.; WT from Anhui prov.; WYS, TBY, and YTG from Fujian prov.; and TTS and XTM
from Zhejiang prov.) which seems to be a reasonable classification. However, population LS should be
regarded as Japanese Cryptomeria (Figure S1).

We did not detect a significant correlation between geographic distance and genetic distance
based on a Mantel test (R2 = 0.007, p = 0.382) (Figure 4). No isolation by distance (IBD) was found.
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Here, we considered six populations, excluding LS because this population appears to be an old
plantation derived from Japanese stock.

Figure 2. Population genetic structure of seven populations of C. japonica var. sinensis by STRUCTURE.

 

Figure 3. Genetic structure of C. japonica var. sinensis based on 922 SNPs. The pie diagrams on
the map represents the membership coefficients to the four clusters inferred in Structure software.
The neighbor-joining dendrogram based on pairwise FST values with 1000 bootstrap replicates.
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Figure 4. Mental test between geographical distance (km) and genetic distance (PhiPTP) for only
Chinese populations where suspected Japanese individuals in LS were removed.

3.3. Demographic History

We obtained very similar trends in the three different scenarios (generation time= 150, 200, and 300
years)—namely, that the effective population size of Chinese Cryptomeria has experienced a continuous
decline from the mid-Pleistocene to the present. The first decline occurred from 1 Mya to 0.4 Mya BP,
coinciding with the onset of the Naynayxungla Glaciation (0.8–0.5 Mya) in China. The second decline
began ca. 0.1 Mya to 0.06 Mya BP, when the Last Glacial Period (LGP) commenced. However, the range
of Cryptomeria in China did not increase but continued to decline throughout the Holocene (Figure 5).

 
(a) (b) 

(c) 

Figure 5. Effective population size (Ne) estimated based on folded SFS (Site Frequency Spectrum)
with a generation time of (a) 150 years, (b) 200 years, and (c) 300 years, according to the Stairway Plot
software. Red and grey lines represent the medians and the 2.5 and 97.5 percentiles, respectively.
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4. Discussion

4.1. An Old Plantation Derived from Japanese Origin

The result of the NeighborNet based on FST revealed a clear separation between the Chinese
and Japanese Cryptomeria (Figure S1), with population LS from Lushan mountain in Jiangxi province
clustered with the Japanese group. Moreover, the genetic diversity of this population was apparently
higher than that of the other Chinese populations and showed a very similar level of genetic diversity
to the Japanese populations. There are historical records showing that, from ancient times, certainly as
early as the 1st century BC, there was trade and the movement of people between Japan and China.
After that, this kind of relationship continued until now. As a result, many items were exchanged
between the two countries. Useful and important goods and ideas were shared, with rice cultivation
being one of the best examples, having originated in China and then been exported to Japan. It is likely
that a visitor to Japan in ancient times saw a huge Cryptomeria tree, brought back the seeds, and planted
them in China. More recently, large-scale introductions of C. japonica from Japan occurred in the
early 20th century. We, therefore, consider the population LS to be a Japanese Cryptomeria population
based on our genetic data and historical evidence. However, some Chinese Cryptomeria individuals are
present in this population, because individuals LS001 and LS017 belong to the Chinese population
according to the NeighborNet result (Figure S4). Bayesian cluster analysis also showed a similar result
to that generated by NeighborNet. With regard to individual LS001, this famous tree is recorded in an
ancient book, “Travel Notes of Xu Xiake”, written by a geographer in 1618, and it is estimated to be
more than 600 years old (Figure S5). The Cryptomeria forest in Lushan mountain is, therefore, a mix of
Chinese and Japanese Cryptomeria, and we found no significant phenotypic difference between them
during our field investigation.

4.2. Low Genetic Diversity and High Genetic Differentiation in Chinese Cryptomeria

Ancient tree populations of C. japonica var. sinensis in China harbor a very low genetic diversity, but
there is high genetic differentiation between populations compared to its congener, C. japonica in Japan.
Here, we excluded LS population when discussing the genetic diversity and differentiation of Chinese
Cryptomeria. Previous studies such as those by Chen et al. [6] and Tsumura et al. [18] also indicate
a lower genetic variation in Chinese populations. Theoretically, inbreeding, genetic drift, restricted
gene flow, and small population size all contribute to a reduction in genetic diversity [45]. In this
study, we found evidence of a continuous decline in effective population size since the mid-Pleistocene.
Genetic drift caused by climate fluctuation probably played an important role during the evolutionary
process. Moreover, there was no expansion after the retreat of glaciers. We speculate that habitat loss
or degradation and artificial selection caused by intense human activities have further accelerated the
decline of the already low diversity, also leading to the great differentiation between different regions.
Although gene flow in Cryptomeria, an allogamous, wind-pollinated conifer species, is expected to be
high, we detected restricted gene flow (Nm = 1.618) between all the ancient tree populations, lower
than the normal value of Nm > 3 in conifers [46]. Given that 76% of the variation occurred within
populations, we consider that limited gene flow is also a factor accounting for the low genetic diversity.
However, we did not find any sign of inbreeding in any population except WT. The result of relatedness
analysis also presented a low proportion of kinship in most cases except the population of WT and
YTG (Figure S6). The low diversity in WT may be caused by family relationship, while in YTG is
even in the small sample size (only 8) there is no inbreeding (FIS = −0.123) found in it. As far as
other Chinese Cryptomeia populations go, we believe that the low level of genetic diversity can be
attributed to climate change and strong human activity. Interesting, three populations (WYS, YTG,
and XTM) showed signs of significant excess heterozygosity, which we consider probably to be the
consequence of selection. However, the FIS values of the three populations are not particularly high
(WYS = −0.087, YTG = −0.123, and XTM = −0.082, Table 2) and thus this result may be related to the
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relatively small number of individuals investigated or may just be a chance occurrence. Some outlier
loci under selection were detected by “Fsthet”, and these might also be related to this result (Figure S7).

Similar situations with low genetic variation and high genetic differentiation have been found
in some isolated and threatened species, such as Tsuga caroliniana Englem. [47], Podocarpus sellowii
Klotzsch ex Endl. [48], and Lupinus alopecuroides Desr. [49]. Chinese Cryptomeria, as an important
timber species, has been widely planted throughout southern China, and the unexpectedly low genetic
diversity is probably associated with population size reduction because of global climate change,
while the high genetic differentiation is probably the result of long isolation and human disturbance.

4.3. Specific Genetic Structure with an Absence of IBD

We separated the seven ancient tree populations into four groups coinciding with the four different
administrative provinces in which the trees are located. Population LS from Lushan province and
population WT from Anhui province were clearly separated, while the divergence between the Zhejiang
and Fujian groups had relatively lower support (Figure 3). A certain mixing of the two groups occurred
in the contact population, WYS. Ln(K) is also provided an alternative optimal structure that showed
differentiation within the Fujian province group when K = 5 (Figure S2) (Figure 2). We noticed that it
was YTG, not the contact population of WYS, that was separated. As we mentioned before, this may
related to the small sample size of that population.

Even though a clear genetic structure was found, we did not detect a significant correlation
between geographical distance and genetic distance, but Japanese Cryptomeria does exhibit such a
correlation [50]. Generally, most tree species exhibit clear isolation by distance (IBD) if there is no
strong human disturbance and selection [50,51]. In this case, geographical isolation is not the major
factor responsible for the current structure. Since Cryptomeria is a wind-pollinated monoecious species,
its mating system cannot explain the large differentiation either. As discussed above, the genetic
drift associated with climate oscillations greatly reduced genetic diversity; one key factor may have
been drought stress, which Cryptomeria is particularly sensitive to, as reported by Tsumura et al. [18]
and Mori et al. [52]. On the other hand, the resulting habitat fragmentation also led to great genetic
differentiation. We think that the reason for the unexpected absence of IBD was probably human
disturbance. The topography of the range investigated, southern China, is characterized by numerous
plains and basins between low hills [53]. In ancient times, the relatively flat terrain, with abundant
grain cultivation, along with the development of handcraft industries resulted in the viability of
commercial activities based on the timber and silk trade in this area, especially creating links between
Fujian and Zhejiang province. A study of the genetic structure of horses suggested an important role
for trade routes in facilitating exchange over topographically, ecologically, culturally, and politically
diverse landscapes and large geographical distances [54]. Thus, we speculate that ancient trade routes
in southern China may have provided opportunities for the transfer of material between different
regions, resulting in ambiguities in the genetic origin of trees across the whole distribution range.
However, given that we still found a pattern of genetic structure, the transfer of material must have
been restricted.

Because of the very limited number of ancient trees currently in existence—we discovered
only seven populations—the genetic structure presented in this study may deviate more or less
from the original pattern without human interference. Despite this, we found a similar structure
pattern—namely, an absence of IBD—to some species in southern China, including Miscanthus
lutarioriparius L. Liou ex Renvoize & S.L. Chen [55], Houpoea officinalis (Rehder & E.H. Wilson) N.H. Xia
& C.Y. Wu [56], and Brasenia schreberi J.F.Gmel. [57]. This may indicate a similar evolutionary history
under anthropogenic pressure.

4.4. Continuous Decline of Population Size without Postglacial Recolonization

Climate oscillations throughout the Late Quaternary had a dramatic effect on the species ranges
of both plants and animals in subtropical mainland Asia and the Japanese Archipelago [58]. The same
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goes for Chinese Cryptomeria: a remarkable decline in effective population size has been detected
since the mid-Pleistocene. However, unlike many widely spread temperate plant species in Japan and
East China [59], there was no recolonization after contractions during the LGM, but the population
kept declining throughout the Holocene. Tsumura et al. [18] also did not find an obvious range
expansion in the mid-Holocene and during the present using Species Distribution Modelling (SDM).
There are two possible explanations for the continuous decline in population size after the LGM.
First, the Ne of Chinese Cryptomeria may have decreased to a threshold size that constrained recovery.
The low genetic diversity may have undermined any adaptive potential of the population during
migrations. Second, humans in the Holocene directly reduced population size by cutting trees and
clearing land [60]. Similar cases can be seen in some plant species in eastern China, including the
genus Croomia [61], Davidia involucrate Baill. [62], Ostrya rehderiana Chun [60], and Kalopanax septemlobus
(Thunb.) Koidz. [63].

In Japan, the range of Cryptomeria contracted to several refugia, mainly concentrated in the
southwestern part of Japan during the last glaciation [64], and some natural stands have been retained
up to the present. Japan may have had a favorable environment, with sufficient precipitation and
fertile soil [18], and less anthropogenic disturbance. Thus, Cryptomeria in Japan maintained a higher
level of genetic diversity and also presumably a larger effective population size than in China.

4.5. Conversation Considerations

Our investigated sites included the most famous and well-conserved forest stand of Chinese
Cryptomeria, population XTM, which is located in Tianmu national nature reserve, Zhejiang province.
This area contains many relict species of the Paleogene glaciation and is known for various ancient trees,
including Ginkgo biloba L., Liquidambar formosana Hance, and Pseudolarix amabilis (J. Nelson) Rehder;
among them, C. japonica var. sinensis is the dominant species. Previous studies on Ginkgo biloba [65],
Liriodendron chinensis (Hemsl.) Sarg. [66], and Quercus acutissima Carruth [67] presented some evidence
of glacial refugia in this region. In our case, we found a moderate level of genetic diversity and some
private alleles, but no evidence to show that this area is the origin of Chinese Cryptomeria, even though
it may seem to be [18]. Chen et al. [6] also suggested that the ancient population of C. japonica var.
sinensis on Tianmu mountain was introduced originally, with subsequent natural regeneration.

Before the 1950s, most of China’s forests were naturally regenerated. Since then, demand for
timber has resulted in the extensive cutting of forests, and timber harvests increased from 20 million
m3/year in the 1950s to 63 million m3/year in the 1990s [68]. Large-diameter trees are the first targets
of timber extraction [69]. Government policy did not require that native tree species be planted after
logging, but promoted the planting of fast-growing tree species, such as larch (Larix sp.), poplar
(Populus sp.), and Chinese fir (Cunninghamia lanceolata (Lamb.) Hook). As a consequence, forest
coverage has increased substantially, while natural forest has declined to 30% of the total forest area in
China [68]. Moreover, genetic diversity loss is irreversible. In 1998, the Chinese government established
the National Forest Conservation program (NPCP) to protect existing natural forest from excessive
cutting. However, natural stands of Chinese Cryptomeria are now very rare, and the ancient populations
which probably contain the ancestral genetic signature exhibit very low diversity, highlighting the
precarious status of genetic resources of Chinese Cryptomeria.

During our field investigation, we found that some ancient trees occur sporadically in secondary
forest and they are vulnerable to habitat fragmentation, atmospheric drought, and other competing
species such as moso bamboo (Phyllostachys edulis (Carrière) J.Houz) [70]. However, some ancient
trees in human-dominated landscapes are known for their high cultural and socioeconomic value,
so citizens are willing to pay for their conservation [69]. Overall, the fate of ancient trees of Cryptomeria
in China still hangs in the balance.

Under these circumstances, a more profound understanding and effective measurement are urgently
needed. Here we propose both the in situ and ex situ conservation of this species. First, we appeal
for stricter implementation of regulations to protect existing ancient trees in the wild. We suggest a
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complete ban on cutting and grazing; in addition, the thinning of dense, competitive bamboos or
other problem species in the habitat is required. Even those trees that are worshipped as “sacred” still
face some threats from industrial pollution, urbanization, and other forms of economic development.
Sightseeing activities should be properly restricted. Compared to other populations, measures for
the conservation of population WT, which is located on Huangshan mountain in Anhui province, are
urgently required because it has the lowest diversity and diverges most from the other populations.
Secondly, ex situ collections, which represent the highest genetic variation in the wild, need to be
established. So far, two large germplasm gardens of Chinese Cryptomeria have been constructed and
abundant sources have been collected from Fujian province and Zhejiang province, but we recommend
a wider range of collection, targeting every single ancient tree in China. In view of afforestation,
even though this species has been planted widely across southern China, many plantations lack clear
provenance information, thus obscuring the genetic composition of planted forests; better data is
required in order to develop a better afforestation strategy. As revealed in our study, populations
from Tianmu mountain (XTM) in Zhejiang province and Tianbaoyan nature reserve (TBY) in Fujian
province have a relatively high diversity and harbor some private alleles; these populations should be
considered core resources.

5. Conclusions

Although the Chinese Cryptomeria population in Tianmu mountain has been studied and its low
genetic diversity has been reported before, our study is the first study to explore the genetic composition
of ancient Cryptomeria trees across a distribution range in China. The findings confirm that the ancient
Cryptomeria population in China contains a low level of genetic diversity and high differentiation.
Populations in different provinces were genetically differentiated, but no IBD was detected. We infer
that the genetic drift caused by climate oscillations during the Last Glacial Period greatly reduced the
population size of Chinese Cryptomeria, and this was followed by intense anthropogenic disturbance,
which accelerated the loss of diversity and also led to a clear differentiation between regions. In addition,
we present some theoretical guidance for conservation work in the future. Our study is the first to
explore the genetic composition of ancient Cryptomeria trees in China and lays a firm foundation for
further molecular research.
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Abstract: In the twentieth century, a substantial decline in Pinus thunbergii populations in Japan
occurred due to the outbreak of pine wood nematode (PWN), Burshaphelencus xylophilus. A PWN-
P. thunbergii resistant trees-breeding project was developed in the 1980s to provide reforestation
materials to minimalize the pest damage within the population. Since climate change can also
contribute to PWN outbreaks, an intensive reforestation plan instated without much consideration
can impact on the genetic diversity of P. thunbergii populations. The usage and deployment of
PWN-P. thunbergii resistant trees to a given site without genetic management can lead to a genetic
disturbance. The Iki-no-Matsubara population was used as a model to design an approach for the
deployment management. This research aimed to preserve local genetic diversity, genetic structure,
and relatedness by developing a method for deploying Kyushu PWN-P. thunbergii resistant trees as
reforestation-material plants into Iki-no-Matsubara. The local genotypes of the Iki-no-Matsubara
population and the Kyushu PWN-P. thunbergii resistant trees were analyzed using six microsatellite
markers. Genotype origins, relatedness, diversity, and structure of both were investigated and
compared with the genetic results previously obtained for old populations of P. thunbergii throughout
Japan. A sufficient number of Kyushu PWN-P. thunbergii resistant trees, as mother trees, within seed
orchards and sufficient status number of the seedlings to deploy are needed when deploying the
Kyushu PWN-P. thunbergii resistant trees as reforestation material planting into Iki-no-Matsubara
population. This approach not only be used to preserve Iki-no-Matsubara population (genetic
diversity, genetic structure, relatedness, and resilience of the forests) but can also be applied to
minimize PWN damage. These results provide a baseline for further seed sourcing as well as develop
genetic management strategies within P. thunbergii populations, including Kyushu PWN-P. thunbergii
resistant trees.

Keywords: genetic conservation; genetic management; pine wood nematode; Pinus thunbergii; pine
wood nematode-Pinus thunbergii resistant trees

1. Introduction

In general, forests can be categorized based on their purpose as conservation forests,
protected forests, production forests, and forests with specific functions such as mitigation
or tourism [1]. Different management strategies are required to protect forests with multiple
functions [2], such as in Indonesia [3], China and Germany [4], and recently genetic
approach methods have been proposed for long-term management [5,6]. Forests today face
numerous threats, including diseases and pests [7], human interference [8], loss of unique or
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rare species and genetic resources [9,10], and loss of genetic diversity, which provides forest
ecosystem resilience [11,12]. In Japan, climate change has led to changes in environmental
conditions in, such as increased annual sunshine, temperature, and rainfall (precipitation);
rapid sea-level rise at a rate of 3.2 mm/year from 1993–2010; and higher intensity and more
frequent storm surges (27 tropical cyclones slightly above normal) [13,14]. Climate change
is an unpredictable factor and one of the most serious threats to forest ecosystems [15].

By area, Japanese forests comprise almost 50% conifers; however, Pinus thunbergii
accounts for only 1% of the conifer composition [16]. In the Kyushu area, the species
has been planted in coastal areas since more than 400 years ago [17]. A characteristic of
P. thunbergii is tolerance to extreme conditions such as high salinity, high temperature,
and low precipitation. Moreover, as a pine forest, it provides protection to coastal areas,
by reducing wind damage, inhibiting sand movement, and decreasing tsunami wave
energy [18,19].

Severe outbreaks of Burshaphelencus xylophilus (pine wood nematode; PWN) depleted
P. thunbergii populations in Japan between the 1900s and 2000s. The spread of PWN in
Japan is the most significant occurrences of pest-disease damage than another country. The
individuals damaged by PWN reached its peak in 1979, exceeded 2.43 million m3; as of
2016, the damage was one-fifth of the peak volume [16]. Air temperatures significantly
influence the growth of PWN [20,21]. From a forest pest/disease perspective, climate
change can directly or indirectly affect forest dynamics, changing the way that host trees
and pathogens interact [22]. The warming climate may provide conditions for further PWN
outbreaks and damage in the future [23].

In 1978, a breeding project to develop a PWN-P. thunbergii resistant trees as a counter-
measure against outbreaks [24] was established at Breeding Region Institutions in Japan.
This breeding project was initiated to select surviving pine trees from heavily damaged
forests in Southwestern Japan. In the case of P. thunbergii, 14,620 trees were selected
as candidate, and after the artificial inoculation tests, 16 clones were certified as resis-
tant trees [24,25]. Three rounds of breeding program, based on individual performance
selection-trial, have been performed throughout Japan until 2018 with gradual changes
in the methodology [26]. In each prefecture of Japan, seed orchards were designed based
on these resistant trees breeding program and the seedlings were used as reforestation-
material plant. To date, 211 PWN-P. thunbergii resistant trees from 71 forests had been
developed [27]. The purpose of the P. thunbergii breeding project was to create PWN-
resistant trees for use as reforestation materials to enhance old populations of P. thunbergii
in Japan for mitigation functions. Before the existence of breeding project, artificial planting
with natural seedling recruitment, as reforestation-material plants, had repeatedly per-
formed to maintain the forest. Unfortunately, the mitigation functions have been given
priority with little consideration of the seed sources or genetic impacts of artificial planting.

From a forest protection perspective, the deployment of PWN-P. thunbergii resistant
trees at a given site would indeed protect forests against PWN infection, minimizing
damage. However, deployment without proper genetic management could lead to a
genetic disturbance within the population, such as genetic diversity loss and modifica-
tion of the genetic structure, reduced adaptability to local environments, “gene swamp-
ing,” and increased homogeneity; thus, negatively impacting the population as a gene
resource [7,10,28–30]. Therefore, genetic diversity management must be considered when
implementing tree improvement-products such as PWN-P. thunbergii resistant trees [31].
Genetic management and silviculture are fundamental components of forest management
systems that have the potential to affect one another [2]. Both strategies are important for
preserving local genetic diversity and maintaining forest resilience against environmen-
tal changes [32] even to the ecosystem [33], especially in extreme environments such as
coastal areas.

In Japan, genetic diversity as well as genetic management of P. thunbergii populations
and PWN-P. thunbergii resistant trees topics have not been discussed. In this study, we de-
veloped a genetic management based on the current genetic informations (genetic diversity,
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genetic structure, and relatedness) of a local pine forest, Iki-no-Matsubara, that has been
repeatedly planted for mitigation functions under the situation of PWN damage is not
yet under control. The origin of seedlings in this site were inferred based on their genetic
relationships with neighboring P. thunbergii populations in Kyushu area and throughout
Japan. In addition, we investigated the genetic diversity, genetic structure, and relatedness
of Kyushu PWN-P. thunbergii resistant trees with P. thunbergii populations in Kyushu area.
In this way, this study aimed to preserve the Iki-no-Matsubara P. thunbergii population
(current genetic diversity, genetic structure, and relatedness) as genetic resources throughs
the use of Kyushu PWN-P. thunbergii resistant trees with the possibility of genetic distur-
bance when deploying it into the site. The genetic knowledges obtained from this case
study are expected to provide a baseline for further seed sourcing as well as develop
genetic management strategies within P. thunbergii populations, including Kyushu PWN-P.
thunbergii resistant trees.

2. Materials and Methods

2.1. Study Field

Total individual and diversity of P. thunbergii within the populations in Japan has been
declined. Most of current P. thunbergii populations in Japan, including Iki-no-Matsubara,
are an uneven-aged forest, because it has been replanted repeatedly to preserve the forest.
There was no historical record of the origin of material-planted and genetic information.

The research area of Iki-no-Matsubara (33◦34′52.8′′ N 130◦17′59.7′′ E) was 12.56 hectares.
A folktale claims that the forest was established in tribute to Empress Jingu for Silla con-
quest around 200 or 300 AD (Yamato periods) [34]. Iki-no-Matsubara is one of Japan’s
top 100 beautiful green pine forests [35]. It is not only an education forest that belongs
to Kyushu University since 1922 but also as an urban forest and conservation forest with
mitigation functions since Edo Era (1603–1868) or earlier [36]. Iki-no-Matsubara locates
within Genkai Quasi-national Park, which under Nature Conservation Law based on
Natural Park Act, designated by prefectural government as a conservation forest for miti-
gation functions [34]. Field survey, tree census, and measurement of the trees’ diameter at
Iki-no-Matsubara was conducted from January 2017 until June 2019. From tree census data,
the diameter was classified into three classes: 1–30 cm DBH (Diameter at breast height)
range, 31–60 cm DBH range, and 61–90 cm DBH range (Table 1). Then, measured the
stumps to estimate the age based on the DBH class ranges [37]. Based on cross-dating
dendrochronology observation of annual ring of the stump in different location within
Iki-no-Matsubara [38], the oldest tree was estimated to be around 200 years old (Table 1). P.
thunbergii was highly regarded by Japan’s religion and culture and became Japan’s cultural
identity. Hence, it possible that domesticated and artificial regeneration has been conducted
repeatedly by local people since 1500 BP [39].

Table 1. DBH class range based on stump wood and number of samples within the Iki-no-Matsubara population.

No
DBH Class
Range (cm)

DBH Stump (cm)
Replication

Estimation of the Age (Years) Sample
(Trees)Min Max Min Max Mean

1 1–30 4 29 9 12 36 23 109
2 31–60 32 51 9 32 190 84 108
3 61–90 65 85 7 170 195 178 52

Total: 269

2.2. DNA Analysis

A total of 269 mature leaves were collected from selected trees at Iki-no-Matsubara
experimental research field representing each DBH ranges class (Table 1). Selected trees
were chosen randomly which represented each DBH classification and research field. Ge-
nomic DNA was extracted from 50 mg of tissue per individual by using the cetyltrimethyl
ammonium bromide (CTAB) method [40] with slightly modifications and a DNeasy Plant
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Kit (Qiagen Inc., Valencia, CA, USA) following the manufacturer’s protocol. Simple Se-
quence Repeat (SSR) analysis was carried out by six markers, bcpt1075, bcpt1671, bcpt834,
bcpt1823, bcpt2532, and bcpt1549 [18]. A total of 12 μL for PCR analysis was carried out
by using 2 μL DNA elution, 1 μL of primer mix, DNase/RNase-free water, and 2× multi-
plex PCR kit by Qiagen (Qiagen Inc., USA). PCR reaction was carried out by Touchdown
PCR [41]. PCR protocol began with denaturing 95 ◦C for 15 min, two step annealing: (1)
10 cycles of denaturation 94 ◦C (30 s), annealing 60 ◦C (90 s), annealing temperature was
decreased by 0.5 ◦C per cycle until 55 ◦C, and extension 72 ◦C (1 min); (2), 20 cycles of
94 ◦C (30 s), 55 ◦C (90 s), and 72 ◦C (1 min), and final extension 60 ◦C for 30 min. Then,
10 μL of DNA amplicon mixed with Genescan 500 Liz Size Standard and Hi-Di Formamide
(Applied Biosystems Inc., Bedford, MA, USA) was electrophoresed by ABI PRISM 3730
Genetic Analyzer (Applied Biosystems Inc., USA). Genotype data was analyzed using
Genemapper 4.0 software (Applied Biosystems Inc., USA).

2.3. Statistical Analysis

Genotype data of 42 old populations of P. thunbergii from Iwaizumi et al. (2018) and
PWN-P. thunbergii resistant trees (Watanabe, unpublished data, see Appendix A Table A2),
which have been selected based on three breeding programs, was analyzed with data from
Iki-no-Matsubara. Old populations are remaining populations of P. thunbergii that had
decline due to overbreak of PWN. PWN-P. thunbergii resistant trees are tree improvement
products that have high PWN resistance, which managed by Japan Tree Breeding Institution
office in each region (Tohoku, Kansai, Kanto, and Kyushu) except Hokkaido. GeneAlex
version 6.503 [42] was used to measure genetic diversity, Hardy-Weinberg Equilibrium,
private alleles, genetic differentiation pattern through by principal coordinates analysis
(PCoA) among populations and investigated gene flow (Nm) for examining the relationship
between genetic differentiation and number of migrants variable per generation at each
locus. Allelic richness (AR) and FIS (inbreeding coefficient) at each locus was calculated by
Fstat version 2.9.3.2 software [43]. Structure 2.3.4 [44] was used to determine individual-
based genetic structure assessment by Bayesian method with a simulation run 15 times
replicated, K-set 1–6 for 30,000 iterations burn-in period, and 30,000 iterations LOCPRIOR
model under admixture ancestral model. The optimum value of each cluster K and the ΔK
value within the genetic structure was determined by Evanno method [45] then upload the
results to structure harvester [46].

3. Results

3.1. Inference of Origin and Genetic Structure in Iki-no-Matsubara Based on DBH

Table 2 shows the genetic diversity in Iki-no-Matsubara. Na values was ranged from 14
(bcpt1549) to 29 (bcpt2532), Ne value from 3.18 (bcpt1549) to 7.83 (bcpt2532), AR value from
5.75 (bcpt1549) to 11.49 (bcpt2532), HO and HE from 0.57 (bcpt2532) to 0.85 (bcpt1075), and
0.69 (bcpt1549) to 0.87 (bcpt2532), respectively. Lowest value on FIS was −0.03 (bcpt1075)
and highest was 0.35 (bcpt2532). Three markers, bcpt834, bcpt1823, and bcpt2532 showed
deviation from Hardy-Weinberg equilibrium (p < 0.05, p < 0.001, and p < 0.001, respectively).

The Na, AR, Ho, and FIS values for Iki-no-Matsubara were higher than those reported
by Iwaizumi et al. (2018). Iki-no-Matsubara had more private alleles than another popula-
tion within the Kyushu region and the presence private alleles in the same loci were none
to be found in nearby populations in Kyushu area. Among 269 trees, 92 carried a total of 18
private alleles at four out of six loci (Table 3). Four trees were in the 61–90 cm DBH range,
six trees were in the 31–60 cm DBH range, and the remaining were in the 1–30 cm DBH
range (Appendix A Table A1).
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Table 2. Genetic diversity of the Iki-no-Matsubara P. thunbergii population using six primer markers.

Locus Size Range (bp) Na Ne AR HO HE FIS HWE

bcpt1075 141–201 18 5.62 7.42 0.85 0.82 −0.03 ns
bcpt1671 162–225 22 5.79 8.25 0.82 0.83 0.01 ns
bcpt834 139–183 16 5.3 7.83 0.74 0.81 0.09 *

bcpt1823 128–169 15 5.71 7.51 0.62 0.82 0.25 ***
bcpt2532 128–190 29 7.83 11.49 0.57 0.87 0.35 ***
bcpt1549 93–130 14 3.18 5.75 0.67 0.69 0.03 ns

Mean 19 5.57 8.04 0.71 0.81 0.12
Na: number of allele, Ne: number of effective allele, AR: allelic richness, HO: observed heterozygosity, HE: expected
heterozygosity, FIS: inbreeding coefficient within the population, HWE: Hardy-Weinberg equilibrium (ns = not
significant, * p < 0.05, ** p < 0.01, *** p < 0.001).

Table 3. Private alleles in Iki-no-Matsubara with 42 old populations of P. thunbergii throughout Japan using six primers.

Pop Locus PA Pop Locus PA Pop Locus PA Pop Locus PA

Fukiage bcpt1075 1 Miyajima bcpt1549 1 Oki bcpt2532 1 Jusan bcpt2532 1
Miyazaki bcpt1075 1 Kubokawa bcpt1075 2 Kaga bcpt834 1 Wakinosawa bcpt2532 1
Karatsu bcpt1075 1 Imabari bcpt2532 1

Komatsu
bcpt1549 1

Iki-no-
Matsubara
(Fukuoka)

bcpt1671 3 Tsuda bcpt1075 1 bcpt1075 1
bcpt834 2

Kaihu
bcpt834 1

bcpt1823 1 bcpt1823 1
bcpt2532 12 Suzuka bcpt834 2

The genetic structure of Iki-no-Matsubara showed two color patterns (Figure 1A),
even on K2, K3, or K4 structure result (number 8 in Appendix A Figure A1). Further
analysis of the spatial distribution of genetic structure at Iki-no-Matsubara showed that the
blue pattern (blue color ≥ 55%) was dominantly observed on the east side of the research
field (Appendix A Figure A2). In the 1–30 cm DBH range, 20 out of 109 trees showed the
blue pattern, while in the 31–60 cm and 61–90 cm DBH range 12 out of 108 trees and no
trees, respectively, showed the blue pattern

Figure 1B shows the genetic structure among P. thunbergii populations throughout
Japan. Iki-no-Matsubara was dominated by the yellow pattern, same with the other
populations from the Kyushu area. Principle Coordinate Analysis (PCoA) showed that
Iki-no-Matsubara was more similar to the Minami-Shimabara population than the Karatsu
population, which is geographically closer to Iki-no-Matsubara. The Minami-Shimabara
and Amakusa populations had the highest probability of taking part in the gene flow (Nm)
into Iki-no-Matsubara, at 47.99% and 35.35%, respectively (Figure 2). Based on DBH class
range (Figure 3) specifically, the similarity between the Minami-Shimabara and Iki-no-
Mastubara 61–90 cm DBH, 31–60 cm DBH, and 1–30 cm DBH ranges were 14.18%, 36.93%,
and 15.99%, respectively. More importantly, the relationship between the DBH ranges
indicated that the 61–90 cm DBH range shared 53.44% of genetic similarity with the 31–60
cm range, and 6.51% with the 1–30 cm DBH range. This finding suggests that the origin of
the young trees, 1–30 cm DBH range class, were not from the Iki-no-Matsubara population
but another area.
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Figure 1. Spatial distribution of genetic structure at Iki-no-Matsubara (A); Iki-no-Matsubara with 42 old populations of P.
thunbergii throughout Japan (B).

 
Figure 2. PCoA of Iki-no-Matsubara with other populations of P. thunbergii and the Kyushu PWN-P.
thunbergii resistant trees with gene flow (Nm) between Iki-no-Matsubara and the other populations.
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Figure 3. Relationship between gene flow (Nm) and distance with other populations in the Kyushu area on the following
basis: (A) 1–30 cm DBH class range; (B) 31–60 cm DBH class range; (C) 61–90 cm DBH class range.

3.2. Genetic Diversity and Genetic Structure of PWN-P. thunbergii Resistant Trees

Since the 1990s, PWN-P. thunbergii resistant trees have been planted to enhance the old
populations of P. thunbergii. Therefore, analyzing the local genotype of the Iki-no-Matsubara
population (genetic diversity, genetic structure, and relatedness with other populations in
Kyushu area) provides a baseline when deploying Kyushu PWN-P. thunbergii resistant trees.
In general, the genetic structure of PWN-P. thunbergii resistant trees within each region
(Figure 4) showed Kyushu (yellow color) and Kanto (green) PWN-P. thunbergii resistant
trees had the most distinct genetic structure (dominated by region’s structure pattern). In
contrast, Tohoku and Kansai PWN-P. thunbergii resistant trees exhibited mixed patterns.
The PCoA results show that the Kyushu PWN-P. thunbergii resistant trees are similar to
the Okagaki populations (Figure 2). Some North Kyushu populations likely had a higher
possibility of contributing to the gene flow than populations on the other side of Kyushu
(see Appendix A Table A3). The genetic diversity of Kyushu PWN-P. thunbergii resistant
trees was low compared with the mean genetic diversity of the P. thunbergii populations in
entire Kyushu area (Table 4).

Figure 4. Genetic structure of PWN-P. thunbergii resistant trees on K4 (1) Tohoku region, (2) Kanto
region, (3) Kansai region, and (4) Kyushu region.
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Table 4. Genetic diversity of the Kyushu PWN-P. thunbergii resistant trees using six primer markers
compared with the overall genetic diversity of populations in the Kyushu area.

Locus Na Ne AR HO HE FIS HWE

bcpt1075 12 6.29 8.23 0.7 0.84 0.18 ns
bcpt1671 14 5.34 8.85 0.81 0.81 0.01 ns
bcpt834 9 3.88 6.05 0.67 0.74 0.1 ns

bcpt1823 9 3.77 6.14 0.51 0.73 0.31 ***
bcpt2532 14 7.07 10.06 0.51 0.86 0.41 ***
bcpt1549 7 2.86 4.84 0.63 0.65 0.05 ns

Mean 10.83 4.87 7.36 0.64 0.77 0.18

Overall
Popula-
tions in
Kyushu

Area

12.22 5.17 7.57 0.68 0.78 0.12

Na: number of allele, Ne: number of effective allele, AR: allelic richness, HO: observed heterozygosity, HE: expected
heterozygosity, FIS: inbreeding coefficient within the population, HWE: Hardy-Weinberg equilibrium (ns = not
significant, *** p < 0.001).

4. Discussion

4.1. Inference of Origin and Genetic Structure in Iki-no-Matsubara based on DBH

Most P. thunbergii forests are located in coastal regions, including the Iki-no-Matsubara
population. They have been expected for conservation area, especially to preserve mitiga-
tion functions such as reducing wind damage, inhibiting sand movement, and decreasing
tsunami wave energy [19]. Before the existence of breeding project, artificial planting with
natural seedling recruitment had repeatedly performed to maintain the forest.

In wind-pollinated conifers, the genetic diversity within the population has a tendency
to be higher than that among populations. However, the genetic diversity within Iki-no-
Matsubara was low in this study. Many P. thunbergii in Japan were damaged by the strong
impact of PWN. After the 1980s, individuals with pest damage in the Iki-no-Matsubara
population were removed and replanting has been continuously performed; however, the
origin of seedlings were unknown. The number of private alleles was highest in Iki-no-
Matsubara, and the presence of private alleles in the same loci were none to be found
in the nearby populations in the Kyushu area. The lack of private alleles in a particular
population within the Kyushu area is likely due to the small sample size compared to
Iki-no-Matsubara [47]. The presence of private alleles in the Iki-no-Matsubara (Appendix A
Table A1), interestingly, showed 31–60 cm DBH class range and 61–90 cm DBH class range
shared on the same loci, while 1–30 cm DBH class range on different loci. Based on the
structure analysis and PCoA results (Figure 2), we postulate that the Iki-no-Matsubara
could be derived from the Kyushu area, especially the Minami-Shimabara or Amakusa
population, which was farther from Iki-no-Matsubara than the Karatsu or Okagaki popula-
tions. In detail, 1–30 cm DBH class range was highly associated with Minami-shimabara
and Amakusa. Meanwhile the 31–60 cm and 61–90 cm DBH class ranges displayed strong
associated each other and the closest neighbour, Karatsu population (Figure 3). Such results,
showed the recently planted the 1–30 cm DBH class range indicate that they were planted
without considering genetic origin.

The genetic structure within the population was clearly divided into two patterns,
and younger individual corresponding to DBH was remarkable. Furthermore, the genetic
structure deviated to the area in the field. In more detail, some individuals exhibited the
same pattern, yet different diameter class range (Figure 1A). The yellow patterns observed
in Iki-no-Matsubara were common among populations in the Kyushu area (Figure 1B),
while the blue pattern was not recognized in Karatsu nor Okagaki. There two possible
explanations for this finding: (1) the materials planted in Iki-no-Matsubara were introduced
from a different origin area, especially at DBH range 1–30 cm, which show dominantly
blue color patterns; (2) Iki-no-Matsubara had more than two patterns of genetic structure
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in the past, including the patterns observed in Karatsu and Okagaki, but the population
was reduced as a result of a bottleneck [18]. The exact cause is still uncertain due to the
lack of historical records regarding the artificially-planted materials and the P. thunbergii
genetic structure of Iki-no-Matsubara in the past. It would be reasonable to assume that
the origin of the seedling was not considered when new planting was performed after
removing individuals damaged by pine wilt disease.

4.2. Genetic Management of P. thunbergii in Iki-no-Matsubara with Kyushu PWN-P. thunbergii
Resistant Trees

From a forest protection viewpoint, artificially planting Kyushu PWN-P. thunbergii
resistant trees to enhance Iki-no-Matsubara population and counter PWN infection still
has its merits; however, the genetic aspects such as genetic diversity (avoid homogeneity),
genetic structure, resilience of the forest, and relatedness with another populations must
also be properly considered. Thus, there are two crucial points to consider: (1) how well
the PWN-P. thunbergii resistant trees as seed-sourcing strategy and (2) genetic management
within the population, including the PWN-P. thunbergii resistant trees.

In addition, there two aspects should be considered for the genetic management
of PWN-P. thunbergii resistant trees as seed-source strategy: (1) How well the mother
trees represent the genetic diversity and relatedness in the selected area? (2) A sufficient
number of resistant trees should be sourced as mother trees? [48–51]. The mother trees
will represent the genetic diversity, structure, and gene flow pattern of the population
where it was taken [52,53]. The extent of gene flow among populations shows how alle-
les are shared (similarities) and play an important role in genetic differentiation among
populations [54,55].

From the perspective of genetic structure, Kyushu PWN-P. thunbergii resistant trees
were noticeably displayed a yellow pattern (Kyushu region’s structure pattern) (Figure 4).
However, from relatedness viewpoint, Kyushu PWN-P. thunbergii resistant trees were lo-
cated in the middle between the Kyushu area and Pacific seaside area and shared similarity
with the Okagaki populations (Figure 2). This may have occurred because the selected trees
for Kyushu PWN-P. thunbergii resistant trees were not sufficiently balanced to represent all
Kyushu area populations. In fact, among 43 Kyushu PWN-P. thunbergii resistant trees, ten
were from Okagaki, and none were from Iki-no-Matsubara (Appendix A Table A2).

The sufficient number of mother trees, act as effective population size in seed orchard,
must be examined first to manage the diversity and relatedness within Iki-no-Matsubara
with other populations in Kyushu area [56]. The effective population size is a concept
used to predict the ideal size of the population, considering that the genes transmitted
to seeds will still possess the same level of genetic diversity after many generations [57].
However, this study case only provide the Iki-no-Matsubara, not of the entire P. thunbergii
in Kyushu area. Thus, in the future, the breeding project of Kyushu PWN-P. thunbergii
resistant trees need to develop a perspective based on genetic management according to
the genetic characteristics in each local pine forest in the Kyushu area.

4.3. Kyushu PWN-P. thunbergii Resistant Trees Deployment Management as Part of
Genetic Management

To maintain P. thunbergii population in Iki-no-Matsubara, both PWN resistance and
genetic diversity must be considered as part of genetic management, which is PWN-P.
thunbergii resistant trees deployment management. Only using clones (vegetative) or
seeds of specific Kyushu PWN-P. thunbergii resistant trees as reforestation-material plants
on a large scale repeatedly for long-terms would cause a genetic disturbance such as
increased homogeneity, inbreeding depression, reduced genetic diversity and adaptability
to local environments [30,31,58]; thus, negatively impacting the population as a gene
resource. Therefore, it is necessary to determine the status numbers of Kyushu PWN-P.
thunbergii resistant trees [59] using information from genetic analysis within the population
by practice selective seed-cone harvesting to balance genetic gain and diversity [48,59]
for the necessary reforestation. When considering genetic diversity in the next generation
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and the status number of Kyushu PWN-P. thunbergii resistant trees, we can first refer to
the local seed pool for reference, where at least 24 seedlings (generative) from each of the
30 mother trees will be needed to provide complete coverage for genetic diversity in the
Iki-no-Matsubara population in the next generation [60]. Genetic diversity is defined as the
genetic variation carried by individuals within a population as a part of their evolutionary
path, providing a basis to form responses to environmental changes, as resilience of the
forest [61].

Seedlings from a local seed pool or a neighbour population, such as Karatsu (geograph-
ically near of Iki-no-Matsubara), should be given priority. A seedling’s adaptive potential
from the local seed pool will have the optimal genotype because it has undergone many
life cycles within the local environment over several generations. Proper seedling selection
for planting is necessary to avoid maladaptation and improve the survival rate [62,63].
Furthermore, determining the origin of seedlings according to the Japan Forest Seeds and
Seedlings Law 1939 [64] so that, at least, the structure pattern among the four areas shown
in Figure 1B could be maintained. Subsequently, PWN-P. thunbergii resistant trees should be
managed separately in each Japan Tree Breeding Institution office region. Using a non-local
seed pool or non-local genetic pattern could lead to uncertain results in terms of adaptation
and genetic differentiation among populations [30,65].

5. Conclusions

Declining P. thunbergii populations as a result of PWN outbreaks triggered to the
consideration of genetic diversity management of the current populations for necessary
genetic resources [18]. A forest with high genetic diversity provides a foundation for
individuals to survive and adapt through evolution, especially when the forest has under-
gone human intervention [9,47,66,67]. Nevertheless, understanding the current genetic
informations of Iki-no-Matsubara (genetic diversity, genetic structure, and relatedness)
are essential for deploy Kyushu PWN-P. thunbergii resistant trees into the site, as part of
genetic management. Genetic diversity (HO) in Iki-no-Matsubara was 0.71 and dominated
by yellow pattern from structure viewpoint. However, information based on DBH class
range showed high relatedness with Minami-Shimabara and Amakusa, and there was a
possibility that the origin of the materials that had been planted were not from the local
seed pool was proposed, which was especially likely for the 1–30 cm DBH class range.

Additionally, the genetic structure of Kyushu PWN-resistant trees revealed a clear
yellow genetic pattern. The Kyushu PWN-P. thunbergii resistant trees genetic diversity
was lower than that of the overall population in the Kyushu area. An insufficient number
of Kyushu PWN-P. thunbergii resistant trees unbalanced the gene flow, thus genetically
to be found similar to the Okagaki population. A sufficient number of Kyushu PWN-P.
thunbergii resistant trees, as mother trees, within seed orchards and sufficient status number
of the seedlings need to be considered to safely deploy Kyushu PWN-P. thunbergii resistant
trees as reforestation-material plants into Iki-no-Matsubara population. This approach
can be used not only to preserve Iki-no-Matsubara population (genetic diversity, genetic
structure, relatedness, and resilience of the forests) but can also be applied to minimize
PWN damage. These results provide a baseline for further seed sourcing as well as develop
genetic management strategies within P. thunbergii populations, including the PWN-P.
thunbergii resistant trees.
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Appendix A

Table A1. Number of private alleles within Iki-no-Matsubara.

No DBH Class Range Number of Trees Loci

1 1–30 cm
82 bcpt2532
1 bcpt1823

2 31–60 cm
5 bcpt1671
1 bcpt834

3 61–90 cm
1 bcpt1671
4 bcpt834

Table A2. List of PWN-P. thunbergii resistant trees based on the region [68].

No
PWN-P. thunbergii Resistant Trees

Tohoku Kansai Kanto Kyushu

1 Naruse39 Tanabe54 Odaka37 Shima64
2 Naruse72 Bizen143 Odaka203 Tsuyazaki50
3 Naruse6 Mitoyo103 Iwaki27 Karatsu1
4 Watari5 Namikata37 Osuga5 Karatsu4
5 Yamamoto82 Namikata73 Osuga6 Karatsu7
6 Yamamoto84 Misaki90 Osuga12 Karatsu9
7 Yamamoto90 Yoshida2 Osuga15 Karatsu11
8 Yuza27 Yasu37 Osuga23 Karatsu16
9 Yuza72 Tosashimizu63 Utchihara5 Karatsu17
10 Yuza33 Kumihama10 Tomiura7 Obama30
11 Yuza54 Kumihama21 Okazaki25 Oseto12
12 Yuza56 Kumihama109 Okazaki34 Kawaura8
13 Yuza58 Amino31 Okazaki35 Kawaura13
14 Yuza60 Amino43 Amakusa20
15 Yuza57 Tango47 Oita8
16 Yuza59 Tango50 Sadowara8
17 Yuza77 Tango51 Sadowara14
18 Murakami2 Tango58 Sadowara15
19 Murakami5 Tango60 Miyazaki20
20 Murakami11 Tango65 Sendai20
21 Murakami16 Tango69 Ei425
22 Murakami44 Tango71 Hiyoshi1
23 Murakami9 Totori7 Hiyoshi5
24 Murakami15 Totori13 Hukiage25
25 Nigata8 Iwami63 Okagaki1
26 Nigata40 Nisinosima142 Okagaki5
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Table A2. Cont.

27 Nigata3 Komatsu99 Okagaki6
28 Aikawa27 Ota39 Okagaki8
29 Nagaoka15 Hamada6 Okagaki25
30 Nagaoka8 Hamada12 Okagaki29
31 Ozika151 Hamada24 Okagaki31
32 Sendai35 Hamada28 Okagaki32
33 Ishimaki251 Gotsu29 Okagaki35
34 Ishimaki260 Yunotsu52 Okagaki20
35 Ishimaki259 Hukube51 Munakata2
36 Atsumi43 Hukube54 Munakata4
37 Tsuruoka38 Hukube60 Munakata12
38 Tsuruoka44 Hukube61 Munakata19
39 Tsuruoka46 Hukube71 Shingu2
40 Zyoetsu1 Koryo60 Shingu5
41 Zyoetsu10 Koryo77 Shingu11
42 Kaga387 Shingu14
43 Kaga388 Shingu17
44 Kaga295
45 Shiga396
46 Tsuruga14
47 Tsuruga15

Table A3. Gene flow (Nm) of Kyushu PWN-P. thunbergii resistant trees with the populations within
Kyushu area.

Pop1 Pop2 FST Nm

Hukiage Kyushu PWN-P. thunbergii
resistant trees 0.020 12.308

Soo Kyushu PWN-P. thunbergii
resistant trees 0.033 7.349

Miyazaki Kyushu PWN-P. thunbergii
resistant trees 0.027 8.956

Minamishimabara Kyushu PWN-P. thunbergii
resistant trees 0.007 34.354

Amakusa Kyushu PWN-P. thunbergii
resistant trees 0.008 32.530

Kitsuki Kyushu PWN-P. thunbergii
resistant trees 0.016 15.698

Karatsu Kyushu PWN-P. thunbergii
resistant trees 0.008 32.144

Iki-no-Matsubara
(Fukuoka)

Kyushu PWN-P. thunbergii
resistant trees 0.010 25.961

Okagaki Kyushu PWN-P. thunbergii
resistant trees 0.010 24.077
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Figure A1. Genetic structure of Iki-no-Matsubara (Fukuoka) with 42 old populations of P.thunbergii on K2, K3, and K4 (From
South-West (Left) to North-East (Right)).

 

1–30 cm DBH range 

 

31–60 cm DBH range 

 

61–90 cm DBH range 

Figure A2. Spatial distribution of Iki-no-Matsubara genetic structure per DBH range (A) West side, (B) Central side, and (C)
East side.
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Abstract: Background and Objectives. Water stress is a major constraining factor of Eucalyptus plantations’
growth. Within a genetic improvement program, the selection of genotypes that improve drought
resistance would help to improve productivity and to expand plantations. Leaf characteristics, among
others, are important factors to consider when evaluating drought resistance evaluation, as well as
the clone’s ability to modify leaf properties (e.g., stomatal density (d) and size, relative water content
at the time of stomatal closure (RWCc), cuticular transpiration (Ec), specific leaf area (SLA)) according
to growing conditions. Therefore, this study aimed at analyzing these properties in nursery plants
of nine high-productivity Eucalyptus clones. Material and Methods: Five Eucalyptus globulus Labill.
clones and four hybrids clones (Eucalyptus urophylla S.T. Blake × Eucalyptus grandis W. Hill ex Maiden,
12€; Eucalyptus urograndis × E. globulus, HE; Eucalyptus dunnii Maiden–E. grandis × E. globulus, HG;
Eucalyptus saligna Sm. × Eucalyptus maidenii F. Muell., HI) were studied. Several parameters relating to
the aforementioned leaf traits were evaluated for 2.5 years. Results: Significant differences in stomatal
d and size, RWCc, Ec, and SLA among clones (p < 0.001) and according to the dates (p < 0.001) were
obtained. Each clone varied seasonally the characteristics of its new developing leaves to acclimatize
to the growth conditions. The pore opening surface potential (i.e., the stomatal d × size) did not affect
transpiration rates with full open stomata, so the water transpired under these conditions might
depend on other leaf factors. The clones HE, HG, and 12€ were the ones that differed the most from
the drought resistant E. globulus control clone (C14). Those three clones showed lower leaf epidermis
impermeability (HE, HG, 12€), higher SLA (12€, HG), and lower stomatal control under moderate
water stress (HE, HG) not being, therefore, good candidates to be selected for drought resistance,
at least for these measured traits. Conclusions: These parameters can be incorporated into genetic
selection and breeding programs, especially Ec, SLA, RWCc, and stomatal control under moderate
water stress.

Keywords: early selection; stomatal characteristics; water stress; water relations; specific leaf area;
Eucalyptus clones

1. Introduction

Leaf morphology (e.g., specific leaf area, SLA), stomatal characteristics (e.g., stomatal size and
density (d)) and stomatal opening are closely linked to physiological activity and transpiration control,
in turn related to growth and survival. Responding to the available resources, plants can adjust these
characteristics and acclimatize to changing environmental conditions [1,2], and this acclimatization
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process is genetically influenced [3,4]. Nevertheless, the relationships between stomatal size, d and
stomatal conductance (gs) should be treated with caution, because the speed of variation of gs is not
necessarily related to d or stomatal size in different species, or individuals within a species [5].

The regulation of stomatal opening is multigenic, resulting in a multiple control mechanism (water
status, illuminance, vapor-pressure deficit (VPD), photosynthetic activity, CO2 concentration, etc.).
However, how simultaneous stomatal signals interact and influence stomatal behavior is relatively
unexplored [6]. The tightness of stomatal closure also constitutes an important component of stomatal
control, particularly during a drought when it is necessary to restrict transpiration water-loss [7].
When exposed to drought, stomata can become increasingly sensitive to CO2 concentration and leaf
abscisic acid concentration (ABA) in comparison to photosynthetically active radiation (PAR), leaf
to air VPD, and leaf water potential [6]. Consequently, water loss through the stomata is based
on guard cells opening variations [2], which are in turn produced by fluxes of potassium ions (K+)
in or out of the guard cell [8]. Such mechanisms could include physiological de-/activation of ion
transport in the stomatal guard cells, or a genetic control of the expression of ion transport channels [9].
When an area of leaf is placed under conditions of high leaf to air VPD stomata usually close to
prevent desiccation, while low leaf to air VPD is conducive to higher rates of gs as the potential
of excessive water-loss is diminished [10,11]. Species that have more effective stomatal control are
therefore expected to withstand water deficit situations more successfully. However, not all of them
have equally effective stomatal control, whether in terms of number of stomata during leaf development
or of their regulation of stomatal opening [12]. However, stomatal behavior is not universal, with
some species altering the number of stomata on newly developed leaves in response to (CO2) rather
than utilizing physiological regulation of stomatal aperture [13]. Stomatal density and size are usually
highly sensitive to environmental abiotic stress such as drought because of stomatal resistance to
transpiration [14,15]. Stomatal density (d) is often negatively related to stomatal size [16]. A signaling
mechanism from the mature leaves to the developing leaves seems to exist, leading to the optimization
of d and of stomatal size to face the changes to come in future environmental conditions [17].

The SLA, for its part, indicates how the leaf biomass is distributed, seeking a balance between
carbon gain and water loss, since at equal mass, a broader and thinner leaf blade favors not only
photosynthesis but also water loss by transpiration. This property plays an important role in allowing
plants to adapt to environmental conditions and this plasticity is often understood as a way of
optimizing light absorption as well as water use efficiency (WUE) [3,18]. Thus, as they develop their
leaves, plants can resort to certain morphological alterations such as palisade parenchyma thickness [19]
or epidermis and cuticle water-tightness [20], the latter being essential to control water losses when
stomata are closed, especially during drought periods, by means of so-called cuticular transpiration (Ec).

In areas with marked seasons, especially in regions that have dry seasons, such as the
Mediterranean, evaporative demands vary considerably throughout the year and plants must constantly
acclimatize: it is thus interesting in these cases to understand how plants transpire over a complete
annual cycle [21]. The Eucalyptus genus stands out as one of the most widely planted exotic genera in
tropical and Mediterranean climate regions and, together with Pinus, represents 98% of the world’s
forestry production [22,23]. Within the genetic improvement programmes of this genus, it is possible
to associate desirable characteristics of different species by synthesizing interspecific hybrids [24] and,
together with the cloning technique, to generate homogeneous plantations that are highly productive
and resistant to pests and diseases [25,26]. Therefore, it is necessary to incorporate simple tools in the
evaluation methods of a genetic improvement program in order to evaluate the genotypes and that
these tools be applicable on a large scale (i.e., that they measure easily and quickly). For instance, it is
essential today to select taxa of Eucalyptus spp. that are resistant to water deficit, mainly in regions
subject to irregular and scarce annual rainfall regimes [27], and at an early age in order to shorten any
improvement program [22]. Among the most widely planted species of eucalypts, it is known that
Eucalyptus camaldulensis Dehnh. is a drought-tolerant species [28], Eucalyptus globulus offers certain
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genotypes that potentially tolerate environments with low water availability [29], and the hybrid
Eucalyptus × urograndis is usually sensitive to water deficit [30,31].

WUE relates photosynthetic rate or plant growth to water consumption and has been shown to be
a useful physiological parameter to assess plant drought adaptation [22,32,33], and to differentiate the
behavior of different taxa [28]. However, WUE is not always a constant trait of a given taxon: it varies
according to a specific combination of conditions of the site, weather, and tree age [34]. While the
physiological characteristics may vary within a very short interval, the morphological characteristics
do not. They maintain the same structure while the organ is functional despite possible environmental
changes. Hence the importance of developing organs with an appropriate structure to withstand
coming environmental conditions and of studying the effect of some anatomical leaf characteristics on
water loss due to plant transpiration, with either fully open or totally closed stomata. For example,
anatomical structures of leaves such as palisade parenchyma and stomatal density, and leaf morphology
such as leaf thickness and specific leaf weight, regulate the physiological functions (i.e., photosynthesis
and transpiration), which vary in different cultivars or clones [35]. Moreover, during drought conditions,
gs is directly affected, and the consequent stomatal closure is a way of reducing the water loss due to
leaf transpiration and the susceptibility of xylem vessels to cavitation (i.e., embolism or dysfunction)
that results in a reduction in hydraulic conductance [36,37]. Therefore, since drought-resistance is a
multiple control mechanism, it is the conjunction of several factors, not just one factor, that represents
the true degree of each taxon’s water consumption and drought-resistance [38,39]. In addition, because
annual plant growth and water consumption depend not only the dry season but on the whole year,
we hypothesized that differences would exist among genotypes regarding stomatal characteristics
and leaf structure, which would vary throughout the year depending on environmental conditions
and would be detectable at an early age. The present study deals with nursery plants of nine high
productivity Eucalyptus clones belonging to a breeding program and that could be used in commercial
plantations. It focused on comparing these clones and the seasonal development of (1) leaf stomatal
size and density (d); (2) cuticular transpiration (Ec); (3) and specific leaf area (SLA). The objective was
to detect traits that could be incorporated into the improvement programs of this plant genus.

2. Materials and Methods

2.1. Plant Material and Growing Conditions

The starting plant material consisted of 10-month-old plants of five clones belonging to E. globulus
(reference codes: C14, 225, 227, 358, 437) and four hybrid clones (12€, Eucalyptus urophylla S.T.
Blake × Eucalyptus grandis W. Hill ex Maiden; HE, E. urograndis × E. globulus; HG, Eucalyptus dunnii
Maiden–E. grandis × E. globulus; HI, Eucalyptus saligna Sm. × Eucalyptus maideni F. Muell.), obtained
by rooting cuttings in a commercial nursery, in 150 cm3 containers, provided by the plant selection
and breeding program of the ENCE, energía y celulosa, Inc. (Madrid, Spain) The first clone, C14,
belonged to the first generation (F0). It offers high productivity and plasticity and is widely used by
the company in commercial plantations, even in areas subject to dry summer seasons. The others
corresponded to clones of later generations of improvement and field trials have shown that they can
increase productivity by up to 25% with respect to C14 under favorable growing conditions. However,
no significant differences were obtained between clones for plant growth in the three assays performed
in this study under nursery conditions (data not shown). Generally, within the Eucalyptus genus,
E. grandis, E. dunnii, and E. saligna are described as low drought-resistant species, while E. globulus and
E. urophylla are moderately resistant [22,34,40,41]. According to field trials with 4–10 year-old plants,
the ENCE company classifies seven clones for their drought resistance following this approximate
ranking: C14, 437 ≥ 227, 358, 225 ≥ HE, 12€. Further information, however, is not available.

For three consecutive years, they were transplanted in December into 10 L containers allowing for
a full vegetative period. Each year, the experimental design consisted of four randomly distributed
plants per clone (36 plants per year, 108 plants in total). The substrate consisted of a mixture of peat,
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coconut fiber and perlite (2:2:1 by volume), that was well watered to field capacity and fertilized
using Ferticote 16-7-8 + 2 MgO +Micros (Burés profesional S.A., Girona, Spain) applying a dose of
1.5 kg m−3. Four additional plants per clone and year were grown under the same conditions in order
to replace any of the tested plants in case of need. No plants, however, died during the experimental
period. The plants were placed outdoors and fully exposed to sunlight in an experimental plot at the
University of Huelva (37◦12′03” N, 6◦54′53” W, 5 m a.s.l.).

2.2. Stomatal Characteristics

Across the four seasons of the year, at 10 different dates, and for 2.5 years in a row, 3–4 fully
developed leaves were collected per clone and season (i.e., the leaves developed during spring, summer,
autumn, or winter were collected at every measurement date), from the 3rd to the 5th whorl of the
main stem (34 leaves per clone, 306 leaves in total during the period of study). In the case of E. globulus
clones, which present foliar dimorphism between mature and juvenile leaves, the harvested leaves
were always juvenile due to the plants’ size and age. To select the sample leaves, we considered
hardness to the touch, the growth stoppage and the constant value of the SLA. For this, previous tests
were carried out and the additional plants were used to verify these characteristics. Each year, on
the dates of the first measurement, the plants averaged 6 mm in stem diameter and 60 cm in height,
while on date of the last measurements, after a vegetative period, they averaged 17 mm and 150 cm,
respectively. The leaf samples were considered to have developed during the 90-day period prior to
each measurement date. This foliar development is highly influenced by environmental conditions
(light radiation, humidity and VPD, temperature, etc.), which in turn affect the physiological state of
the plant, showing phenotypic plasticity [1,4,18–20,42]. The leaf´s morphology and internal structure
are formed during its growth and development and, once fully developed, its anatomy does not vary
substantially during the rest of its life. Therefore, growth conditions during the leaf’s development
are more interesting to consider than the conditions of the rest of the year or of subsequent months.
Table 1 shows the values of the relevant climatic variables in the area during the study.

Table 1. Temperature, relative humidity, and solar radiation in the nursery 90 days prior to each
measurement date: the measurements of February, May, and November were made at the beginning of
each month, and the July measurements were made at the end of the month.

Variables

Measurement Dates

Feb
2015

May
2015

July
2015

Nov
2015

Feb
2016

May
2016

July
2016

Nov
2016

Feb
2017

May
2017

T90
a (◦C) 16.3 19.9 30.0 24.9 19.8 19.3 28.6 27.3 17.9 20.9

t90
b (◦C) 3.3 6.9 15.1 14.0 8.5 7.5 14.4 13.8 5.7 8.0

RH90
a (%) 102.1 100.1 89.6 95.8 95.2 93.6 86.7 86.9 89.8 91.6

rh90
b (%) 59.0 52.3 33.1 51.0 52.7 45.9 37.0 42.8 50.5 46.3

R90
c (MJ m−2 d−1) 9.3 16.2 26.3 16.0 9.1 16.8 26.2 17.1 9.5 16.2

a T90/RH90: average maximum daily temperature/relative humidity over the 90-day period. b t90/rh90: average
minimum daily temperature/relative humidity over the 90-day period. c R90: cumulative daily solar radiation over
the 90-day period.

Leaf prints of these leaves were collected using nail varnish, and the stomata could be observed.
Having detected the absence or extreme scarcity of the stomata on the leaves’ adaxial side, prints were
made of three zones (basal, B; central, C; and apical, A) on the abaxial side (Figure 1a). The image
recorded in the nail varnish prints was mounted on a slide that allowed viewing under optical
microscope (Leica DM/LS, Leica Microsystems) using an image capture software (Leica LAS EZ, Leica
Microsystems). Two images magnified 100 times were randomly captured of each zone (six images per
leaf) to determine d (number of stomata per mm2). Subsequently, the number of stomata present in
five randomly selected squares measuring 250 × 250 μm (0.0625 mm2) on each image were counted.
Since each image was 1.05 mm2 (1.200 × 0.875 mm), the area measured in the five grids accounted for
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29.8% of the image taken. A total of 30 grids per leaf (10 grids per zone) were measured. Five images
magnified 400 times were also randomly taken to define the width and length both of the stomatal
cells (SW and SL, respectively) and of the epidermis opening where the ostiole was located (OW, OL)
(Figures 1b and S1). To determine stomatal size, 93 randomly chosen stomata on each leaf (31 stomata
per zone) were measured.

Figure 1. (a) Leaf zones (B; C; A) of which leaf prints were made to observe the stomata, and (b) the
width and length of the stomatal cell (SW, SL) and the epidermis opening where the ostiole is located
(OW, OL).

2.3. Cuticular Transpiration

On the same dates the stomata were characterized, three more leaves with similar characteristics
to those used for the stomata were taken per clone in order to measure Ec under laboratory conditions.
The leaves were sampled 1–2 h after dawn, presenting an apparently good water status. Just after
cutting, they were placed in sealed plastic bags and taken to the laboratory chilled in a portable
cooler. Once in the laboratory (less than 20 min after they were sampled), and following a standard
methodology [43], the leaves were hydrated until saturation (in the dark, at 4 ◦C for 16 h). The next
day, before starting the measurements, the leaves were left in the laboratory in the dark until they
reached room temperature. They were then weighed in succession using precision scales (±0.1 mg)
at short time intervals (every 5 min during the first hour, every 10 min during the following 2 h
and every 20 min thereafter, until weight loss was constant over time). During the measurements,
the leaves were exposed to light (430 μmol m−2 s−1 of PAR, using LED lamps), with their abaxial facing
downwards on a grid, to allow free circulation of air on both sides, in an environment conditioned at
20–23 ◦C and 45%–60% relative humidity. Ec was measured under laboratory conditions, maintaining
homogeneous environmental conditions for all leaves and at all measurement dates, so that the data
could be compared.

Once the leaf area (LA) was measured and using the previously collected data (fresh weight, FW;
and time), it was possible to determine the time elapsed until stomata closure (tc), estimated by the
cut-off point between the curve generated by all value pairs (fresh weight-time) and the regression
line generated by the points marking a leaf’s constant weight drop (Figure S2); Ec as the slope of the
regression line, since the stomata are supposed to be closed when the weight drop is constant; and
the relative water content and the moisture content at the time of stomatal closure (RWCc and Mc,
respectively). Initially, transpiration occurred through the stomata (stomatal transpiration, Es) and leaf
epidermis (Ec), but after stomatal closure, only the Ec remained. The leaves were then heated in an
oven at 70 ◦C until they reached a constant weight to determine their dry weight (DW). With all these
data, it was possible to determine the Ec based on DW and LA, as well as SLA (SLA = LA/DW, m2 kg−1).
Additionally, to know the relationship between gas exchange and leaf water potential (Ψ), a test was
carried out during the summer of the last year in which the plants were subjected to progressive water
stress. These data are shown as supplementary material (Figures S3–S6; Table S1) because they are not
the main objective of this study and were measured only at one moment in the year.
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2.4. Data Analysis

Regarding d on the abaxial leaf surface, the data were analyzed following a Generalized Mixed
Model with Poisson distribution and a logarithmic link function. Regarding stomatal size (SW, SL),
the data were analyzed by means of a Mixed Linear Model with Gaussian distribution and identity
link function. We took into account the fixed Clone, Date, and Clone × Date interaction effects, and the
plant nested within the clone as a random effect. The Akaike information criterion (AIC) was used
to choose the selected models [44]. The differences between the groups of the different factors were
analyzed by conducting a Scheffé test. Regarding Ec and associated parameters, as well as SLA, the data
were analyzed by means of a General Linear two-factor Model (clone, date), which were considered
fixed, and the differences between the groups of the different factors were analyzed using Dunnett’s T3
test. The fixed Clone, Date, and Clone × Date interaction effects were taken into account. The statistical
package SAS® 9.2 was used. The differences were deemed significant obtaining a significance level of
p ≤ 0.05.

3. Results

3.1. Stomatal Characteristics

Significant differences relating to d, stomatal size (SL, SW) and the SW/SL ratio among clones
(p < 0.001) and among dates (p < 0.001) were detected (Tables 2 and 3). The interaction between the
two factors was also significant (p < 0.001), indicating a different seasonal development pattern among
clones (Figure 2). The results obtained for SW, OW, and OL are not presented in more detail due to the
high and significant correlations obtained: SL vs. SW (r = 0.746), SL vs. OL (r = 0.795), OL vs. OW
(r = 0.683), 14,043 being the sample size and p < 0.001 for all of them. These three parameters showed
seasonal development and differentiation among clones and dates similar to SL. The mean values (±SE)
obtained for the series of clones and measurement dates were SW = 16.6 ± 0.3 μm; OL = 14.4 ± 0.2 μm;
OW = 10.1 ± 0.2 μm. The SW/SL ratio indicated that the stomata tended to be elliptical, and only the
three clones with the lowest average value (HE, HG, and HI) were significantly differentiated from the
clone with the highest value (437) (Table 2).

Figure 2. Seasonal evolution (average ±SE) of (a) stomatal density (d), and (b) stomatal length (SL) of
the nine Eucalyptus clones studied on the 10 measurement dates.

Taking the maximum possible stomatal opening into account—that is, the share of LA that all open
ostioles would entirely occupy if they covered the full window left free by the epidermis, calculated
via the expression d × (π × OW × OL)/4—the E. globulus clones as well as the 12€ hybrid were in the
lowest range (from 2.3% for 12€ to 3.2% for C14), while the other three hybrids (HI, HE, and HG) were
within a range of 3.7% (HI) to 4.4% (HG).
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3.2. Cuticular Transpiration

Concerning the RWCc and the tc, significant differences were detected among clones (Table 2) and
among dates (Table 3). They were also found regarding the interaction between these two factors, with
p < 0.001 for RWCc (Figure 3) and p = 0.001 for tc. This indicated that the clones’ seasonal evolution
patterns differed among themselves.

Figure 3. Seasonal evolution (average±SE) of (a) the time elapsed until stomata closure (tc), (b) cuticular
transpiration (Ec) based on LA, (c) relative water content at the time of stomata closure (RWCc),
and (d) specific leaf area (SLA), of the nine Eucalyptus clones studied on the 10 measurement dates.

The Ec differed significantly according to clones and measurement dates; both were calculated
based on DW and LA (p < 0.001) (Tables 2 and 3). Furthermore, significant differences were found
regarding the Clone × Date interaction (p < 0.001, Figure 3). The behavior pattern of Ec, expressed on a
leaf weight basis did not differ significantly from that calculated based on LA, in terms of differentiation
among clones or among dates, with an overall average value of 1.69 ± 0.06 mmol kg−1 s−1 of H2O.

Regarding Mc, no significant differences were detected among the different clones (Table 2), but they
were detected according to dates (Table 3), as well as to Clone×Date interaction (p< 0.001). Regarding a
general trend, it is worth noting that the lowest values were obtained from the measurements
made in May and July (Mc = 56.5%–60.8%) and the highest values were obtained in November
(Mc = 64.6%–67.7%).

Finally, SLA differed significantly according to the different clones, dates of measurement,
and Clone × Date interaction (Figure 3, Tables 2 and 3). Regarding the measurement dates, the clones
of E. globulus and HE (9.0–9.9 m2 kg−1) were different from HI (11.0 m2 kg−1) and the latter, in turn,
from the group formed by HG and 12€ (13.2–13.4 m2 kg−1).

4. Discussion

4.1. Stomatal Characteristics

The stomata of the Eucalyptus clones used in the present study were concentrated on the leaf’s
abaxial surface. A very small number of stomata were found on the adaxial surface i.e., 2–3 stomata
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per square millimeter, in all clones. Tuffi Santos et al. [45], when studying d in very young plants
of E. grandis, E. urophylla, E. saligna, Eucalyptus pellita F. Muell, and Eucalyptus resinifera Sm., also
found that in the case of the whole species, the adaxial surface (10–80 stomata mm−2) had 10 times
fewer stomata than the abaxial surface (600 stomata mm−2), with differences between taxa. In the
present study, the average d values of the abaxial face were between 204 and 434 stomata per mm2.
This value is within the value range of sclerophyllous leaves, i.e., 100–500 mm−2, and is typical in
species inhabiting rainforests [46] or temperate zones such as Pinus taeda L., Taxodium distichum (L.)
Rich., or Ilex cassine L. [17]. The value is, however, below the 750–1050 mm−2 value range found in
subtropical species such as Toona ciliata M. Roem. [47], or the value of 1000 mm−2 reached by some
oaks and maples proper to humid temperate zones [17].

Although the studied plants were well watered and fertilized at all times, the leaves that grew
mainly in spring, specifically from the end of winter to the beginning of summer (May and July
measurement dates) tended to present greater d, at least in the case of clones that showed more marked
seasonal differences. A higher density would facilitate the water’s exit (and the assimilation of CO2)
at times of suitable water availability in the soil and non-excessive atmospheric demand [5,35,42].
However, in the case of leaves developed in the middle-end of summer and early autumn (mainly
from late July to late September) which correspond to the measurements taken at the beginning of
November since leaves from the 3rd–5th whorl were sampled when atmospheric demand was greater
d decreased, allowing plants to save water and better endure droughts. All this indicates that, apart
from the availability of soil water and nutrients, the plants responded to other environmental stimuli
(photoperiod, solar radiation, air temperature, relative humidity, etc.) [10,13,48]. The latter controlled
the d of the new developing leaves at all times, suggesting the existence of an internal mechanism that
stimulates and transmits the signal [10]. The clones with the highest d studied here, HI and HG, with
an average of around 430 mm−2, almost doubled the d of E. globulus clones (358, C14, 437, 227, and 225).
The lower d of E. globulus among the clones studied could be a drought-adaptation characteristic,
although other characteristics should be taken into account as a whole [49]. For the Azadirachta indica
A. Juss and Populus species, for example, d was positively correlated with net photosynthesis and
biomass production for A. indica [50] or with gs for Populus sp. [51]. However, in other studies, d did
not significantly affect gs or photosynthetic rates [52]. On the other hand, clones of E. globulus and
clone HE presented lower plasticity regarding d variation throughout the year (Δd < 150 mm−2), while
the density in the other three clones varied according to the dates, from 160 mm−2 (HG) to 300 mm−2

(HI). Therefore, interestingly, these latter clones presented greater plasticity regarding this parameter
than E. globulus clones.

Generally, in this study, stomatal cell size was smaller in the leaves that grew in the middle-end of
summer and early autumn (November measurements), and bigger in the leaves that grew in spring.
As in the case of d, the reason could be that during the summer and early autumn months, when the
temperature, radiation, and photoperiod are higher and relative humidity lower (Table 1), the new
developing leaves favored the formation of smaller stomata at warmer and drier times, and vice versa
in winter-spring, in order to regulate gas exchange and WUE. The same phenomenon was found
in the case of Sequoia sempervirens (D. Don) Endl. plants across different plantations in Chile [53].
When comparing the clones, clones containing Eucalyptus globulus alleles were significantly larger in
size (SL = 21.3–24.0 μm, SW = 15.9–18.2 μm) than 12€ and HI (SL = 18.5–19.1 μm, SW = 14.2–14.3 μm).
These values were in a slightly higher range than those found for three other Eucalyptus species
(E. delegatensis R. Baker, E. pauciflora Sieb. ex Spreng., and E. radiata Sieber ex DC.), presenting a range
of 9.8–12.0 μm for OL and 10.0–14.0 μm for SW [49].

On the other hand, considering the size and d combination in our study, the clones with the
biggest pore opening surface potential, HG, HE, and HI, could have a greater transpiration potential
with full open stomata, while at the same time pose a risk of excessive water loss in situations of water
shortage when stomatal control was not optimal. It has been reported that d and occlusive cell length
are related to gs and net photosynthesis, as well as other plant physiological characteristics [11,54–56].
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Nevertheless, in other recent studies, no significant correlations between stomatal density, size and
the rapidity of response have been detected [13,57]. Consequently, we can assume that the seasonal
modifications and adjustments of the stomatal size and d found in this study may affect the plants’
physiology, to some extent at least. These modifications surely allow each clone to self-adjust to
maintain its best level of photosynthetic efficiency, responding to environmental stimuli. However,
the results of this study did not find that d and stomatal size, in themselves, were relevant clone
selection criteria for water saving, since in the case of well-watered plants (i.e., Ψ ≥ 1.0 MPa), maximum
transpiration rates were similar between clones (Figures S4 and S5). Therefore, when all pores are
supposed to be fully open, apart from the maximum potential of open pore surface determined by
d and stomatal size, other factors such as mesophilic conductance, boundary layer resistance, etc.,
should be taken into account. In addition, water loss, which depends on stomatal opening and other
environmental factors, can vary greatly even for plants with a good water status, and this multiple
control mechanism seems to have a greater effect on the total amount of water transpired every day
than d and stomatal size. For instance, the HE, HG, and 12€ clones maintained high transpiration
rates when Ψ dropped from −1.0 to −2.0 MPa. Meanwhile, the other studied clones began to reduce
their transpiration when Ψ reached −1.0 MPa (Figures S4 and S5), which indicates a more pronounced
water saving behavior. Moreover, in this Ψ (−1.0 to −2.0 MPa) range, the photosynthetic rate was
reduced to a greater extent than E and gs for HE, HG, and 12€ clones, so WUE and intrinsic water use
efficiency (IWUE, Figure S6) decreased in the case of these three clones to a greater extent than for
E. globulus clones in the Ψ range. The latter also points to the worse behavior of the first three clones
under moderate water stress conditions.

Studies of different tree species, such as riverside poplars in a semiarid environment [51], rainforest
species [46], hardwood species in a subtropical climate [58], and Eucalyptus globulus in sites with
varying precipitation [59], reported a reduction in stomatal size as d increased. However, in this study,
despite finding a significant negative correlation between d and stomata size in the nine clones as a
whole (p = 0.017), the result was very weak (r = −0.252) and not significant for each clone separately
(p > 0.10).

4.2. Cuticular Transpiration and SLA

RWCc is a notable indicator of the leaves’ water state under severe water stress conditions.
Water state is closely related to cell turgor and, therefore, it accurately reflects the balance between
internal water content, water supply to the leaf and transpiration rate, as well as leaf dehydration
tolerance [60,61]. In our study, the seasonal development varied between a minimum of 73.2% (leaves
developed in autumn and winter) and a maximum of 82.9% (developed in spring), presenting no
significant differences between those developed in spring and in summer. The clones that diverged
the most from this general trend and that presented large seasonal oscillations throughout the study
were: HE, 227, and 12€. The average values obtained for RWCc, as well as the seasonal development
were within the range obtained by Carevic et al. [43], who studied Holm oak trees (Quercus ilex L.
spp. ballota), a Mediterranean species with sclerophyllous leaves. These results are also compatible with
the values obtained by other researchers [62,63] for eucalypts, as a range of 79%–90% was obtained,
detecting differences between species and between clones. Andivia et al. [64] studied the drought
tolerance of two Holm oak provenances and observed seasonal variations for this parameter: they
reflected a water conservation strategy during the summer (with RWCc close to 90%) and water
spending during the rainy season. All the above indicates that although the nine Eucalyptus clones
under study presented slight differences, they all used physiological adaptations to reduce water loss
at times of greatest demand, as they reacted by closing the stomata at higher hydration levels (RWCc)
at the most unfavorable times from the viewpoint of available water. This latter trait is useful for
surviving under climates with dry seasons, such as the Mediterranean climate. Following this line of
argument, the series of measurement dates revealed that the HE clone showed the least cautious water
conservation behavior: it allowed greater dehydration before stomata closure indicating a survival risk

146



Forests 2020, 11, 9

as water stress progresses, while the reverse was found for the HI clone, and an intermediate behavior
was observed for the rest of the clones.

As the leaf is dehydrated, the tc may vary according to the following factors: the leaf’s age;
the size of the stoma, and its location; the species; the individuals within a species; the vegetative
state; and the environmental conditions under which the measurements are taken [65]. The HI clone
stood out among the clones of the present study due to its shorter stomatal closing time (56 min under
the measurement conditions), which may indicate a drought resistance strategy but at the cost of
reducing growth, differing significantly from seven other clones (225, 227, 358, 437, C14, 12€, HE),
whose closing times varied between 70 min (12€) and 80 min (HE). Furthermore, the HG clone showed
an intermediate stomatal closing time (65 min). Regarding seasonal development, tc was included
within a range of 49 min (November 2015 measurement) to 86 min (February 2015). In 2015, leaves
that formed during periods of greater atmospheric demand took half the time to close their stomata
compared to those that formed during colder and wetter periods. This phenomenon was not observed
the following year. Further evidence was thus obtained regarding the plasticity strategies employed to
acclimatize to conditions such as the Mediterranean climate, and the necessary acclimatization to the
environmental conditions of the moment to prevent excessive water loss in the drier months.

Plants’ leaf epidermis, especially the cuticle, acts as an effective protective barrier against
uncontrolled water loss. During a water stress period, when the stomata are closed, the plants’ survival
greatly depends on the amount of water lost through the cuticle in question. The Ec values obtained i.e.,
0.17 mmol m−2 s−1 of H2O (1.69 mmol kg−1 s−1) on average, were higher than those found for full-grown
oaks [43] grown in the field but measured also under laboratory conditions (0.06–0.19 mmol kg−1 s−1).
They were, however, below those obtained by Fernández et al. [66] for seven species (Dichrostachys
cinerea (L.) Wight & Arn., Populus × euroamericana (Dode) Guinier “I-214”, Eucalyptus camaldulensis,
Casuarina cunninghamiana Miq., Paulownia fortunei (Seem) Hemsl., Salix purpurea L., and Leucaena
diversifolia (Schltdl.) Benth.) that had grown under shade cloth in a nursery. In this latter study,
the values obtained were of 0.83 mmol m−2 s−1 for E. camaldulensis up to 3.98 mmol m−2 s−1 for
S. purpurea. The leaves of Eucalyptus haemastoma (Sm.), a species belonging to a semiarid summer
climate with cold winter nights were analyzed at different temperatures [67], and the Ec values ranged
from 0.04 mmol m−2 s−1 at low temperature (18 ◦C), to 0.5 mmol m−2 s−1 at high temperature (38 ◦C).
All these value ranges are within those found in our study. Considering the seasonal variation obtained,
the general tendency was that the leaves developed in spring (May measurements) presented the
lowest level of Ec. Regarding differences between clones, despite showing highly similar Ec, one clone
(HE), with the highest Ec value for the study period as a whole, differed significantly from five other
clones (12€, HG, HI, 225, 358), as it presented an Ec that was 61% above the average of the nine clones.
This suggests that when measuring leaf epidermis permeability, the HE clone had a less efficient water
saving strategy [64] compared to these five clones in the study and therefore less drought resistance;
whereas in the intermediate range, the clones 437, 227, and C14 revealed a moderate water saving
strategy. Considering the relationship of Ec with Ψ determined via a water stress test with these clones
(Figure S3 for Ψ < −1.7 MPa), most stomata are supposed to be closed since the turgor loss point has
been overcome (Table S1). Thus, only Ec would remain. Under these water stress conditions, the HE
clones along with HG and 12€, the three clones that may have inherited E. grandis alleles, showed
the highest Ec rates (Figures S4 and S5), indicating a thinner and/or more permeable leaf epidermis,
a parameter that is unsuitable for withstanding periods of water stress. Thus, it is worth studying
the relationship between Ec and leaf permeability more in depth, addressing not only leaf and cuticle
thickness but also other factors such as the presence of waxes and trichomes which could result in
stable selection criteria [68,69]. In addition, concerning the water stress test, only for these three clones
(HE, HG, 12€) was the relative water content for which they closed stomata (RWCcs) significantly lower
than the relative water content in which the loss of cell turgor occurred, RWC0 (Table S1). This would
indicate a lower degree of stomatal control, since the stomata do not close even when cell turgor is lost,
indicating an unsuitable behavior when the water stress progresses. However, the latter should be
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interpreted with caution because RWC0 and RWCcs are measured using different methods and their
physiological interpretation differs a little.

Regarding the SLA, the Eucalyptus globulus clones and the HE clone had the lowest values,
differentiating themselves mainly from hybrids 12€ and HG, both with Eucalyptus grandis alleles.
All this would indicate that E. globulus would have thicker leaves, appropriate for its greater adaptation
to dry climates, compared to E. grandis, typical of more humid climates and drought tolerant [30,70].
Of the two clones that may have inherited both E. globulus and E. grandis alleles, the E. globulus
inheritance seems to have dominated regarding this parameter in the case of HE, while in the case of
HG, the E. grandis inheritance seems to have dominated. The SLA values obtained in this study are
within the range reported by other authors for eucalypts e.g., 16.1 m2 kg−1 (Eucalyptus occidentalis Endl.)
to 25.4 m2 kg−1 (E. grandis) [71], and 6.1–8.3 m2 kg−1 for plants of E. dunnii and Corymbia citriodora
subsp. Variegata (F. Muell.) A.R. Bean & M.W. McDonald aged 11 years [72]. During the seasonal
development of the studied clones, SLA decreased progressively over time from autumn-winter leaves
to spring-summer leaves. This results from the varying climatic conditions of relative humidity,
radiation, and temperature, taking into account that the plants were well watered and fertilized,
demonstrating once again their sensitivity and ability to react to climatic variables.

5. Conclusions

The follow-up, over 2.5 years, of the stomata characteristics and the Ec of nine nursery-grown
Eucalyptus clones led to the following conclusions:

- All the clones under study showed seasonal variations in d and stomatal size, SLA, and Ec, as
well as in RWCc and the tc, despite the substrate being constantly humidified to field capacity and
fertilized, in response to stimuli such as light radiation, photoperiod, temperature, and/or the
air’s evaporative demand to acclimatize to the environmental conditions.

- Each clone adjusted its own d and size values to acclimatize its stomata to the growth conditions.
The maximum amount of water transpired with fully open stomata might depend on other
internal and external factors. Thus, the criteria of size and d alone are not sufficient to differentiate
between clones, at least for this study.

- The HE and HG clones presented poor stomatal control as they showed high transpiration rates
when Ψ was between −1.0 and −2.0 MPa, which represent a risk in cases of prolonged drought.
The HI clone, on the other hand, conserved internal water very efficiently because it closed
stomata sooner and at a lesser degree of dehydration.

- Taking into account only the morpho-physiological parameters measured in this study and the
genotypes considered, the clone known to resist to droughts, C14, was characterized by low
values of SLA and Ec, high RWCc, low seasonal plasticity regarding d, and good stomatal control.
These characteristics were shared by the other E. globulus clones, though the clones of hybrids
differed as they presented less favorable properties for drought resistance such as lower epidermis
impermeability (HE, HG, 12€), higher SLA (12€, HG), and lower stomatal control under conditions
of moderate water stress (HE, HG).

- These analyzed eucalyptus clones showed they had genetic variability for drought resistance.
Gains could thus potentially be obtained through the selection and implantation of improved
populations. However, in situations of water stress, other morpho-physiological properties
should be studied (e.g., WUE, xylem anatomy and cavitation vulnerability, osmotic adjustment
capacity, etc.) together with the characteristics studied here.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/1/9/s1,
Figure S1: (left) Stomata observed on leaf prints taken from the abaxial side of a leaf (400×); (right) cross section
of a leaf sampled in the summer of 2017, showing the adaxial side to the right and the abaxial side to the left
(400×). Regarding the cross-section of the leaf, four leaves per clone were analyzed in summer 2017 and no
significant differences were detected between clones in these four parameters measured: cross-sectional thickness
(p = 0.111; 267.56 ± 27.4 μm); thickness of the adaxial epidermis (p = 0.160; 20.6 ± 2.1 μm); thickness of the abaxial
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epidermis (p = 0.370; 17.1 ± 1.6 μm); and palisade parenchyma thickness (p = 0.500; 76.7 ± 7.5 μm), Figure S2:
The graph generated by all the pairs of values, FW-time (continuous line, rhombuses) and the regression line
generated with the points marking a leaf’s constant weight drop (dashed line, squares). The cut-off point between
the curve and the regression line is assumed to be the tc (arrow). The slope of the regression line reflects the
loss of water over time, from which Ec can be deduced, Figure S3: Plants of the nine clones under study, used to
measure daily transpiration (by weighing), and instantaneous transpiration using a portable infrared gas analyzer
(Model LCi, ADC, London, UK). Daily transpiration was calculated based on the difference in weight between two
measurements taken 24 h apart, measured 1 h after dawn on two consecutive days. The containers were wrapped
with white plastic to avoid direct evaporation from the substrate. The total LA was measured for each plant.
The assay started with plants watered to field capacity, but subsequently, they were watered, every day, with half
of the water transpired the previous day, to subject the plants to a slow and progressive process of water stress for
30 days. Ψ was measured exactly at dawn (PMS 1000, Corvallis, USA). The instantaneous transpiration rate (E)
was measured 2 h after dawn, when plants show maximum daily transpiration rates. This test was carried out
during the summer of 2017, using three plants per clone from the additional plants left over from the main assay,
Figure S4: Relationship between daily transpiration rate over a 24-h period, and the water potential at dawn of the
first day of each measurement date, for the nine clones studied, Figure S5: Relationship between the E measured
2 h after dawn and the water potential at dawn, for the nine clones studied. E was significantly correlated with gs
(E = 9.036 gs + 5.547, r = 0.963, p < 0.001) and net photosynthetic rate, A (A = 0.038 E4 − 0.661 E3 + 3.446 E2 −
2.525 E + 0.619, r = 0.962, p < 0.001). E (mmol m−2 s−1 of H2O), gs (mol m−2 s−1 of H2O), A (μmol m−2 s−1 of CO2),
Figure S6. Relationship between the intrinsic water use efficiency (IWUE = A/gs) measured 2 h after dawn and the
water potential at dawn, for the nine clones studied. A (μmol m−2 s−1 of CO2), gs (mol m−2 s−1 of H2O), Table S1:
Mean value (±SE) of the osmotic potential at full turgor (Ψs100) and at the point of turgor loss (Ψs0), the RWC0
and RWCcs of the nine studied clones. The measurements were made on two dates, first in well-watered plants
and then after the plants were subjected to a progressive water stress test for 30 days in the summer of 2017 (see
Figure S3), by means of the construction of isothermal pressure-volume curves, using the methodology described
by [73]. p: level of significance. Different letters in each column indicate significant differences between clones.
*: for each clone, asterisk indicates significant differences between RWC0 and RWCcs (p < 0.001, Dunnett’s T3 test).
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Abstract: Pine wilt disease (PWD) caused by the pinewood nematode (PWN) (Bursaphelenchus xylophilus
(Steiner and Buhrer) Nickle) is a worldwide issue. Infection is considered to be promoted mainly by
the increased air temperature, but it is important to investigate whether the effect of high temperature
similarly influences the different ranks of resistant clone. In the present study, we conducted PWN
inoculation tests using six common open-pollinated families of resistant Pinus thunbergii Parl. The tests
were conducted at nurseries of five test sites across Japanese archipelago between 2015 and 2017.
Our analysis focused specifically on temperature. Firstly, we examined the effects of test sites,
inoculation year, and their interaction on unaffected seedling rate and found that the unaffected
seedling rate of all tested pine families decreased as the cumulative temperature increased. We found
that the unaffected seedling rate decreased as the cumulative temperature increased for all tested
pine families. In general, higher cumulative temperatures were required for having an effect on the
unaffected seedling rates of higher PWN-resistant families. Typically, early cumulative temperatures,
i.e., 19 days after inoculation, had the greatest effect on the unaffected seedling rates of PWN-resistant
pines. However, the relationship between cumulative temperature and predicted unaffected seedling
rate follow similar rate for all families. Thus, the order of resistance level is maintained in terms of
the cumulative temperature required for having an effect.

Keywords: pine wood disease; resistance to pine wood nematode; inoculation test; multisite;
cumulative temperature; Pinus thunbergii
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1. Introduction

Pine wilt disease is an epidemic disease caused by the invasive pinewood nematode,
Bursaphelenchus xylophilus (Steiner and Buhrer) Nickle [1], and vectored by pine sawyer beetles,
Monochamus alternatus Hope [2]. PWD is currently a worldwide issue [3], and future climate change
could lead to further spread of the disease given that its development depends on temperature and
drought [4]. Pinus thunbergii Parl. and Pinus densiflora Sieb. et Zucc., two major planted pine species
in Japan, are susceptible to PWN [5]. Thus, Japanese pine forests have been seriously damaged by
PWD. The first documented observation of PWD was in Nagasaki Prefecture in 1905 [6]. The disease
has subsequently spread to every prefecture in Japan, apart from Hokkaido [7]. As the disease causes
widespread damage, Japan began a tree breeding project in 1978 in order to select resistant pine
varieties as a countermeasure against PWD. In the first breeding project, conducted from 1978 to
1984 in southwestern Japan, 16 and 92 resistant clones of P. thunbergii and P. densiflora were selected,
respectively [8–10]. Resistance against PWN was conferred by artificial inoculation, wherein higher
survival rates represented greater resistance [9]. Up to March 2019, several related projects have led to
the selection of 211 and 288 resistant clones of P. thunbergii and P. densiflora, respectively [11].

The development of PWD symptoms and mortality after inoculation are affected by the climatic
factors, including air temperature [12–14], precipitation [9,15] and light conditions [16]. In particular,
temperature is strongly related to PWD, as PWD only occurs in areas where the average temperature
exceeds 20 ◦C for several weeks [17]. In non-resistant P. thunbergii seedlings grown in phytotrons
and temperature-controlled greenhouses, PWD symptoms develop faster and mortality rates increase
as temperatures rise [13,14]. It appears that the effect of temperature on the PWN propagation rate
affects the development of PWD symptoms, leading to tree death [13,14]. In nursery-based inoculation
tests using open-pollinated families of resistant P. thunbergii, survival rates varied substantially
among inoculation years and families, suggesting that differences in climate variation at the period
of inoculation can influence tree mortality [18–20]. Variation in resistance exist among resistant
P. thunbergii clones [9]; however, no studies have yet been conducted to investigate whether the effect
of high temperature similarly influences the different ranks of resistant clones. It is important to
understand how temperature affects the resistance, especially given the potential effects of future
climate change.

To clarify how temperature factors affect the different ranks of resistance against PWN, inoculation
tests were conducted over multiple years, from 2015 to 2017, at the nurseries of five test sites in
regions with different climates. In addition, we used common open-pollinated families of six resistant
P. thunbergii clones with different levels of resistance to PWN.

2. Materials and Methods

2.1. Test Sites

Inoculation tests were conducted at the nurseries of five test sites: Forest Tree Breeding Center
(FTBC) Head Quarters in Hitachi, Ibaraki (36.69◦ N, 140.69◦ E); Tohoku Regional Breeding Office,
FTBC (TBO) in Takizawa, Iwate (39.83◦ N, 141.14◦ E); Kansai Regional Breeding Office, FTBC (KABO)
in Shou-cho, Okayama (35.06◦ N, 134.11◦ E); Shikoku Breeding Stock Garden, KABO, FTBC (SSG)
in Kami, Kochi (33.61◦ N, 133.70◦ E); and Kyushu Regional Breeding Office, FTBC (KYBO) in Koshi,
Kumamoto (32.88◦ N, 130.74◦ E). Their locations are shown in Figure 1. The mean temperatures for the
current inoculation test periods at each test site are shown in Figure S1.
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Figure 1. Location of each test site and origin of materials used in the present study. This map
was created from the blank map published by Geospatial Information Authority of Japan (https:
//www.gsi.go.jp/tizu-kutyu.html). Test site abbreviations: Tohoku Regional Breeding Office (TBO),
Forest Tree Breeding Center (FTBC), Kansai Regional Breeding Office (KABO), Shikoku Breeding Stock
Garden (SSG), and Kyushu Regional Breeding Office (KYBO). Family name abbreviations: Misaki 90
(M90), Namikata 37 (N37), Tanabe 54 (T54), Shizuoka (Oosuka) 6 (SO6), Chiba (Tomiura) 7 (CT7), and
Tottori (Tottori) 13 (TT13).

2.2. Plant Material and PWN Inoculation

Open-pollinated families of six resistant P. thunbergii clones were used in the present study
(Table 1), and the same seed-lots were used for all test sites across the three-year inoculations. The six
families used in this study were Misaki 90 (M90), Namikata 37 (N37), Tanabe 54 (T54), Shizuoka
(Oosuka) 6 (SO6), Chiba (Tomiura) 7 (CT7), and Tottori (Tottori) 13 (TT13). The origins of these families
are shown in Figure 1. Of these, three clones (M90, N37, and T54) were selected in the first breeding
project and had already been evaluated for their resistance rank [9]. The other clones (SO6, CT7,
and TT13) were recently selected from other regions, and their resistance against PWN had not yet
been evaluated.

Seedlings were grown using the same procedure until the inoculation test, except for at TBO.
The standard method was as follows: seeds were sown on the seedbed in spring one year before the
inoculation test; the seedlings were then transplanted to a nursery in the following spring; then the
inoculation test was conducted with two replications. As the TBO location is colder than the other test
sites, the growth of seedlings was slower; therefore, to promote the growth of seedlings and allow
them to be inoculated at the 2-year-old stage, the seeds were sown individually in a nursery with two
replications, and the seedlings were not transplanted for about 16 months, until the inoculation test
was conducted.
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Table 1. Resistant P. thunbergii families used in this study.

Family
Name

Resistance
Ranking *

Number of Seedlings Used in the Inoculation Tests at Each Study Site in Each Year

2015 2016 2017

TBO FTBC KABO SSG KYBO TBO FTBC KABO SSG KYBO TBO FTBC KABO KYBO

M90 4 27 37 22 31 32 35 40 20 40 22 33 34 25 24
N37 4 28 32 23 29 32 27 32 28 35 16 30 29 23 19
T54 2 44 40 33 40 39 57 39 41 37 37 55 40 21 36
SO6 - 37 40 28 40 32 50 40 37 40 34 44 37 28 17
CT7 - 37 37 32 40 40 35 40 7 40 27 35 39 32 29
TT13 - 40 40 27 19 39 50 39 11 40 32 28 39 31 26

* Resistance ranking was evaluated by using a least squares means method based on the survival rates following
inoculation tests on open-pollinated families. -: Resistance not evaluated. Test site abbreviations: Tohoku Regional
Breeding Office (TBO), Forest Tree Breeding Center (FTBC), Kansai Regional Breeding Office (KABO), Shikoku
Breeding Stock Garden (SSG), Kyushu Regional Breeding Office (KYBO). Family name abbreviations: Misaki 90
(M90), Namikata 37 (N37), Tanabe 54 (T54), Shizuoka (Oosuka) 6 (SO6), Chiba (Tomiura) 7 (CT7), and Tottori
(Tottori) 13 (TT13).

The number of seedlings at each test site is shown in Table 1. At SSG, the growth of seedlings
was poor due to insect damage (unrelated to PWN) in 2017; hence, we could not conduct inoculation
tests at SSG in 2017. In general, the number of seedlings in each of the families ranged from 7 to 57.
It has been reported that the size of P. thunbergii seedlings affects their post-inoculation survival [20,21];
therefore, we also measured seedling height immediately before inoculation testing.

The virulent isolate of the PWN, Ka4 [22], which has been widely used in the resistance breeding
program in Japan, was used in the present study. A 50-μL suspension containing 5000 PWNs (a density
of 100,000 PWN/mL) was inoculated onto wounds in the basal axes of subjects, which were made by
peeling the cortex with a knife and scratching the xylem with a fine saw. At each test site, inoculation
was conducted in early July in each of the three years from 2015 to 2017 (Table S1). The seedling age at
the time of inoculation was approximately 15–16 months (based on time after sowing).

2.3. Symptom Observation

Symptoms were observed approximately ten weeks after inoculation (Table S1) and classified by
visual judgement for each inoculated seedling class as follows: 0: no symptom, 1: browning of needles
on one or more branches, 2: browning of all needles. From the results, the unaffected seedling rate was
calculated using the following equation:

Unaffected seedling rate (%) = number of seedlings in symptom class 0/number

inoculated seedlings × 100

2.4. Temperature Data

The temperature data used in the present study were collected from the Automated Meteorological
Data Acquisition System (AMeDAS) provided by the Japanese Meteorological Agency [23]. We collected
climate data from the AMeDAS station nearest to each of test site; Morioka (39.70◦ N, 141.16◦ E) for
TBO, Hitachi (36.58◦ N, 140.65◦ E) for FTBC, Tsuyama (35.07◦ N, 134.02◦ E) for KABO, Kochi (33.57◦ N,
133.55◦ E) for SSG and Kumamoto (32.82◦ N, 130.70◦ E) for KYBO.

Hourly temperature data were collected from each station. Temperature data for analysis were
labelled CT, CT20, CT25, and CT30, which represent cumulative temperature with different thresholds
(0 ◦C, 20 ◦C, 25 ◦C, and 30 ◦C) from the day of inoculation to the n day after inoculation (DAI). They
were calculated using the following the formulae:

CT at n DAI =
n∑

j=1

24∑

i=1

(
THij × δi j

)
/n δi j =

⎧⎪⎪⎨⎪⎪⎩
1,
(
THij > 0

)

0,
(
THij ≤ 0

)
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CT20 at n DAI =
n∑

j=1

24∑

i=1

((
THij − 20

)
× δi j
)
/n δi j =

⎧⎪⎪⎨⎪⎪⎩
1,
((

THij − 20
)
> 0
)

0,
((

THij − 20
)
≤ 0
)

CT25 at n DAI =
n∑

j=1

24∑

i=1

((
THij − 25

)
× δi j
)
/n δi j =

⎧⎪⎪⎨⎪⎪⎩
1,
((

THij − 25
)
> 0
)

0,
((

THij − 25
)
≤ 0
)

CT30 at n DAI =
n∑

j=1

24∑

i=1

((
THij − 30

)
× δi j
)
/n δi j =

⎧⎪⎪⎨⎪⎪⎩
1,
((

THij − 30
)
> 0
)

0,
((

THij − 30
)
≤ 0
)

The inoculation day was defined as Day 0, and the climate data from this day were not used in
our analysis. Temperature data were therefore analyzed from the 1 DAI to the 35 DAI.

2.5. Statistical Analysis

All statistical analyses were conducted in R version 3.6.1 [24]. To examine the effects of test site and
inoculation year on the unaffected seedling rate of P. thunbergii families, logistic regression analysis was
conducted using a generalized mixed linear model via the “glmer” function of the lme4 package [25].
Appropriate models were selected using Akaike information criterion (AIC) values obtained with the
“dredge” function of the MuMIn package [26]. In this analysis, test site, inoculation year, seedling
height (mean value in replication), and the interaction between test site and inoculation year were fixed
effects; family, replication, the interaction between family and test site, and the interaction between
family and inoculation year were the random effects. Since the unaffected seedling rate showed a
binomial distribution, the family was set as “binomial” using the logit link function in R. To identify
significant differences in the fixed effects, the “ANOVA” function in the car package [27] was used to
conduct deviance analysis (Type II test, level of significance was p < 0.01) on the test site, inoculation
year, and interaction between the test site and inoculation year. In addition, for test site and inoculation
year, multiple comparison analysis was performed using the Tukey method (level of significance was
p < 0.05) via the “glht” and “cld” functions in the multcomp package [28]. Furthermore, the variance
component of each random effect was calculated using the “VarCorr” function in the lme4 package.
The best linear unbiased prediction (BLUP) value for each family was calculated using the “ranef”
function in the lme4 package for unaffected seedling rate.

The correlation coefficients between each temperature factor and the unaffected seedling rate of
each family were calculated using product–moment correlation via the “cor.test” function. The mean
of correlation coefficients for all families was calculated in each temperature factor.

To analyze the post-inoculation temperature factors that affected the unaffected seedling rates,
logistic regression analysis was conducted using a generalized mixed linear model via the “glmer”
function of the lme4 package. The model was again selected using AIC values obtained with the
“dredge” function in the MuMIn package according to a model that excluded the temperature factor
(i.e., the “Null” model). In this analysis, the unaffected seedling rate was the response variable; seedling
height (mean value in replication) and individual post-inoculation temperature factors were the fixed
effects among the explanatory variables; family, test site, inoculation year, repetition, the interaction
between family and test site, the interaction between inoculation family and inoculation year, and the
interaction between test site and inoculation year were the random effects among the explanatory
variables. Family was again set as “binomial” using the logit link function. Following logistic regression
analyses, the AIC values of all models were calculated using the “AIC” function. We also used the
function “predict”, to predict the unaffected seedling rate under the optimal climatic conditions selected
by the analysis. At that time, the prediction was performed using the same seedling height (overall
mean across all test sites, years, and families), considering the effect of seedling height on unaffected
seedling rate.
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3. Results

3.1. Seedling Heights

Seedling heights (with standard deviations) prior to the inoculation tests are shown in Figure 2.
The overall mean of seedling heights was 26.6 cm across five test sites, three years, and six families.
Mean seedling heights for each family were 28.3 cm for M90, 27.2 cm for N37, 23.4 cm for T54, 25.6 cm
for SO6, 27.7 cm for CT7, and 28.0 cm for TT13 across five test sites and three years. Seedlings tended
to be taller in TBO compared to in the other test sites.

 

Figure 2. Mean seedling heights of P. thunbergii families before inoculation with PWNs in: (a) 2015,
(b) 2016, (c) 2017. Error bars represent standard deviations (SD). Test site abbreviations: Tohoku
Regional Breeding Office (TBO), Forest Tree Breeding Center (FTBC), Kansai Regional Breeding Office
(KABO), Shikoku Breeding Stock Garden (SSG), and Kyushu Regional Breeding Office (KYBO). Family
name abbreviations: Misaki 90 (M90), Namikata 37 (N37), Tanabe 54 (T54), Shizuoka (Oosuka) 6 (SO6),
Chiba (Tomiura) 7 (CT7), and Tottori (Tottori) 13 (TT13).

3.2. Unaffected Seedling Rates

The unaffected seedling rates are shown in Figure 3. The mean of unaffected seedling rates for the
six families in 2015 were 72.3% for TBO, 56.2% for FTBC, 21.5% for KABO, 29.0% for SSG, and 20.5%
for KYBO. In 2016, the means of unaffected seedling rates for all families were 74.3% for TBO, 65.8%
for FTBC, 7.4% for KABO, 23.7% for SSG, and 6.7% for KYBO. The mean of unaffected seedling rates
in 2017 for all families were 39.1% for TBO, 51.6% for FTBC, 2.9% for KABO, and 13.8% for KYBO.
The mean unaffected seedling rates for each family were 52.7% for M90, 46.9% for N37, 27.1% for T54,
24.6% for SO6, 14.5% for CT7, and 42.2% for TT13 across five test sites and three inoculation years.
Across the three years, the unaffected seedling rate was higher at TBO and FTBC than at KABO, SSG,
and KYBO.

160



Forests 2020, 11, 922

 

Figure 3. Unaffected seedling rate of P. thunbergii families before inoculation with PWNs in: (a) 2015,
(b) 2016, (c) 2017. Test site abbreviations: Tohoku Regional Breeding Office (TBO), Forest Tree Breeding
Center (FTBC), Kansai Regional Breeding Office (KABO), Shikoku Breeding Stock Garden (SSG), and
Kyushu Regional Breeding Office (KYBO). Family name abbreviations: Misaki 90 (M90), Namikata
37 (N37), Tanabe 54 (T54), Shizuoka (Oosuka) 6 (SO6), Chiba (Tomiura) 7 (CT7), and Tottori (Tottori)
13 (TT13).

The deviance and significance of the test site, inoculation year, and interaction between test site
and inoculation year are shown in Table 2. Significant differences (p < 0.01) in unaffected seedling
rates were observed according to test site, inoculation year, and the interaction between test site and
inoculation year. Multiple comparison analysis (using the Tukey method) among the test sites showed
that the unaffected seedling rates at TBO and FTBC were significantly higher than the rates at KABO,
SSG, and KYBO (p < 0.05). A similar analysis of inoculation years showed that the unaffected seedling
rates in 2015 and 2016 were significantly higher than the rate in 2017 (p < 0.05). From the estimated
proportions of the variance components of each random effect, family accounted for >90% of all
variance components; in contrast, replication and the interaction between family and inoculation year
were almost zero. The BLUP values of unaffected seedling rate in each family were as follows: 1.06 for
M90, 0.73 for N37, −0.25 for T54, −0.52 for SO6, −1.40 for CT7, and 0.42 for TT13.

Table 2. Effects of site and inoculation year on unaffected seedling rate analyzed using a generalized
linear mixed model.

Deviance
Degree of
Freedom

Significance
Pr (>χ2)

Seedling height 10.369 1 0.0013 p < 0.01
Test site 242.816 4 <2.2 × 10−16 p < 0.01

Year 101.763 2 <2.2 × 10−16 p < 0.01
Test site × Year 29.450 7 0.0001 p < 0.01

3.3. Analysis of Temperature Factors Affecting Unaffected Seedling Rate

For all temperature factors, all correlation coefficients values were negative values (Figure 4).
The correlation coefficients of CT, CT20, and CT25 were higher than those of CT30. The highest
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correlation coefficient in all temperature factors was CT at the 6 DAI (r = −0.804). For CT20, the highest
correlation coefficient was observed on the 13 DAI (r = −0.786). For CT25, the highest correlation
coefficient was observed on the 14 DAI (r = −0.746). In CT, CT20, and CT25, the correlation coefficients
tended to gradually decrease after showing the highest value.

 

Figure 4. Changes in the correlation coefficients for each temperature factor according to the unaffected
seedling rate of each P. thunbergii family. The value of the correlation coefficient in this figure is the
mean value of six families. Error bars represent SD. DAI: days after inoculation. Temperature factor
abbreviations: CT, CT20, CT25, and CT30 are represented cumulative temperature with different
thresholds (0 ◦C, 20 ◦C, 25 ◦C, and 30 ◦C) from the day of inoculation to the n DAI.

In the analysis of the effects of post-inoculation temperature factors on the unaffected seedling
rate of P. thunbergii ten weeks after inoculation (Figure 5), the AICs of CT, CT20, and CT25 were lower
than that of CT30. The lowest AIC for all temperature factors for CT25 was on the 19 DAI (AIC = 665).
For CT20, the lowest AIC was observed on the 19 DAI (AIC = 666). The correlation coefficients 19 DAI
were −0.766 for CT, −0.756 for CT20, and −0.719 for CT25. In all temperature factors, the AICs tended
to gradually increase after reaching the lowest value.

 

Figure 5. Changes in Akaike information criterion (AIC) values calculated from a generalized linear
mixed model including temperature. DAI: days after inoculation. Temperature factor abbreviations:
CT, CT20, CT25, and CT30 represented cumulative temperature with different thresholds (0 ◦C, 20 ◦C,
25 ◦C, and 30 ◦C) from the day of inoculation to the n DAI.
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When the family-level unaffected seedling rate was predicted by the model including CT25 on
the 19 DAI, negative relationships were shown in all families (Figure 6). The observed correlation
coefficients were −0.760 for M90, −0.774 for N37, −0.792 for T54, −0.800 for SO6, −0.767 for CT7,
and −0.789 for TT13. Unaffected seedling rates for each family apparently decrease as the cumulative
temperature rises. At all ranges of cumulative temperature, the unaffected seedling rate was predicted
to be higher in the order of M90, N37, TT13, T54, SO6, and CT7. This order of families matched that of
the BLUP results.

 

Figure 6. Relationship between optimum temperature factor and predicted unaffected seedling rate.
The predicted unaffected seedling calculated from a generalized linear mixed model including optimum
temperature factor (CT25 at 19 DAI). DAI: days after inoculation. Family name abbreviations: Misaki
90 (M90), Namikata 37 (N37), Tanabe 54 (T54), Shizuoka (Oosuka) 6 (SO6), Chiba (Tomiura) 7 (CT7),
and Tottori (Tottori) 13 (TT13).

4. Discussion

4.1. Differences in PWN-Resistance among Test Sites and Inoculation Years

In inoculation tests conducted across multiple nurseries, it has been suggested that the unaffected
seedling rates of P. thunbergii resistant families vary greatly depending on climatic factors related to
the test site and the inoculation year [18–20]. Our results support this suggestion: the unaffected
seedling rates differed among test sites and inoculation years, thus the PWN resistance of P. thunbergii
was apparently affected by climatic factors at the test site and during the inoculation year. However,
the variance component of resistant families was substantially larger for the pine family than for
the interaction between the family and the test site or the interaction between the family and the
inoculation year, thus the rank of the unaffected seedling rate of six families was stable even though
the climatic conditions were different in the three years studied. The ranking of unaffected seedling
rate was in the following order: M90, N37, TT13, T54, SO6, and CT7. The highest levels of resistance
to PWN also apparently followed this order. The variation in unaffected seedling rate in the present
study was large, ranging from 2.9% to 74.3%. This wide range may have been created by the differing
temperature factors at the five sites over three years.

4.2. Temperature Factors Affecting PWN-Resistance

Previous studies have shown that PWN migration and propagation in P.thunbergii trees are
important for symptom development of PWD and for mortality [12–14]. It has also been shown that
cumulative temperature, especially at 25–30 ◦C, is important for the propagation of inoculated PWNs
in pine trees [13,14]. In the present study, the AIC value was lowest in CT25 on the 19 DAI, and the
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correlation coefficient also showed a high value. Our results suggest that a cumulative temperature of
25 ◦C or higher affects the unaffected seedling rate of resistant P. thunbergii after inoculation, which is
the same temperature range with propagation of PWN after inoculation [13,14].

Not only CT25 at 19 DAI but also CT and CT20 at 19 DAI showed low AICs. From this result,
the temperature factor, the cumulative temperature until 19 DAI, seems to be considerably related to the
unaffected seedling rate. Hirao et al. [29] investigated gene expression after inoculation using grafted
clones of PWN-resistant and PWN-susceptible P. thunbergii and reported that genes related to cell wall
strength were significantly higher in resistant P. thunbergii clones at 14 DAI than in susceptible pine
clones at 7 DAI. Kusumoto et al. [30] also investigated histological response, tissue damage expansion,
and PWN distribution after inoculation using grafted clones of PWN-resistant and PWN-susceptible
P. thunbergii, and reported that PWN propagation was suppressed immediately after inoculation,
and that proteins related to cell wall strength were highly expressed in resistant pine clones relative
to susceptible pine clones. According to our findings, in general, cumulative temperature has a
greater effect on seedling rate soon after inoculation, e.g., 19 DAI. Therefore, in resistant P. thunbergii,
we suggest that if the cumulative temperature is low soon after inoculation, the propagation of PWNs
in the P. thunbergii tree is likely to be insufficient to cause death in the infested trees due to the
protective reaction.

As the correlation coefficients between the predicted unaffected seedling rate and the CT25 at
19 DAI were negative for all families, unaffected seedling rate apparently decreases as the cumulative
temperature (25 ◦C or higher) rises. However, the cumulative temperature of 25 ◦C or higher that
affected the unaffected seedling rate differed among resistant pine families. The more resistant the
family was, the higher the cumulative temperature required to effect the unaffected seedling rate.
We suggest that these family differences in the cumulative temperature that affect the unaffected
seedling rate are related to the propagation of PWNs in the trees after inoculation. Although the
resistance mechanism to PWNs in P. thunbergii has yet to be confirmed, it has been suggested that
post-inoculation migration and propagation of PWNs is restricted in resistant pine trees [21,31,32].
Among the families studied here, for example, M90 is highly resistant to PWN, so they perhaps
restricted the propagation of PWN after inoculation more than other families. Therefore, higher
cumulative temperatures were required for sufficient propagation for the disease develop.

4.3. Application to the Resistance Breeding Program

The results of the present study suggest that the unaffected seedling rates of PWN-resistant
P. thunbergii families decrease as the cumulative temperature (25 ◦C or higher) increases. In addition,
the effects of cumulative temperature appear to occur soon after PWN inoculation, i.e., at 19 DAI.
However, these effects differed in each of the families tested here. That is, the higher the resistance to
PWN, the higher the cumulative temperature needed.

In Japan, resistant clones selected from the field (first-generation) are crossed, and second-
generation resistant P. thunbergii are then selected. Candidate trees from the second generation of
resistant clones are estimated to have higher levels of resistance than those of the first generation [33,34].
Given our results, it will be necessary to increase the selection criteria in future, when selecting the
second generation, in order to effectively evaluate the resistance level. For example, we suggest that
inoculation tests should be conducted when high temperatures are expected.

5. Conclusions

We conducted PWN inoculation tests on six common open-pollinated families of resistant
P. thunbergii in the nurseries of five test sites from 2015 to 2017, in order to consider the effects of
temperature factors on PWN resistance. The results suggested that the unaffected seedling rates of
PWN-resistant P. thunbergii families decrease as the cumulative temperature increases. However,
the cumulative temperatures that affected unaffected seedling rate differed among families. Namely,
higher cumulative temperatures were required for the effect in more highly PWN-resistant pines.
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In addition, early cumulative temperatures had greater effects on the unaffected seedling rate of
PWN-resistant P. thunbergii.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/9/922/s1,
Figure S1: Mean temperatures for the current inoculation test period at each test site in 2015, 2016, and 2017.
This Figure was created from data obtained from AMeDAS (Automated Meteorological Data Acquisition System)
of Japan Meteorological Agency (http://www.data.jma.go.jp/obd/stats/etrn/index.php). Test site abbreviations:
Tohoku Regional Breeding Office (TBO), Forest Tree Breeding Center (FTBC), Kansai Regional Breeding Office
(KABO), Shikoku Breeding Stock Garden (SSG), and Kyushu Regional Breeding Office (KYBO). Table S1: Dates of
Inoculation and investigations.
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28. Bartoń, K. MuMIn: Multi-Model Inference; R Package Version 1.43.17; 2020. Available online: https:

//CRAN.R-project.org/package=MuMIn (accessed on 1 June 2020).
29. Hirao, T.; Fukatsu, E.; Watanabe, A. Characterization of resistance to pine wood nematode infection in Pinus

thunbergii using suppression subtractive hybridization. BMC Plant. Biol. 2012, 12, 13. [CrossRef] [PubMed]
30. Kusumoto, D.; Yonemichi, T.; Inoue, H.; Hirao, T.; Watanabe, A.; Yamada, T. Comparison of histological

responses and tissue damage expansion between resistant and susceptible Pine thunbergii infected with pine
wood nematode Bursaphelenchus xylophilus. J. For. Res. 2014, 19, 285–294. [CrossRef]

31. Kuroda, K. Inhibiting factors of symptom development in several Japanese red pine (Pinus densiflora) families
selected as resistant to pine wilt. J. For. Res. 2004, 9, 217–224. [CrossRef]

32. Nakajima, G.; Iki, T.; Yamanobe, T.; Nakamura, K.; Aikawa, T. Spatial and temporal distribution of
Bursaphelenchus xylophilus inoculated in grafts of a resistant clone of Pinus thunbergii. J. For. Res. 2019, 24,
93–99. [CrossRef]

33. Matsunaga, K.; Watanabe, A. Outline of the results of the “Project to advance the development of technology
for varieties of Japanese black pine and red pine resistant to the pine wood nematode” commissioned by
the Forestry Agency, Ministry of Agriculture, Forestry and Fisheries of Japan—Characterization of pine
wood nematode and development of 2nd generation resistant varieties. For. Genet. Breed. 2018, 7, 115–119.
(In Japanese)

34. Iwaizumi, M.G. The development of 2nd generation resistant Japanese red pine varieties in collaboration
with Prefecture. For. Genet. Breed. 2018, 7, 159–161. (In Japanese)

© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

166



Article

Do Seedlings Derived from Pinewood
Nematode-Resistant Pinus thunbergii Parl. Clones
Selected in Southwestern Region Perform Well in
Northern Regions in Japan? Inferences from
Nursery Inoculation Tests

Koji Matsunaga 1,*,†, Taiichi Iki 2,†, Tomonori Hirao 3, Mineko Ohira 3, Taro Yamanobe 3,

Masakazu G. Iwaizumi 4, Masahiro Miura 4, Keiya Isoda 3, Manabu Kurita 1, Makoto Takahashi 3

and Atsushi Watanabe 5

1 Kyushu Regional Breeding Office, Forest Tree Breeding Center, Forestry and Forest Products
Research Institute, 2320-5 Suya, Koshi, Kumamoto 861-1102, Japan; mkuri@affrc.go.jp

2 Tohoku Regional Breeding Office, Forest Tree Breeding Center, Forestry and Forest Products
Research Institute, 95 Osaki, Takizawa, Iwate 020-0621, Japan; iki@affrc.go.jp

3 Forest Tree Breeding Center, Forestry and Forest Products Research Institute, 3809-1 Ishii, Juo, Hitachi,
Ibaraki 319-1301, Japan; hiratomo@affrc.go.jp (T.H.); sasamine@affrc.go.jp (M.O.);
yamanobe@affrc.go.jp (T.Y.); keiso@affrc.go.jp (K.I.); makotot@affrc.go.jp (M.T.)

4 Kansai Regional Breeding Office, Forest Tree Breeding Center, Forestry and Forest Products
Research Institute, 1043, Uetsukinaka, Shoo, Katsuta, Okayama 709-4335, Japan;
ganchan@affrc.go.jp (M.G.I.); miumasa@affrc.go.jp (M.M.)

5 Department of Forest Environmental Science, Faculty of Agriculture, Kyushu University,
744 Motooka, Nishiku, Fukuoka 819-0395, Japan; nabeatsu@agr.kyushu-u.ac.jp

* Correspondence: makoji@affrc.go.jp; Tel.: +81-96-242-3151
† These authors contribute equally.

Received: 24 July 2020; Accepted: 28 August 2020; Published: 1 September 2020

Abstract: Background and Objectives: To determine whether the progeny of pinewood nematode-resistant
Pinus thunbergii Parl. clones selected in the southwestern region of Japan could be successful in reforestation
in the northern region, we investigated the magnitude of the genotype–environment interaction effect
on the resistance against Bursaphelenchus xylophilus (Steiner and Buhrer) Nickle in P. thunbergii. Materials
and Methods: We inoculated P. thunbergii seedlings of six full-sib families, with various resistance levels,
with B. xylophilus in nurseries at three experimental sites in the northern and southern regions of Japan.
All parental clones of the tested families originated from southwestern Japan, and selection of parental
clones for resistance was performed in the same region. Sound rates after nematode inoculation were
calculated, and survival analysis, correlation analysis and variance component analysis were performed.
Results and Conclusions: Families with high sound rate in the southern region also showed a high
sound rate in the northern region. In almost all cases, Spearman’s correlation coefficients for sound rates
were more than 0.698 among sites. The variance component of the interaction between site and family
was small compared to that of site and family separately. Thus, we conclude that the resistant clones
selected in the southern region would retain their genetic resistance in the northern regions.

Keywords: pine wilt disease; Bursaphelenchus xylophilus; genotype by environment interaction;
Japanese black pine; variance component
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1. Introduction

Japanese black pine Pinus thunbergii Parl. is one of the major forestry species in Japan. Pine seedlings
have been planted across a wide coastal area of Japan, from the northern part of Honshu island to the
southern part of Kyushu island, to protect land and houses against strong winds and sand movement
inland [1]. After the invasion of the pinewood nematode, Bursaphelenchus xylophilus (Steiner and Buhrer)
Nickle, from North America to Kyushu island in the early 20th century causing pine wilt disease (PWD)
in P. thunbergii forests, the disease has spread to the northern part of Japan [2–4]. Currently, the disease
has been reported in all the prefectures of Japan except Hokkaido, the northern most prefecture [5].
From a global perspective, PWD in East Asia (Japan, South Korea, China and Taiwan) has now spread
to southwestern Europe (Portugal and Spain) [4–9], and there is a risk that the disease will spread to
neighboring countries [10,11].

To combat PWD, a national resistance breeding program of Pinus densiflora Sieb. et Zucc. (Japanese red
pine) and P. thunbergii was started in southwestern Japan in 1978 as a part of an integrated pest management.
In the program, 92 P. densiflora and 16 P. thunbergii resistant clones were selected [12]. The selected clones
were propagated by grafting and used in PWD-resistant seed orchards. As PWD spread into the eastern
and northern parts of Japan, supplemental resistance breeding programs were started in the Tohoku and
Kanto regions [13,14]. Although many resistant clones were selected and resistant seed orchards were
established in the eastern and northern regions in the programs, these eastern and northern orchards
included resistant clones selected in the southern region of Japan to supplement shortages of resistant
clones in the surrounding regions. Japan has a large geographic extension from north to south, with a
highly variable climate. Until now, the genetic capability of resistant clones selected in southern Japan, or
their progeny, in the northern regions of Japan has not been examined.

Species, provenance and family variation in resistance or susceptibility to pinewood nematode has
been reported in artificial inoculation experiments using graftings, half- or full-sib families of pine species,
and studies have shown the relatively high heritability of resistance or susceptibility in P. thunbergii,
P. densiflora and Pinus pinaster Ait. (maritime pine) [15–20]. On the other hand, environmental factors
also affect PWD development in infected trees. High air temperature, dry soil conditions and low-light
intensity promote disease development, shorten the time until death and increase mortality [21–23].
However, there is limited knowledge of the effect of the interaction between genotype by environmental
factors (G × E) on resistance. A previous study, based on a six-year B. xylophilus inoculation experiment
using open-pollinated families of P. thunbergii, showed that the family-by-year effect for resistance level is
smaller than the family effect [16]. In P. pinaster, a G × E interaction was reported based on a greenhouse
inoculation test using seedlings from six provenances [18].

Resistance breeding against invasive pests generally begins at the site of the pest introduction.
When there is a risk of pest expansion to neighboring regions with different climates, and if the clones
or gene pool selected by resistance breeding display resistance in other regions with different climates,
those genetic resources and breeding materials can be used in pest control strategies in other regions.
In recent years, PWD has invaded southwestern Europe, and resistance breeding of P. pinaster has
begun in Portugal and Spain [19,20]. In Japan, the first PWD outbreak occurred in Nagasaki, Kyushu in
the southwestern region, and resistance breeding began in the southwestern region.

Here, to clarify if the progeny of southern resistant clones retain their genetic resistance to PWD
in the northern region of Japan, the seedlings of six P. thunbergii families with various resistance levels
were inoculated with an isolate of B. xylophilus at three sites with different climates. Then, the external
symptom was assessed and analyzed.

2. Materials and Methods

2.1. Experimental Sites

Nurseries in the Tohoku Regional Breeding Office (TBO), Forest Tree Breeding Center (FTBC),
and Kyushu Regional Breeding Office (KYBO) were used as the three sites for the experiment (Figure 1).
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TBO (39◦49′4.8” N, 141◦8′13.2” E) is located in Iwate Prefecture in the Tohoku region, in the northern
part of Honshu island. FTBC (36◦41′31.2”◦ N, 140◦41′24” E) is located in Ibaraki Prefecture in the
Kanto region, central Honshu island. KYBO (32◦52′51.6” N, 130◦44′9.6” E) is located in Kumamoto
Prefecture in the Kyushu region, Kyushu island. The distance between TBO and KYBO is about
1200 km. The climate around TBO is cool and the monthly average temperature in winter is below
0 ◦C (Figure 2) [24]. On the other hand, the climate around KYBO is warm and the monthly average
temperature in summer exceeds 25 ◦C. The climate around FTBC is intermediate between the two;
in summer, the temperature is close to that of TBO, and in winter it is close to that of KYBO. Precipitation
in June and July is high as it is the rainy season around KYBO.

Figure 1. The experimental sites and the origin of materials used in this study. Filled circles indicate
the three experimental sites, Tohoku Regional Breeding Office (TBO), Forest Tree Breeding Center
(FTBC) and Kyushu Regional Breeding Office (KYBO). Open circles indicate the origins of 12 parental
clones crossed to produce full-sib families used in this study. Italicize letters indicate the names
of the four main islands of Japan. This map was created from the blank map published Geospatial
Information Authority of Japan. Clone name abbreviations: Amakusa20 (A20), Namikata37 (N37),
Yoshida2 (Y2), Tanabe54 (T54), Kimotuki24 (K24), Minamatasho105 (M105), Karatsu17 (K17), Karatsu16
(K16), Tosashimizu63 (T63), Oseto12 (O12), Kimotsuki29 (K29), and Amakusa1 (A1).
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Figure 2. Monthly mean air temperature and monthly precipitation of three experimental sites in 2014.
Data was obtained from the AMeDAS (Automated Meteorological Data Acquisition System) of Japan
Meteorological Agency. The values for TBO, FTBC, and KYBO sites were measured at Morioka, Hitachi,
and Kikuchi observatories, which are close to the experimental sites.

2.2. Pine Seedlings

Six P. thunbergii full-sib families produced by artificial crossing were used in the experiment (Table 1).
In order to include pine trees with a large variation in their resistance to PWD, we used six PWD-resistant
clones with high or intermediate resistance (Amakusa20 (A20), Namikata37 (N37), Yoshida2 (Y2),
Karatsu17 (K17), Karatsu16 (K16), and Tosashimizu63 (T63)), two PWN-resistant clones with relatively
low resistance (Tanabe54 (T54) and Oseto12 (O12)), and four plus-tree clones (Kimotuki24 (K24),
Kimotsuki29 (K29), Minamatasho105 (M105), and Amakusa1 (A1)). The resistant clones were selected
using B. xylophilus artificial inoculation tests and plus-tree clones were selected by phenotypically
superior evaluation for growth and stem form. All parental clones originated in southwestern Japan
(Figure 1) and were propagated by grafting and stored in KYBO. The inoculation test for resistant clone
selection was also performed in southwestern Japan. The resistance levels of eight parental resistant
clones, based on the nematode inoculation test using their open-pollinated families, have already been
reported [25,26]. The resistance rank of parental clones is described in Table 1. The other four plus-tree
clones were not selected for their resistance and the resistance levels of their open-pollinated or crossed
families were low, based on preliminary inoculation tests.

Table 1. Details of the Pinus thunbergii full-sib families used in this study.

Mother Father No. of Seedlings, Height (Mean ± SD)

Clone (Abbreviation) Rank* Clone (Abbreviation) Rank* TBO FTBC KYBO

Amakusa20 (A20) 3/13 Karatsu17 (K17) 1/13 39 31.9 ± 7.2 a 70 30.1 ± 4.0 b 92 26.6 ± 5.4 b
Namikata37 (N37) 3/16 Karatsu16 (K16) 5/13 42 30.2 ± 7.6 ab 69 32.7 ± 5.2 a 77 30.9 ± 5.1 a

Yoshida2 (Y2) 4/16 Tosashimizu63 (T63) 6/16 39 29.7 ± 6.5 ab 71 26.6 ± 3.9 d 52 21.1 ± 3.0 c
Tanabe54 (T54) 10/16 Oseto12 (O12) 14/16 25 22.5 ± 6.0 c 68 25.4 ± 4.6 e 76 15.2 ± 4.3 d

Kimotsuki24 (K24) - Kimotsuki29 (K29) - 22 25.8 ± 7.0 bc 70 28.5 ± 5.3 c 58 19.7 ± 4.0 c
Minamatasho105 (M105) - Amakusa1 (A1) - 33 32.7 ± 7.5 a 71 26.7 ± 5.2 d 72 20.6 ± 4.5 c

Total 200 29.4 ± 7.7 419 28.3 ± 5.3 427 22.7 ± 7.0

Rank* shows the rank of clone resistance based on the progeny test by Matsunaga et al, [26]. The denominator
and the numerator indicate the number of resistant clones evaluated at the same time and the clone rank among
them, respectively. -: no evaluation. Means followed by a common letter are not significantly different at 5% level
of significance.

One hundred seeds belonging to each of the six families were sown in the TBO, FTBC and KYBO
nurseries in the spring of 2013. The following spring, the seedlings of each family were transplanted to
another location in the nursery, with a random block design of family with two replicates at 20 cm × 20 cm
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spacing in FTBC and KYBO. In the TBO nursery, our preliminary test results showed that 1.5-year-old
seedlings were not large enough for use in the inoculation experiment. In the present study, seedlings were
not transplanted in the TBO nursery; instead, 2–3 seeds were sown at 20 cm × 20 cm spacing, and extra
seedlings were removed to ensure only one remained in each 20 cm × 20 cm grid. Prior to inoculation,
there were 200, 419, and 427 seedlings in the TBO, FTBC, and KYBO sites, respectively (Table 1). The height
of each seedling was measured during the week prior to inoculation.

2.3. Nematode Inoculation and Symptom Observation

For inoculation, an isolate of B. xylophilus (Ka4) obtained from dead P. densiflora in Ibaraki Prefecture
in 1999 [27] and sub-cultured in the laboratory at FTBC was used. After an incubation of approximately
10 d on Botrytis cinerea Pers., a fungus, on barley grains, the nematodes were separated from the media
using the Baermann funnel method. The nematode suspension was adjusted to 200,000 nematodes/mL
of water. Nematode incubation and suspension adjustment were conducted at each site.

Nematode inoculation was conducted on 1 July 2014 in all sites. A 5 cm length of seedling stem
was peeled with a sharp knife at approximately 5–10 cm above the ground, and the wound was
scratched with small sow before inoculation with 50 μL of suspension containing 10,000 nematodes
using a micropipette.

The inoculated seedlings were observed weekly and external symptoms were classified into three
categories (0: no symptoms, 1: browning of needles on one or more branches, 2: browning of all
needles). Seedlings with an external symptom level of 1 were considered as diseased, and the seedlings
with a level of 2 as dead. Subsequently, sound seedling rate and survival rate were calculated as follows:

Sound seedling rate = No. of seedlings in symptom class 0/No. of inoculated seedlings
Survival rate = No. of seedlings in symptom class 0 and 1/No. of inoculated seedlings

The sound seedling rate was the rate of seedlings without external symptoms, and focused on the
seedlings with higher resistant level. On the other hand, the survival rate was the rate of surviving
seedlings that included not only sound seedlings but also diseased and partially dead ones. From the
viewpoint of preventive counteracts, we used the sound seedling rate as a major indicator and the
survival rate as the supplemental result, as we considered that no symptoms were more important
than surviving. Observations were carried out for 10 weeks after inoculation (WAI); however, in TBO
the 4-week and 8-week survey was not conducted.

2.4. Statistical Analysis

R version 4.0.0 [28] was used for all statistical analyses. Seedling height was analyzed with a
linear mixed model using the lmer function of the lme4 package [29] to determine the size variation
of seedlings. In the model, mean height of each replicate of each of the six families from the three
sites was calculated and used as the response variable; while family, site and their interaction were
used as explanatory variables with fixed effects and replication within site was used as an explanatory
variable with random effects. As model selection based on the AIC value with the function dredge in
the MuMIn package [30] selected the model with an interaction between family and site (Table S1),
we separated the data of each site and conducted multiple comparisons among families using the glht
function in the multcomp package [31].

To compare the disease development process among sites and families, we conducted a two-step
survival analysis using Kaplan–Meier estimators. For comparison among sites, Kaplan–Meier estimators
were calculated for sound rate of seedlings and log-rank test with Bonferroni-adjusted p values was
applied for multiple comparisons among sites. Since the composition ratio of the six families did not
differ significantly by site (Chi-square test, X2-value: 15.56, d. f.: 10, p-value: 0.1130), no weighting
was applied to the number of seedlings for each family in each site. Then, to compare the disease
development process among families within sites, Kaplan–Meier estimators were calculated and the
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log-rank test with Bonferroni-adjusted p values was also applied. For the survival analysis, the functions
survfit and survdiff in the survival package [32] were used.

Pairwise Spearman’s correlation coefficients among sites were calculated to compare the order of
resistance level among the six families.

To compare the relative effects of the site, family and their interaction on the variance of sound
seedling rate, variance components of the factors were estimated using generalized linear mixed
models with the glmer function of the lme4 package, with family assumed as a binomial error structure
and logit link function [29]. Number of diseased seedlings (symptom class 1 and 2) and number of
sound seedlings (symptom class 0) in a family in each replicate in a site was used as the response
variable, and site, family, their interaction and replicate within each site were used as explanatory
variables with random effects. Mean seedling height was added to the model as an explanatory variable
with fixed effects. This analysis was applied to the data for 5, 6, 7, 9 and 10 WAI only, because no data
was collected weeks 4 and 8 in TBO and there were few diseased seedlings before 3 WAI in FTBC.

Survival analysis, calculation of Spearman’s correlation coefficient and variance component
analysis were also conducted on survival rate.

3. Results

3.1. Seedling Height

Overall, mean seedling height was 26.4 cm across the three sites. Mean height across the six
families at sites TBO, FTBC and KYBO were 29.4, 28.3, and 22.7 cm, respectively (Table 1). A model
including the interaction between site and family was selected as the best model for seedling height
(Table S1). After separating the data according to site, the model selected for each site included the
family component. Multiple comparisons showed that seedling height significantly varied among
families in all sites (Table 1). The height of T54 × O12 was always significantly lower than that of the
other families. M105 × A1 was the tallest family in TBO, but was the fourth tallest family in FTBC
and KYBO.

3.2. Sound Seedling Rate

The Kaplan–Meier estimators for sound seedling rates showed that the disease developmental
process varied among the three sites (Figure 3). Diseased seedlings were first observed at 2 WAI at TBO
and KYBO, and one week later at FTBC. The sound seedling rate sharply decreased until 6, 5 and 4 WAI
in TBO, FTBC and KYBO, respectively, and then decreased more gradually. Total sound seedling rate
at 10 WAI across the three sites was 0.27 ± 0.45 (mean ± SD) and 0.24 ± 0.43, 0.50 ± 0.50, and 0.07 ± 0.25
in TBO, FTBC, and KYBO, respectively. Pairwise log-rank tests showed that the survival curves of the
three sites significantly differed from each other (X2: 97.7, d.f.: 1, p: <0.001 for TBO vs. FTBC; X2: 60.9,
d.f.: 1, p: <0.001 for TBO vs. KYBO; X2: 399, d.f.: 1, p: <0.001 for FTBC vs. KYBO).

Figure 3. Kaplan–Meier estimator for sound seedling rate of six Pinus thunbergii full-sib families
inoculated with Bursaphelenchus xylophilus in the three experimental sites. Black, dashed and gray lines
indicate TBO, FTBC, and KYBO respectively.
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The Kaplan–Meier estimators showed that the disease developmental process varied among families
in all sites (Figure 4). Diseased seedlings were observed at 2 WAI in three (T54 × O12, K24 × K29,
and M105 × A1) of the six families at TBO and in four (Y2 × T63, T54 ×O12, K24 × K29, and M105 × A1)
of the six families at KYBO (Table S2). At FTBC, disease development in inoculated seedlings appeared
at 3 WAI in two families (T54 × O12 and K24 × K29). Pairwise log-rank tests showed that families
derived from high- and intermediate-resistance parental clones had a significantly lower risk of disease
development than the families derived from low-resistance and plus-tree parental clones (Figure 4).
The curves of the disease development process were more clearly divergent among families in FTBC and
TBO than in KYBO.

Figure 4. Kaplan–Meier estimator for sound seedling rate of six Pinus thunbergii full-sib families
inoculated with Bursaphelenchus xylophilus in each of the three experimental sites. (a) TBO; (b) FTBC;
and (c) KYBO. See Table 1 for abbreviated names of pine families. Family names followed by a common
letter are not significantly different at the 5% level of significance.

Spearman correlation coefficients for sound rate were higher than 0.698 at three or more WAI in
each pair of sites (Table 2). At 2 WAI, when disease development was in the initial phase, the coefficient
was relatively low: 0.400 between TBO and KYBO.

Table 2. Spearman’s correlation coefficient for sound seedling rate of Pinus thunbergii inoculated with
Bursaphelenchus xylophilus.

Week
Spearman’s Correlation Coefficient (p-Value)

TBO vs. FTBC TBO vs. KYBO FTBC vs. KYBO

2 0.400 (0.419)
3 0.789 (0.058) 0.754 (0.103) 0.845 (0.033)
4 0.759 (0.058)
5 0.943 (0.003) 0.759 (0.058) 0.698 (0.136)
6 0.928 (0.017) 0.770 (0.058) 0.698 (0.136)
7 0.812 (0.058) 0.893 (0.017) 0.698 (0.136)
8 0.698 (0.136)
9 0.754 (0.103) 0.955 (0.003) 0.698 (0.136)
10 0.812 (0.058) 0.893 (0.017) 0.698 (0.136)

Correlation coefficients were calculated for data after the occurrence of disease development in seedlings.

For the variance components from 5–10 WAI, the family component consistently occupied the
largest proportion (Figure 5, Table S3). The proportion of the variance component of the interaction
between site and family was consistently small compared to that of both site and family separately.
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Variance component proportions of replication within site were consistently very small (less than 1%
in all examined weeks).

Figure 5. Proportion of variance components of site, family, their interaction, and replication within site
for sound seedling rate of Pinus thunbergii after inoculation with Bursaphelenchus xylophilus. Variance
component analysis was not conducted for 8 weeks after inoculation due to missing data in TBO.

Survival rate data was similar to that of the sound seedlings rate. All survival rate results are shown
in supplemental figures and tables (survival analysis among sites: Figure S1, survival analysis among
families: Figure S2, Correlation: Table S4, and variance component analysis: Figure S3 and Table S5).

4. Discussion

In this study, we inoculated six P. thunbergii families with variable resistance to PWD with
a B. xylophilus isolate in nurseries at three different sites in the northern and southern regions of
the Japanese archipelago. Consequently, families with higher sound seedling rate in the KYBO site
exhibited higher sound seedling rate in the TBO and FTBC sites. Spearman correlation coefficients
for family sound seedling rate among sites were relatively high and positive. Moreover, variance
component analyses revealed only a small contribution of the interaction between site and family
to total variance in sound seedling rate. These results show that the P. thunbergii seedlings obtained
from the selected resistant clones with high resistance level in southern Japan may retain their high
resistance in northern Japan.

Previous studies have described the G× E interaction of resistance or susceptibility of pine seedlings
to B. xylophilus. A six-year inoculation experiment using the 16 half-sib families of resistant P. thunbergii
clones showed that the variance component of the interaction between year and family was less than
one half of the family variance component [16]. G × E interactions in the susceptibility to B. xylophilus
was reported in P. pinaster, based on greenhouse inoculation tests using seedlings derived from six
provenances [18]. Although the magnitude of the effect of the interaction was not clearly described in
the paper, seedlings from a particular provenance may exhibit some degree of interaction. The results of
the previous studies and the present study suggest that the effect of the G × E interaction of resistance to
B. xylophilus could be small in the half-sib or full-sib families of pine seedlings, although certain genetic
groups may be more sensitive to the ambient environment.

In this study, the sound seedling rate was highest in FTBC, followed by TBO and KYBO. TBO is
located northward of FTBC, with a cooler climate (specifically, climatological standard normal of the
average monthly temperature in July is 21.8 ◦C for TBO and 22.8 ◦C for FTBC). Since low temperature
suppresses the progress of PWD development [33,34], we expected that the sound seedling rate of
TBO would be the highest, but based on the inoculation test results of TBO this was not the case.
Close examination of the meteorological data in the experimental year, 2014, revealed that the average
temperature in July was 23.5 ◦C in both TBO and FTBC, and the average temperature during the week
after inoculation was 22.8 ◦C in TBO and 21.6 ◦C in FTBC. The low sound seedling rate in TBO may
have been affected by the slightly higher temperature just after inoculation.
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By March 2020, 54 first-generation and 40 second-generation PWD-resistant P. thunbergii clones had
been selected in southwestern Japan. If progeny of the resistant clones selected in the southern region were
to be planted in the northern region, the following factors should be considered: growth, snow-resistance,
reproductive traits of clones, administrative seed transfer zones [35] and genetic structure of P. thunbergii
throughout Japan [36]. However, the present study focused on the most important factor, which is the
resistance to pinewood nematode. Using the most- and least-resistant seedlings available from southern
P. thunbergii clones, we showed that the possibility of southern high-resistance clones could be used in the
eastern and northern regions of Japan. Introduction of the southern resistant clones into the production
population in eastern and northern regions could enable the promotion of resistance breeding programs
in those regions. Conversely, the possibility of utilizing northern resistant clones in the southern region
should also be considered.

5. Conclusions

Inoculation tests for six P. thunbergii families with different resistance levels were carried out using
an isolate of B. xylophilus at three sites with different climates. We indicated that the resistant rank of the
families was relatively stable regardless of different climates among three sites. The results obtained in
this study suggest that the resistant P. thunbergii clones selected in the southern region of Japan may
relatively perform their high genetic resistance well in the northern region of Japan.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/9/955/s1,
Figure S1: Kaplan–Meier estimator for survival rate of seedlings of six P. thunbergii full-sib families inoculated with
B. xylophilus in three experimental sites, Figure S2: Kaplan–Meier estimator for survival rate of six P. thunbergii
full-sib families inoculated with B. xylophilus in each of three experimental site, Figure S3:Propertion of variance
components of site, family, their interaction and replication within site for survival rate of P. thunbergii after
inoculation of B. xylophilus, Table S1: Model selection table for mean height of P. thunbergii seedlings, Table S2:
Time trend in mean sound seedling rate and survival rate of seedlings of six P. thunbergii families inoculated with
B. xylophilus in three experimental sites, Table S3: Estimated variance components for sound seedling rate of
P. thunbergii after inoculation of B. xylophilus, Table S4: Spearman’s correlation coefficients for survival rate of
P. thunbergii seedlings inoculated with B. xylophilus, Table S5: Estimated variance components for survival rate of
P. thunbergii seedlings inoculated with B. xylophilus.
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Abstract: Research highlights: Using 10-year tree height data obtained after planting from the
range-wide provenance trials of Abies sachalinensis, we constructed multivariate random forests (MRF),
a machine learning algorithm, with climatic variables. The constructed MRF enabled prediction of
the optimum seed source to achieve good performance in terms of height growth at every planting
site on a fine scale. Background and objectives: Because forest tree species are adapted to the local
environment, local seeds are empirically considered as the best sources for planting. However, in some
cases, local seed sources show lower performance in height growth than that showed by non-local
seed sources. Tree improvement programs aim to identify seed sources for obtaining high-quality
timber products by performing provenance trials. Materials and methods: Range-wide provenance
trials for one of the most important silvicultural species, Abies sachalinensis, were established in 1980
at nine transplanting experimental sites. We constructed an MRF to estimate the responses of tree
height at 10 years after planting at eight climatic variables at 1 km × 1 km resolution. The model
was applied for prediction of tree height throughout Hokkaido Island. Results: Our model showed
that four environmental variables were major factors affecting height growth—winter solar radiation,
warmth index, maximum snow depth, and spring solar radiation. A tree height prediction map
revealed that local seeds showed the best performance except in the southernmost region and
several parts of northern regions. Moreover, the map of optimum seed provenance suggested that
deployment of distant seed sources can outperform local sources in the southernmost and northern
regions. Conclusions: We predicted that local seeds showed optimum growth, whereas non-local
seeds had the potential to outperform local seeds in some regions. Several deployment options were
proposed to improve tree growth.

Keywords: local adaptation; Sakhalin fir; silviculture; seed zone; tree improvement program

1. Introduction

Plant species often show local adaptation, which is a process by which populations genetically
diverge in response to natural selection specific to their habitat [1]. Therefore, maladaptation is often
observed when plants are transplanted to different growth environments [2]. This is also observed for
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long-lived forest tree species with a wide distribution range which are often genetically adapted to
local climatic environments, despite their extensive gene flow [3]. Traditionally, provenance trials of
forest trees have aimed to identify optimal seed provenances to ensure successful tree planting [4–6].
These attempts often result in accepting local seeds to avoid maladaptation caused by environmental
mismatch between the afforestation site and the seed origin [7]. In contrast, in some cases, the best
performance was achieved by introducing seeds of several species at several planting sites. For example,
range-wide provenance trials of Pinus sylvestris revealed that progeny derived from warmer climates
outgrew local seed sources in central and northern sites, whereas local seeds grew best in southern
sites [8].

Range-wide provenance trials are necessary for evaluating the validity of seed zones, choosing
appropriate seed sources, and providing transfer guidelines in forest improvement programs [5,7,9–11].
Seed zones are generally established in geo-topographically and climatically distinct regions [12].
Conifers have a long history of provenance trials, such as descriptions of the seed zones for pines
in the southern USA based on a series of long-term trials of Pinus echinata, P. elliottii, P. palustris,
and P. taeda [13]. In British Columbia to Minnesota, seed zones for forestry species have been evaluated
and modified based on provenance trials, genotypes, and phenotypes [14]. Seed zones for P. densifolia
were validated by long-term provenance trials in Japan [15].

While range-wide provenance trials are fundamental for identifying appropriate seed sources for
reforestation programs, these trials are costly, time-consuming, and can only handle a limited number
of provenances [7]. Recently, application of statistical models has been considered as relevant for
establishing seed zones and seed transfer guidelines [11,14,16,17]. One of the pioneering examples
is that fine-scale seed transfer guidelines were developed based on multivariate models for white
spruce in Alberta, Canada [11]. Recent studies used statistical models (e.g. species distribution models)
to predict the potential distribution of forestry species under various climatic conditions [18–21].
These studies suggested solutions for forest conservation management such as future vulnerability
of core and buffer conservation areas [22–27]. However, statistical models have not been applied to
improve forestry production such as in predicting future growth of plantations. Together with data
from provenance trials and environmental factors, statistical models are practical for evaluating seed
zones and seed transfer guidelines based on the prediction of traits and local adaptation under given
climatic conditions.

Abies sachalinensis is a major component of natural forests in Hokkaido, northern Japan.
The geographical distribution of A. sachalinensis includes Sakhalin, the southern Kuril Islands,
and Hokkaido, the northernmost island of the Japanese Archipelago [28]. As one of the most important
commercial timber species in Hokkaido, the proportion of timber volume of artificial plantations is
approximately 50% and the seedling stock is 25–30%. The breeding program for A. sachalinensis began
in the 1950s in Hokkaido. During the program, a total of 782 “plus trees”, showing good performance
in growth and stem straightness, were selected from natural and artificial forests throughout Hokkaido.
The initial seed zones were determined in 1985 based on the results of common garden and provenance
trials (e.g., [29]) and the local climate. According to the seed zones, breeding programs have been
started to establish seed orchards in different regional zones. To improve timber production, these seed
zones must be validated. Initial evaluation of seed zones was based on the results obtained from
three provenance test sites [30]. For further improvement of future timber production, comprehensive
assessment using a range-wide provenance test is necessary to validate the seed zones.

In this study, we applied a statistical model with climatic variables to predict tree height at
10 years after planting of different provenances of A. sachalinensis throughout Hokkaido. Furthermore,
we proposed appropriate seed sources for achieving the best performance in terms of height growth.
Finally, we described modifications to seed zones and seed transfer guidelines.
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2. Materials and Methods

2.1. Study Area

Hokkaido is the northernmost island of the Japanese Archipelago and ranges from N 41◦21′–45◦3′

to E 139◦20′–145◦49′ (Figure 1). It has upper temperate forest in the southern peninsula and sub-boreal
forest in the northern and eastern parts. Climatic conditions in the western region are affected by the
coastal climate of the Sea of Japan, characterized by heavy snowfall in winter (Figure 2). In contrast,
the eastern part of the island has cold and dry winters. There are volcanic mountain ranges of
approximately 2000 m altitude at the centre of the island, which comprises alpine forests. The natural
distribution of A. sachalinensis covers most of the montane forests in Hokkaido, where upper temperate
to sub-boreal and alpine forests are found.

2.2. Regional Groups and Seed Provenances

The different commercial seed zones for A. sachalinensis were recently updated by Nakada
et al. [31], and five zones were recognized—the West, North, East, Eastern edge, and South. In this
study, we evaluated seven regional groups—W, N, EN, EE, ES, S, and SS groups (Table S1, Figure 1).
In the East zone, two sub-zones were suggested based on the climatic difference between the Sea of
Okhotsk and the Pacific Ocean sides [32]. We adopted this suggestion and subdivided the East zone
into the EN and ES groups. Moreover, the Oshima Peninsula in the West and South zones have a
warmer climate and different vegetation from other parts of Hokkaido in which wild A. sachalinensis
is scarcely distributed [33]. Additionally, our previous study revealed that the southern populations
showed low genetic diversity and were genetically differentiated from other populations [34]. Thus,
we discriminated SS as a regional group referring to the southern part of the South seed zone.

In the 1970s, open pollinated seeds were collected from 88 trees throughout Hokkaido. Most of
the selected trees were plus trees. Seeds were distinguished as a “family” based on each mother tree.
Meanwhile, selected breeding materials were absent in SS, where open pollinated seeds produced
from local trees were bulked and used for planting. Thus, these local seeds were used as a single
family. The resulting 89 families and their regional groups are shown in Table S1. The geographical
coordinates of the origins of these families were curated from the register books deposited at the
Forestry Research Institute, Hokkaido Research Organization (HRO) as provenance locations (Figure 1).
Notably, a provenance location of the local family in the SS group was set to the location of a natural
stand, assuming the historical origin of the local seeds used. The collected seeds were sown in 1975 in
several nurseries in Hokkaido.

2.3. Range-Wide Provenance Tests

In 1980, the HRO established range-wide provenance tests at nine localities [35–38]. Test sites
were established in seven regional groups including three boundary areas and were managed by code
numbers A30 to A38 (Table 1; Figure 1). Six-year-old seedlings were transplanted to these sites in the
autumn of 1980. Because of the limited number of seedlings, the number of planted families differed
among sites, ranging from 41 to 82 (56 families on average) (Table 1). The average number of planted
sites for a single family was 5.7, indicating an effective number of repetitions for the provenance tests.

Three replicates were established at each planting site. Thirty trees per family were planted within
each replicate, whereas 40 trees were planted in A35. The tree density ranged from 2200 to 5200 trees
per ha according to the conditions of the sites. A complete dataset of tree height and mortality was
available until the measurements done in 1989—10 years after transplantation. The measurements at
several sites were abandoned after 1990 because of severe meteorological and/or biological damage,
which made the range-wide model prediction difficult. We then used the tree height at 10 years after
transplantation as a single time point for subsequent analysis.
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Table 1. Summary of provenance tests for A. sachalinensis. The values for tree height and survival rate
at 10 years after planting.

Site Regional Latitude Longitude No. of Tree Height Survival
Code Group (◦N) (◦E) Planted Families (m) Rate (%)

A30 SS 41.8488 141.1192 53 3.47 ± 0.70 90.5
A31 W 42.7481 140.6308 41 2.79 ± 1.41 65.6
A32 S 42.4586 142.4664 45 3.32 ± 0.96 63.7
A33 W 43.2803 141.8785 82 3.50 ± 0.90 85.7
A34 N 44.5550 142.2576 55 1.56 ± 0.75 76.8
A35 EN 44.2273 142.9343 51 3.17 ± 0.91 77.1
A36 EN 43.6542 143.7846 49 2.97 ± 0.98 59.4
A37 ES 42.7309 143.4939 64 3.71 ± 0.84 93.7
A38 EE 43.0415 144.9744 64 2.37 ±0.91 70.7

Average 56 3.14 ± 1.08 75.9

Figure 1. A map of study area showing locations of testing sites, provenances, and regional groups.

2.4. Climatic Data

We used climatic data for grid cells from the Japan Meteorological Agency [39], which had a
spatial resolution of 30′′ N × 45′′ E (approximately 1 km × 1 km). The following eight climatic
variables, which were considered as important for the growth of A. sachalinensis according to previous
studies [29,32], were calculated (Figure 2). The warmth index (WI) (◦C month) was defined as the
annual sum of positive differences between the monthly mean temperature and +5 ◦C [40], indicating
an effective heat quantity for the growth of plants. The monthly mean daily minimum temperature of
the coldest month (TMC) (◦C) provides a measure of extreme coldness. Precipitation during summer
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(PRS) (mm) is a sum of precipitation from May to September and represents the water supply during
the growing season. The maximum snow depth (MSD) (m) is a measure of snow accumulation.
Solar radiation in winter (October to April, WinSR), spring (May, SprSR), summer (June to August,
SumSR), and autumn (September, AutSR) (0.1 MJ/m2/day) are measures of energy distributions in
each season. Spring, summer, autumn, and winter months for each variable were determined by
variables of each month showing mutually positive relationships.

To evaluate the effects of distances in climatic environments between 89 seed provenances
(Table S1) and nine testing sites, we calculated the differences in temperatures and solar radiation
as well as the relative ratios of precipitation variables including PRS and MSD between the seed
provenances and the testing sites. Previous studies also revealed that environmental distances
gave better results than the geographic distances for predicting the fitness of other species [2].
Our preliminary analyses used actual climate values as explanatory variables, by which the models did
not fit better than the present models (data not shown). Thus, climatic distances between seed sources
and planting sites were valid and used as explanatory variables for model construction. Relative ratios
were calculated as follows:

Rpi = ((Tpi − Spj)/Spj)× 100 (1)

Rpi: relative ratio of precipitation variables (PRS and MSD) between testing site i and seed provenance
j, Tpi: precipitation variables at testing site i, Spj: precipitation variables at seed provenance j.

These climatic distance data were used for model construction. To project the result of prediction
throughout the study area, the differences and relative ratios of the climatic variables between each
grid cell and mean values among seed provenances in each regional group were calculated.

2.5. Statistical Model for the Height Growth of A. sachalinensis

To identify the effects of climatic distances between seed provenances and testing sites on
the height growth of A. sachalinensis, we constructed multivariate random forests (MRF) [41].
Random forest (RF) is a machine learning method that assembles the results of base learners such
as tree-based models with a randomization process that enables high learning performance [42].
MRF extended the RF method to treat unified cases including multivariate response regression.
Tree heights at 10 years after planting among seven regional groups were used as response variables
(Code S1). The distances of eight climatic variables between seed provenances and testing sites were
used as explanatory variables. We applied the MRF to every grid cell throughout Hokkaido and
predicted the tree heights in the seven regional groups. Optimum provenances for every grid cell were
projected based on the prediction throughout Hokkaido. We excluded the area showing a WI of less
than 35 from the projection because these areas are out of the A. sachalinensis plantation range (data not
shown). “randomForestSRC” package [43,44] on R version 3.6.2 [45] was used to construct the MRF,
and QGIS version 3.4 [46] was used for projection.
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Figure 2. Maps for climatic variables used as explanatory variables. Open circles indicate testing sites,
and plus signs indicate provenances.

3. Results

3.1. Measured Height Growth Performance among Testing Sites

The average tree height was 3.16 m among all planting sites (Table 1). The average of tree heights
in A37 was 2.4-fold of that in A34. Tree height in A34 was severely compromised by Scleroderris canker
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disease. For many transplants at this site, a reduced height was frequently observed because of the
death of branches by the disease, whereas death of the tree was caused by the disease in a few cases.
Tree height was also negatively affected by several meteorological factors at other sites; for example,
snow pressure broke branches in A31, late frost damaged young shoots in A36, and winter cold injury
or desiccation occurred in A38 where transplants were not covered by snow because of the shallowest
snow depth among all testing sites.

Figure 3. Importance of explanatory climatic variables in each regional group in multivariate random
forests (MRF). The importance of each variable was identified based on increased mean square errors
in the MRF.

3.2. Model Accuracy and Climatic Conditions Controlling Height Growth of A. sachalinensis

The MRF for the height growth of A. sachalinensis with climatic distances between seed
provenances and testing sites showed the following coefficient of determinations (R2)—0.32 for W,
0.36 for N, 0.31 for EN, 0.33 for EE, 0.38 for ES, 0.38 for S, and 0.45 for SS (Figure S1). These R2 values
and Figure S1 show that the prediction accuracy of the MRF was not high; however, the overall trends
in height growth were reproduced successfully. Variable importance analysis of the regional groups
in the MRF showed that WinSR, WI, MSD, and SprSR had relatively important effects on the height
growth of A. sachalinensis, whereas the order of variable importance differed among the regional
groups (Figure 3). WinSR showed the highest importance in most regional groups, except in W and N.
MSD showed the highest importance in the W region, which has the heaviest snowfall. In contrast,
PRS had the lowest importance, except in the W region.

The response of predicted tree height to the important four climatic variables in the MRF showed
that trends in the response to the climatic distances generally differed by region (Figure 4). However,
there was a common trend in the responses to WinSR in which the tree height growth exhibited peaks
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close to the local point across all regional groups. In addition, two patterns were mainly identified
along a geographic gradient; W, N, and SS in the western part of Hokkaido had unimodal peaks
in height growth on the positive side of the WinSR distances, whereas EE and ES in the eastern
part of Hokkaido retained peaks after the distances when WinSR increased to positive. As for MSD,
height growth peaked around zero in the distances (i.e., local environment) among all the regional
groups in common. Two patterns in height growth were identified in response to the distances in the
MSD; height growth peaked when the distances in MSD decreased to negative values (W, N, and SS)
or increased to positive values (EN, EE, ES, and S). The response patterns to distances in the WI and
SprSR were consistent among regional groups except SS for WI and W and SS for SprSR, respectively.

Figure 4. Responses of height growth to important climatic variable distances in each regional group
according to multivariate random forests. Dashed black lines indicate expected values, dashed red
lines indicate mean confidence intervals (expected values ± 2 × standard errors), and rugs on x-axes
indicate data existence.

3.3. Prediction Maps for Tree Height

Assuming that local seeds were planted in each regional group, we predicted the tree height by
region based on the prediction of the MRF (Figure 5a). We also projected maps for tree height which
assumed that seeds derived from each regional group were planted throughout Hokkaido individually
(Figure S2). These maps showed that predicted heights differed among the planted seeds in regional
groups because of the difference in the importance and responses to climatic distances (Figures 3 and 4).
Trees derived from the ES and S regions grew taller (larger than 3.7 m) in the local region. In contrast,
trees were relatively shorter (less than 3.4 m) when they were derived from marginal regional groups
(i.e., EE and SS) than those from other groups.

The maximum tree heights for every grid cell were projected to show a potential tree height
map which assumed that the best seeds were used for planting, regardless of whether they were
local or non-local (Figure 5b). Seeds derived from the ES, S, and EE regions showed similar heights
and distribution patterns between local and optimum seed provenance cases (Figures 5a,b and S3).
However, in the N and W regions, tree height growth was clearly improved when seeds derived from
optimum seed provenances were used.

A map of the optimum regional groups as seed sources for each grid cell showed that seeds
derived from local regional groups generally showed the best height growth (Figure 6). The proportions
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of local seeds were the highest among the W, EN, EE, and ES regional groups. Particularly, local seeds
exhibited the best performance in 95% of the area in S regional group. S was the only regional
group selected as an optimum seed source among all regional groups. In the N region, however,
the proportions of non-local seeds derived from neighboring regional groups (S, EN, and W) were
higher than those of local seeds. In addition, local seeds were typically not selected as the best seed
provenance in the SS regional group.

4. Discussion

In this study, we successfully estimated the responses of height growth of A. sachalinensis to
climatic conditions corresponding to seed sources (i.e., regional groups) using MRF, data from
range-wide provenance tests, and fine scale (approximately 1 km) climatic data. Prediction maps for
the tree height of A. sachalinensis were successfully projected by assuming that seeds derived from local
or optimum seed sources were used. Moreover, we evaluated the validity of the current framework of
seed zones, which used local seed sources and proposed appropriate options to improve the height
growth of A. sachalinensis.

4.1. Important Climatic Factors Affecting the Height Growth of A. sachalinensis

The MRF showed that WinSR, WI, MSD, and SprSR were important factors affecting the
height growth of A. sachalinensis, although the order of importance differed among regional groups
(Figure 3). The model also showed that responses of height growth to climatic variables differed
among regional groups, which may reflect different selection regimes to local environments (Figure 4).
Genetic differentiation along environmental gradients was circumstantial evidence of local adaptation
to the respective environment [34].

For five of the seven regional groups, WinSR was the most important climatic factor. WI and
MSD were the most important factors at two sites (N and W, respectively) (Figure 3). The responses to
WinSR and MSD showed that the height growth had peaks close to the local environments (Figure 4).
These results suggest that WinSR and MSD, climatic factors of the winter, are the main drivers of
local adaptation in the height growth of A. sachalinensis. Furthermore, these two variables showed
another common trend; the response pattern of the height growth to the variables differed between
western (W, N, and SS) and eastern regional groups (EE and ES). Hatakeyama [29] also revealed that
WinSR and MSD affected height variation among seed provenances. Okada et al. [47] indicated that
the number of layers of winter buds, which may be correlated with climatic factors such as WinSR,
was significantly different between western and eastern seed provenances in Hokkaido. In addition,
our previous study revealed that WinSR was positively related to the genetic differentiation of natural
populations along longitudinal gradients, whereas WI, MSD, and SprSR were negatively related to
these differences [34]. Therefore, the regional ecotypes of A. sachalinensis would be genetically adapted
to the local climate along a longitudinal gradient.

In general, the photosynthetic activity of evergreen conifers including A. sachalinensis is ceased
or extremely low during winter [48]. However, our results suggested WinSR as an important factor
affecting the height growth of A. sachalinensis. The months of October, November, and April were
included in WinSR, in which the photosynthetic activity of A. sachalinensis was reported to be active [48].
In addition, some studies suggested that solar radiation in early spring was important for the shoot
growth of A. sachalinensis and coniferous trees [49,50]. Our results suggest that solar radiation during
early winter and spring are important in the local adaptation for height growth of A. sachalinensis
through photosynthesis, although unmeasured variables, which are highly correlated with winter
solar radiation, can be important.

The results of examination of the MSD response revealed sharp phenotypic adaptation in all
provenances. Too much snowfall shortens growing season by causing a long snow cover period
and increases mechanical damages due to snow pressure [29]; these effects may decrease the
height growth of A. sachalinensis derived from eastern regions with low snowfall, as these plants
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were not adapted to heavy snow. Therefore, MSD is an important selective driver of the local
adaptation of A. sachalinensis [29]. Ecological divergence at the ecotone between the Sea of Japan
side (heavy snowfall) and the Pacific Ocean side (poor snowfall) was also demonstrated in other
species such as Fagus crenata [51] and Cryptomeria japonica [52].

In contrast, PRS was not selected as an important factor in this study (Figure 3). However, PRS is
considered as a critical factor determining the distribution of species in the genus Abies because Abies
is generally less drought-resistant than other coniferous species are [53,54]. Our results suggest that
the range of PRS in Hokkaido is sufficient for the height growth of A. sachalinensis in all regions.

4.2. Optimum Regions and Seed Sources for Height Growth of A. sachalinensis

Tree height prediction maps revealed that local seeds generally showed the optimum performance,
although the predicted tree heights differed among planting regions (Figures 5 and 6). The height
growth of local seeds was fairly good in the western ES and eastern S regional groups (Figure 5a).
This suggests that the climatic conditions in these areas are suitable for the height growth of
A. sachalinensis. In contrast, local seeds did not perform well in the EE region, and even deployment of
other seed sources did not improve the performance. These results indicate that climatic conditions in
the EE region are unfavorable for A. sachalinensis height growth at young ages, although productivity
at the mature stage in this region is known to be high. Seed sources were selected as optimum only in
the local region except for that in the eastern part of ES, which is adjacent to the EE region. Clear local
adaptation to the Pacific Ocean side may be responsible for this trend, which has also been observed
for other woody species [51,52].

In some regions including W, N, and SS, seeds from distant sources outperformed those from
local sources (Figures 5b and 6). In these regions, tree height growth was clearly improved when
non-local but optimum seed sources were used (Figure S3). Particularly, seeds from the S region were
the only materials found to be optimum across all regional groups, suggesting that they have high
plasticity to grow in a wide range of climatic conditions. The geographic location of the region may
be a reason for this; the S region lies on an ecotone between the Sea of Japan side with heavy snow
and low solar radiation and the Pacific Ocean side with poor snow and high solar radiation in winter
(Figure 2), which is a common characteristic across the Japanese Archipelago. Trees derived from the
S region were also known to show intermediate values in some key traits with regional variations,
for example freezing tolerance [29,32]. Therefore, seed sources in S may be universal materials useful
for wide-range planting (Figure 6, Figure S2). For planting in the N region, seed sources derived from
adjacent regional groups were selected as optimum materials as well as local seeds. Unsuitability of
distant non-local regional groups seems to be a common pattern of this species, since the consistent
result was also recognized in EE and ES regions, even though they had contrasting climatic characters
to the N region. Therefore, overall responses to climatic factors were considered to be robust including
the N region. However, when considering the optimum materials and their performances in this
region, our model seems to have a limit of prediction accuracy. The test site in the N region (A34)
severely suffered from Scleroderris canker disease. The infection rate was reported to as high as 87.4%
until the seventh year after transplantation [38]. The height growth that was affected by this disease
was observed to be the smallest in average among all sites, whereas the survival rate (76.5%) was not
greatly affected (Table 1). Biological factors, including such diseases, were not incorporated in this
study, which may cause decrease in prediction accuracy especially in this region. Further studies are
needed to assess the growth potential of local and adjacent non-local materials.
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Figure 5. Predicted tree height for (a) local provenance and (b) optimum seed provenance. Gray area
indicates alpine zone with less than 35 in the WI, which was excluded from the projection.
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Figure 6. Optimum provenance for planting based on predicted tree height by multivariate random
forests. Pie charts show the fraction of areas for which each seed provenance was predicted as optimum
in each regional group. Gray area indicates alpine zone with less than 35 in the WI which was excluded
from the projection.

Similar to the N regional group, some difficulties remain in comprehensively evaluating seed
sources. A seed source in the SS regional group was indicated to be an inferior material for local
planting. However, further validation of SS is required because only one provenance was evaluated
in the present study, and unlike in other regions, the seeds were not derived from selected breeding
materials but originated from a local natural stand. Furthermore, the mechanisms of local adaptation
of A. sachalinensis remain unclear. To achieve successful silviculture, we should consider not only tree
growth but also other factors such as mortality [55].

Average 10-year survival rates for each of the regional groups at each testing site showed that
the local group or the adjacent groups showed relatively high survival rate in most sites (Figure S4).
This pattern was similar to the overall trends shown by MRF in this study (Figures 5 and 6), that is also
observed in the averaged tree height in Figure S4. Moreover, our preliminary analysis on mortality
showed consistency with the results on tree height in this study, such as common important variables.
Therefore, we concluded that the validity of our current results was confirmed, which suggested
appropriate deployment of seed sources. It has been widely acceptable for major conifers to use
tree height for their evaluation as optimum seed sources, such as Pinus sylvestris [56], P. glauca [11],
and Picea abies [57]. Further analysis is also expected to quantify both the growth and survival potentials
of each seed sources, since non-local seeds represented complex responses (Figure S4).
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4.3. Implications for Improving the Height Growth of A. sachalinensis

Range-wide provenance tests have been used to establish and modify seed zones and seed transfer
guidelines to improve the tree growth of many forestry species [55,58–60]. There are three conceptual
options for improving the current frameworks: (i) re-set the current seed zones, (ii) facilitate appropriate
seed transfer, (iii) facilitate assisted gene flow beyond the seed zones to avoid a reduction in tree
growth caused by a mismatch to future climatic conditions [7,61,62]. The present study incorporated
MRF and can thoroughly propose the former two options for A. sachalinensis.

For the first option, our result demonstrated the relevance of the current seed zones of this species,
as local seed sources represented optimum growth at most planting sites. Particularly, the validity
of local seed sources was clear for the S, ES, and EE regions on the Pacific Ocean side of Hokkaido.
In the present study, we set seven regional groups against the current five seed zones based on genetic
differentiation in several traits and climatic differences [32]. The East zone was then subdivided into
the EN and ES groups between the Sea of Okhotsk and the Pacific Ocean sides. The geographical
distribution of the optimum ranges for these two groups clearly indicated that the current inclusive
management by one East zone was insufficient (Figure 6) and supported the subdivision of the
East zone to use independent seed sources according to climate differences. Because A. sachalinensis
exhibited local adaptation across the environmental gradient even in a small geographic range [63],
fine-scale seed zones should be useful for this species.

For the second option, the novel seed transfer guidelines of A. sachalinensis can be predicted to
effectively improve tree growth. Adaptation to WinSR and MSD are critical factors, as indicated in
Figure 4 and previous studies [29,32]. Therefore, distant transfer over the climatic gradient, such as
the transfer between the heavy snowfall region in the western part of Hokkaido and region with
lower snowfall and more abundant sun in winter in the eastern part of Hokkaido should be avoided.
Alternatively, transfer to a warmer climate is a relevant option because the increase in WI at planting
sites from that in seed sources contributed to improving tree growth. Indeed, the model prediction
demonstrated that some non-local seed sources have the potential to show increased tree height when
at different planting sites (Figure 6). Transferring seed sources derived from S and EN into the SS
region and from W into EN are candidates for increasing height growth. Among these candidates,
seed sources in the S regional group for using SS is recommended because this follows the adjacent
and warmer transfer.

Recently, prediction of survival and growth of trees under future climate becomes important [62],
although we focused on the evaluation of current seed zones and seed transfer guidelines in this
study. In fact, MRF enables us to predict future height growth across Hokkaido by applying the
model to future climate scenarios. These data must be useful for mitigation and adaptation to the
climate change.

5. Conclusions

The application of MRF to obtain results from provenance trials was found to be relevant for
improving the seed transfer guidelines of A. sachalinensis. MRF revealed that each provenance had a
different selection regime against climatic factors. Particularly, solar radiation in winter was the most
important explanatory variable affecting tree height. The optimum map enables the fine tuning of
seed sources for a given planting site to improve timber production. As a result, height growth was
predicted to be improved using optimum seed sources rather than local seeds at some planting sites.
Thus, seed source deployment can be recommended in some localities to improve timber production.
However, silviculture practice requires a long time to yield harvests, and thus approaches for mitigating
the risk of maladaptation of deployment materials during cultivation should be considered.
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The following abbreviations are used in this manuscript:

HRO Hokkaido Research Organization
WI Warmth Index
TMC Monthly mean daily minimum temperature
PRS Precipitation during summer
MSD Maximum snow depth
WinSR Solar radiation in winter
SprSR Solar radiation in spring
SumSR Solar radiation in summer
AutSR Solar radiation in autumn
MRF Multivariate random forests
RF Random forests
QGIS Quantum Geographic Information System
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Abstract: To ensure sustainable forestry, it is important to establish an efficient management procedure
for improving the seed production capacity of seed orchards. In this study, we evaluated the effects
of girdling and increasing light intensity on female cone production in an old L. kaempferi (Lamb.)
Carr. seed orchard. We also evaluated whether there is a genotype-specific reproductive response
to these factors among clones. The results showed that female cone production was augmented
by girdling and increasing light intensity. There was a difference in the effectiveness of girdling
treatment levels, and the probability of producing female cones increased markedly at higher girdling
levels. At light intensities where the relative photosynthetic photon flux density was higher than
50%, more than half of the trees tended to produce female cones, even in intact (ungirdled) trees,
and the genotype-specific response to light intensity was more apparent in less-reproductive clones.
These findings suggested that girdling less-reproductive trees combined with increasing light intensity
was an effective management strategy for improving cone production in old seed orchards.

Keywords: breeding; genotype × environment interaction; mast seeding; seed production; thinning

1. Introduction

Japanese larch (Larix kaempferi) is a major plantation species in central and northern Japan [1].
The species has been introduced widely in China, Europe and North America, because of its rapid
growth and sparse branching characteristics. Larix kaempferi often shows superior growth compared
to other larch species (e.g., L. decidua Mill. and L. laricina (Du Roi) K. Koch) and has therefore been
widely used in breeding programs involving hybrid breeding [2,3]. As a result of these efforts,
hybrids between L. kaempferi and other larches have been used commercially in North America [4],
Europe [3] and Japan [5,6].

In Japan, a breeding program for L. kaempferi was initiated in the 1950s. As part of the program,
more than 500 first-generation plus trees were selected and used to establish clonal seed orchards [1].
The selection of second-generation plus trees started in the 2010s, and this is ongoing [1,7]. Compared to
traditional seed sources, the superior growth of seedlings derived from the clonal seed orchards of
the plus trees has been demonstrated [1], and significant variations in growth and wood property
traits among families were reported [7,8]. Data analyses based on several provenance tests clarified
that genotype × environment (G × E) interactions in several of these growth traits were not small [9].
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However, genotype-specific responses in the reproductive traits (e.g., cone production) to environmental
conditions have not yet been clarified in detail for L. kaempferi.

Reforestation using L. kaempferi has increased over the last decade in Japan, and L. kaempferi is
now the second most important forestry species for plantation in Japan and occupies about 25% of
newly planted forest areas [10]. Owing to its high juvenile growth performance, the demand for
improved seeds and seedlings of L. kaempferi has been increasing [11]. However, the clonal seed
orchards of the second-generation plus trees are currently too young to produce enough seeds. On the
other hand, the clonal seed orchards of the first-generation plus trees, which were established mainly
in the 1960s and 1970s, are now more than 50 years old. Due to the high density of old stems and
branches, these old seed orchards are too tall to be managed efficiently, and too dark to produce
sufficient quantities of good-quality seeds. In many conifers, mast seeding is a limiting factor for
sustainable seed production [12,13]. To overcome this limitation, numerous efforts have been made to
enhance seed production, e.g., improving light intensity [14–17], girdling [18–23], fertilizer [19] and
drought [24,25]. To establish an efficient management system for the old seed orchards of Japanese
larch, it is necessary to quantitatively evaluate such treatment effects on seed production.

Clear reproductive responses to changes in light intensity have been reported in forest
plants [26–28]. Previous studies that examined the effect of increasing light intensity found that
thinning operations often offer increased flowering [14,29,30]. Trees located at well-lit sites tended
to have more flowers, and the quality and quantity of their seeds were positively correlated with
magnitudes of flowering [31]. Previous studies on larch orchards have also reported that increasing
light intensity improved cone production [14–17]. Uchiyama et al. [14] quantified a relationship
between light levels and female cone production in an old orchard of L. gmelinii var. japonica. However,
quantitative estimation of the effect of light intensity is still limited for old seed orchards of L. kaempferi.

In horticulture, girdling is commonly used to promote flower production [32] and improve fruit
quality [33] and yield [32,34]. Girdling interrupts phloem transport by removing a part of the bark
and cambium without affecting xylem transport [35]. When the main stem (trunk) of a tree is girdled,
the translocation of assimilates to the below-ground parts of the tree is interrupted, resulting in a
super-abundance of assimilates in the above-ground parts above the girdle [36,37]. Girdling has
therefore been used to control the resource allocation, and to promote cone production [18–23].
It is, however, rarely quantified how different girdling levels (severity) affect the cone production
of L. kaempferi.

To ensure the sustainability of forestries, establishing an efficient management procedure for
improving the seed production in seed orchards is necessary. In this context, studies on the effects of
light intensity and girdling manipulation on the reproductive performance of mast seeding conifer
species, such as Larix and Picea, have attracted the interest of silviculturists and forest managers. In this
study, we quantitatively evaluated the effects of girdling manipulation and increasing light intensity
on female cone production in an old L. kaempferi seed orchard. We also evaluated genotype-specific
responses in reproduction among L. kaempferi clones after making changes in light intensity. Finally,
we examined the relationship between female cone production and tree sizes.

2. Materials and Methods

2.1. Study Site

The study site was the Fujisan Seed Orchard (35.42◦ N, 138.74◦ E; 1320–1350 m a.s.l.; total area
10 ha), managed by Yamanashi prefecture. The orchard, located on the northeastern slope of Mount
Fuji, is divided into several plots and the largest plot (#9; 2.4 ha) was used for this study. The orchard
was established between 1961 and 1962 and contains 526 stems (stem density: 223.8 stems/ha in 2017)
comprising 44 first-generation L. kaempferi clones that were selected mainly from forests in Yamanashi
and Nagano prefectures. The mean annual temperature and precipitation were 10.6 ◦C and 1568 mm,
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respectively. The soil of the area is comprised primarily of weathered volcanic sediments derived from
Mount Fuji.

2.2. Girdling Treatments

We examined whether girdling could be used to enhance the reproductive performance of
L. kaempferi. Girdling is a procedure that involves removing a 2 cm-wide semilunar ring of bark and
cambium at a height of approximately 80–100 cm on the main stem (trunk) using a knife (Figure A1).
We clarified the effects of the following four types of girdling treatments: one semilunar ring of bark
and cambium was removed (referred as to level 1); two semilunar rings of bark and cambium were
removed, with each ring oriented in opposite directions (level 2); three semilunar rings of bark and
cambium with the same orientation were removed (level 3); and no girdling was performed (level
0; i.e., intact). We randomly assigned 8, 14 and 12 trees to levels 1, 2 and 3, respectively, and all of
the remaining trees were assigned to level 0. Girdling was conducted in May 2016. As two of 12 trees
from the level 3 treatment group were dead in autumn, these trees were removed from the analysis.

2.3. Light Intensity

The photosynthetic photon flux density (PPFD) was used as an indicator of light intensity in this
study. Measurements were conducted on a cloudy day in July using LI-250 light meters (LI-COR,
Lincoln, Dearborn, MI, USA). The measurements were performed four times (in four directions) around
the crown of each tree at the approximate midpoint of the height of the crown (5–6 m). The mean
relative PPFD (rPPFD) was calculated for each planting position, as follows: rPPFD = PPFD above
the crown of each tree/PPFD above forest canopy (i.e., open sky).

2.4. Tree size and Reproductive Status

We scored the reproductive status of each tree based on the extent of female cone production,
as follows: trees that did not produce female cones (hereafter referred to as index 1), trees with female
cones that were very sparsely distributed within the crown (index 2), trees with female cones that were
sparsely distributed within the crown, or trees produced numerous female cones on a few branches
only (index 3) and trees producing cones abundantly on several branches (index 4).

The number of female cones produced per stem was counted manually, and all counts were
performed in triplicate. To investigate the relationship between reproductive status and tree size,
all living tree stems (trunks) within the orchard were mapped and their diameter at breast height
(DBH), tree height and crown radius was measured.

2.5. Data Analysis

To analyze the reproductive performance of L. kaempferi, we used generalized linear mixed-effect
models [38], by using R 3.2.5 [39]. Based on the reproductive score data, the effects of light intensity
and girdling on the probability of female cone production were analyzed using ordered logit and
binomial logit functions. The fixed-effect explanatory variables were rPPFD and girdling treatment;
the rPPFD was used as a covariate, while the girdling was treated as a main factor. We treated “block
within site” as a random-effect factor, to account for spatial pseudo-replication. To test whether
the genotype-specific reproductive response to light intensity varied among clones, we included “clone”
and the interaction with rPPFD (i.e., “clone:rPPFD”) as random effects.

The relationship between female cone production and tree size traits was analyzed by
ANCOVA-like linear mixed models. The DBH, height, crown radius and height/crown radius
ratio for tree stems were treated as fixed-effect covariates. We also included “clone” and the interaction
terms with traits (e.g., “clone:DBH”) as random effects. In this study, each trait was analyzed separately
because of the multicollinearity among size traits.
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3. Results

3.1. Status of the L. kaempferi Orchard

There was a marked variation in the light environment in the study orchard, and the mean rPPFD
was 50.1 ± 15.2% (Figure 1A). A total of 526 stems belonging to 44 clones were investigated. Of these
stems, 31.3% (164/526) produced female cones (Figure 1B). Of the 164 trees that reproduced, reproductive
scores of 76.8% (126) and 15.2% (25) were obtained for indices 2 and 3, respectively, while only 7.9%
(13) was obtained for index 4. In total, 18,114 cones were produced in the orchard, with the mean and
maximum numbers of cones per stem being 34.4 and 5960, respectively (Figure 1C). The mean (±SD)
DBH, height and crown radius were 38.6 ± 6.2 cm, 10.3 ± 2.2 m and 4.3 ± 0.9 m, respectively.

A) B) C)

Figure 1. Within the orchard, spatial variation in (A) relative photosynthetic photon flux density.
(B) Fruiting index of each tree. Index 1: trees that did not produce female cones, index 2: trees with
female cones that were very sparsely distributed within the crown, index 3: trees with female cones that
were sparsely distributed within the crown, or trees produced numerous female cones on a few branches
only and index 4: trees that produced female cones abundantly on several branches. (C) Number of
female cones produced per tree. Red circles indicate girdled trees and black circles indicate intact trees.

3.2. Relationship between Female Cone Production and Light Intensity or Girdling Treatments

The probability of female cone production varied markedly in response to light intensity
(rPPFD) across different girdling treatments (Figure 2, Table 1). In girdling level 0 (i.e., intact stems),
the probability of producing female cones (green: index 2 and orange: indices 3 and 4) increased
markedly with increasing light intensity. In the situation where rPPFD was greater than approximately
0.5 (i.e., 50% sunlight), the probability of producing female cones (green and orange) was larger than
that of not producing cones (blue: index 1). Two out of 12 trees in girdling level 3 died, but none of
the trees in girdling levels 0–2 died.

Table 1. Summary of generalized linear mixed-effect model for estimating the probability of
reproduction in Japanese larch. Relative photosynthetic photon flux density (rPPFD) was used
as a fixed-effect covariate, while the effect of girdling treatment was used as a fixed-effect main factor.

Coef. S.E. Z-Value p-Value

Intercept −1.84 0.45 −4.05 <0.001
Girdling level 1 1.25 0.78 1.61 0.109
Girdling level 2 2.39 0.71 3.39 <0.001
Girdling level 3 3.09 1.12 2.77 0.006

rPPFD 1.73 0.79 2.20 0.028

In darker environments, such as where rPPFD = 0.2, fewer than 20% of trees in the control group
(i.e., intact stems) produced female cones (Figure 2). On the other hand, in the girdling level 3 group,
more than 70% of trees produced female cones, even at similar light intensities.

200



Forests 2020, 11, 1110

Figure 3 shows the genotype-specific reproductive response to light conditions. Gray lines indicate
response curves estimated for each of the 44 clones. The among-clone variation in the probability of
female cone production was more apparent in darker areas, and less apparent under more brightly lit
conditions (rPPFD > 0.8).

Figure 2. Relationship between fruiting probability of trees and light intensity (relative photosynthetic
photon flux density) for different girdling treatment levels. Blue: fruiting index 1, trees not producing
female cones. Green: fruiting index 2, trees producing female cones sparsely within their crown.
Orange: fruiting index 3, trees producing abundant female cones within their crown.
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Figure 3. Genotype-specific relationship between fruiting probability and light intensity
(relative photosynthetic photon flux density) across different girdling treatment levels. Each gray line
indicates each L. kaempferi genotype (clone).

Based on the coefficient of variances (Table 2), among-clone variances in the probability of
producing cones were much evident under conditions of lower light intensities and girdling levels,
while the variation among clones decreased with increasing light intensities.

3.3. Relationship between Female Cone Production and Tree Size

When examining the relationships between female cone production and traits of the trees
(size and shape), a significant negative relationship was observed between female cone production
and the height/crown radius ratio (p < 0.05; bold black line in Figure 4D), and smaller trees with a
relatively wider crown radius tended to produce more female cones. No significant relationships were
observed between female cone production and the other traits (Figure 4A–C).
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Table 2. The coefficient of variance (CV) for among-clone differences in the probability of producing
female cones.

rPPFD: 0.2 rPPFD: 0.5 rPPFD: 0.8

Girdling level 0 26.4% 13.1% 2.9%
Girdling level 1 16.8% 7.4% 1.4%
Girdling level 2 8.3% 3.3% 0.6%
Girdling level 3 4.8% 1.8% 0.3%
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Figure 4. Relationship between number of female cones per tree and (A) tree diameter, (B) tree height,
(C) crown radius and (D) height/crown radius ratio. In panel D, the thick black line indicates a
significant regression relationship across all genotypes (p < 0.05), while gray lines indicate relationships
for each genotype. There were no significant relationships between female cone production and
the other traits (A–C).

4. Discussion

In northern conifer species including Japanese larch, mast seeding, i.e., low frequent abundant
fruiting events, is a limiting factor for sustainable seed production, and numerous efforts have been
made to overcome this limitation [12,13]. Several trials for increasing cone production have been
conducted on larch species, such as L. kaempferi, L decidua and L. laricina, and some success has
been reported for treatments involving girdling [18–23], gibberellins [40], nitrogen fertilizer [19],
drought [24] and branch bending [41]. However, the results obtained from yet other studies using
similar treatments have often been inconsistent, such as ineffective stimulation by gibberellins [42–44],
nitrogen fertilizer [15] and root pruning [24]. These disparities could be attributed to differences in
the age and growing conditions (natural stands, seed orchards or pots in greenhouses, etc.). In old
seed orchards containing trees that are not well managed, restoring the reproductive capacity could
be considered to be relatively difficult. However, the findings of our study showed that female cone
production of old L. kaempferi trees can be enhanced by girdling and increasing the light intensity.

As in previous studies [18–23], our study confirmed that girdling was effective for improving
female cone production, even in the old L. kaempferi orchard. In an orchard of 42-year-old L. kaempferi,
more than 90% (19/20) of the girdled trees totally produced about 8000 cones, while only 25% (5/20)
of the intact trees yielded 42 cones [22]. Similarly, female cone production in girdled trees increased
more than ten times in natural stands of 70- [45] and 90-year-old [19] western larch, compared to
intact trees. However, when girdling was conducted on young trees (17 years old), the effects of
girdling on the proportion of trees which produced cones and the cone production per tree were less
apparent [40], suggesting that age-dependent sexual maturity may affect the efficiency of girdling.
Although the efficiency of girdling at different ages has not yet been clarified, our study found that
girdling is a low-cost method that can be used to efficiently restore the cone production capacity of old
L. kaempferi seed orchards.

Girdling has been regarded as a cost-efficient and useful technique for disrupting phloem transport
while limiting detrimental effects [46]. However, it has also been reported that the positive effects of
girdling are relatively limited in duration, and repeated girdling might adversely affect tree vigor and
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decrease total reproductive output [47]. In our study, there was considerable variation in the magnitude
of the girdling effect among the different girdling treatment levels (see the coefficients in Table 1:
larger coefficient values indicate a larger positive effect); the probability of producing cones was
significantly increased as the treatment level was higher (Figure 2). However, 2 out of 12 girdled trees
in the level 3 group died, while none of the girdled trees in the level 1 and 2 groups died. These results
suggest that level 2 girdling might be better for balancing tree vigor and reproduction, while level 3
might be too severe. Although the sample size of severe girdling levels in the present study may be
slightly small and the long-term effects of girdling on cone production are still unclear, the short-term
effect on increasing female cone production of L. kaempferi was confirmed in the old seed orchard.

In the present study, improvements in light intensity also had a positive influence on the probability
of producing cones. Previous studies similarly reported that trees on southern slopes that received
higher levels of insolation tended to produce abundant cones, and the branches in a crown that
received full sunlight achieved the highest cone production [48–50]. In our estimates, even in intact
(ungirdled) trees, more than half of the trees tended to produce cones when the light conditions reached
rPPFD > 50%. In a study on L. gmelinii var. japonica, Uchiyama et al. [14] recommended that light
intensity at over 50% rPPFD in an orchard is optimal. Since there was a large spatial variation in light
intensity in our studied orchard, thinning the darker areas to reduce the stem density appears to be an
efficient means of improving the reproductive status of L. kaempferi trees and for improving the seed
production capacity of the seed orchards.

Moreover, our quantitative estimates demonstrated the existence of a genotype-specific response to
increases in light intensity. When light intensity was sufficient, all of the clones had similar reproductive
potentials. However, among-clone differences in reproductive potential were much evident under
conditions of insufficient light intensity, and less-reproductive L. kaempferi clones were susceptible
to light conditions. Uchiyama et al. [14] also reported a significant G × E interaction among eight
L. gmelinii var. japonica clones. Large among-clone variation in fecundity often makes it difficult to
achieve panmixia, as seed orchards are designed on the premise of an equal reproductive contribution
of each constitutive clone [51]. In some cases, less than half of the mother trees were responsible for
more than half of the parentage in the seed orchard, resulting in an uneven genetic contribution among
seedlings [52,53]. It has been reported that treatments often have a greater effect on less-reproductive
trees, improving their genetic contribution across an orchard [52]. Improving light conditions by
thinning can therefore be an effective method for ensuring that mating in a seed orchard more closely
approximates panmixia through increasing the participation of clones in reproduction. In this context,
improving the light conditions and collecting information on genotype-specific responses to light
intensity may be useful for optimizing management regimes for improving seed production capacity
of old seed orchards, not only in terms of seed quantity but also in quality.

In an experiment on young L. kaempferi trees [41], bending the upright branches so they were
oriented downward had the effect of increasing cone bud initiation, especially on the lower surfaces of
the horizontal shoots. In the early stages of orchard management, top pruning (cutting the main trunk
and upright leader shoots) is typically conducted at a height of 3–4 m. However, in the less-intensively
managed old seed orchards of L. kaempferi, it has been found that upright branches often re-sprouted
dense adventitious shoots from the cut-off position, and the tree height was recovered. Based on our
findings, ensuring that trees have a wide crown radius and relatively low height could be a better
management strategy for improving female cone production in old orchards.

5. Conclusions

This study quantitatively evaluated the effects of girdling and increasing light intensity on female
cone production in an L. kaempferi seed orchard. The findings showed that female cone production
was augmented by both girdling and increasing light intensity. The probability of producing cones
was markedly increased when higher girdling levels were applied. When the light intensity reached
rPPFD > 50%, more than half of the mother trees tended to produce cones, even intact (ungirdled) trees,
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and the genotype-specific response to light intensity was more apparent in less-reproductive clones.
A significant negative relationship was observed between female cone production and the height/crown
radius ratio. Taken together, these findings suggested that a management procedure that combines
girdling less-reproductive trees and improving light intensity could be used to optimize and improve
the cone production capacity of old L. kaempferi seed orchards.
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Figure A1. Example photos for girdling levels 1–3.
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Abstract: As climate change progresses, the breeding of drought-tolerant forest trees is necessary.
Breeding drought-tolerant trees requires screening for drought stress using a large number of in-
dividuals and a high-throughput phenotyping method. The aim of this study was therefore to
establish high-throughput methods for evaluating the clonal stress responses to drought stress using
infrared thermography and chlorophyll fluorescence methods in Cryptomeria japonica. The stomatal
conductance index (Ig), maximum photochemical quantum yield of photosystem II (Fv/Fm), and
axial growth of four plus-tree clones of C. japonica planted in pots were measured weekly for 85 days
after irrigation was stopped. The phenotypic trait responsivity to drought stress was estimated by a
nonlinear mixed model and by introducing the cumulative water index, which considers the past
history of the soil water environment. These methods and procedures enabled us to evaluate the
clonal stress responses in C. japonica and could be applied to large-scale clone materials to promote
the breeding program for drought tolerance.

Keywords: infrared thermography; chlorophyll fluorescence; cumulative drought stress; high-
throughput phenotyping; Cryptomeria japonica

1. Introduction

The frequency of extreme climatic events, such as droughts and heatwaves, is expected
to increase as the global climate change progresses [1]. Higher temperatures and more
frequent, longer droughts are expected in Japan [2]. Stress due to drought and high tem-
peratures would have a negative impact on the growth and survival of forest trees [3,4]. In
particular, drought stress would impair the physiological mechanisms of forest trees, which
are dependent on water [5]. Thus, to adapt to these emerging circumstances, drought toler-
ance has become an important target trait in tree breeding and genetic improvement [6,7].

Breeding for drought resistance has been assessed based on sustained growth or
yield or suppressed mortality under water-deficient conditions in crop plants, such as
rice [8], wheat [9], and soybeans [10], as in forest trees such as Pinus pinaster [11] and
Eucalyptus globulus [12]. When breeding for drought resistance, morphological traits, such
as growth, yield, and mortality, and physiological traits, such as water use efficiency (WUE),
stomatal conductance, cavitation of conductive tissue, photosynthetic ability, leaf wilting,
leaf water potential, and osmotic regulation, are used as target traits. However, most of
these traits require considerable effort and time to measure and are thus not suitable for
large-scale screening in breeding programs.

Among the physiological traits involved in the drought stress response of plants, leaf
transpiration depending on stomatal conductance and photosynthetic ability can be evalu-
ated with high-throughput by using infrared thermography and chlorophyll fluorescence
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methods, respectively [13]. In trees under drought stress, stomatal conductance, which is
affected by the transpiration rate, is changed so as to maintain optimal water conditions
within trees [14–16]. In addition, the leaf temperature also changes due to evaporative heat
loss, which changes with transpiration. A method for estimating stomatal conductance
by measuring the change in leaf temperature using infrared thermography has been de-
veloped [13,17]. Infrared thermography has been applied to some tree species to evaluate
drought stress responses, because it enables to obtain data from single leaves, as well as tree
crowns, expeditiously (Jatropha curcas [18], Pinus sylvestris [19], Firmiana platanifolia [20], and
Vitis vinifera [21]). Chlorophyll fluorescence is another method that has been widely used
for to measure photosynthesis [22]. Chlorophyll fluorescence occurs when light energy
is absorbed by the chlorophyll antenna but is not used for photosynthesis or converted
into heat and which is then re-emitted as red fluorescence. Chlorophyll fluorescence is
closely related to photosynthetic carbon metabolism and leaf gas exchange [23,24]. In
plants, drought stress increases the water deficit and progressively decreases the carbon
assimilation by photosynthesis as a result of both stomatal and metabolic limitations [25–29].
Consequently, the measurement of chlorophyll fluorescence, which is noninvasive, can
be used to infer plant viability and performance in response to drought stress [30]. The
measurement of stomatal conductance using infrared thermography and the measurement
of photosynthesis using chlorophyll fluorescence are thus potentially useful tools for pre-
forming high-throughput phenotyping in tree breeding experiments focused on improving
drought resistance.

For plants, soil drought is typically not a transient stress but a cumulative one that
is also influenced by past conditions. It is therefore considered that the drought stress
responses in plants can be better understood by introducing a cumulative water index. In
forest ecology, forest remote sensing, and dendrochronology, the Standardized Precipitation
Evapotranspiration Index (SPEI) is used to estimate how the “cumulative stress” associated
with drought stress affects the decline and recovery of tree growth in the field [31,32]. How-
ever, few reports have examined the relationship between tree responses and cumulative
stress under artificially controlled soil water conditions in potted plants. When examining
the drought stress responses in potted plants, the SPEI not easily applicable to potted
plants, because the SPEI uses the monthly (or weekly) difference between precipitation and
potential evapotranspiration [33]. To solve this difficulty, we introduced the Cumulative
Water Index (CWI), which is a novel index defined as the soil moisture content cumulated
for any number of past days, which can consider the past history of the soil moisture status.
Then, we examined the responsivity and clonal variations of phenotypic traits to the CWI.

Cryptomeria japonica is a major forestry species in Japan, accounting for about 44% of
the area used for plantations [34]. It grows relatively quickly, the wood is light and soft
with excellent workability, and it is used for structural materials, such as pillars and interior
building materials. This species is highly sensitive to drought [35] due to its high water
demand and high transpiration [36]. Consequently, water stress has a marked negative
effect on its growth.

The purpose of this study was to clarify the phenotypic variation in stomatal responses
and photosynthesis activity associated with drought stress in C. japonica. To achieve this
goal, we investigated the clonal variation in growth, stomatal response, and photosyn-
thesis activity in response to drought stress among plus-tree clones of C. japonica using a
high-throughput phenotyping method based on infrared thermography and chlorophyll
fluorescence. Moreover, a statistical model that considered the cumulative soil moisture
environment was used to clarify the drought resistance characteristics among the clones.
The relationships between the growth, stomatal response, and chlorophyll fluorescence, as
a proxy of photosynthesis activity, of C. japonica in response to drought stress and the soil
water environment, considering the past history of soil conditions, are also discussed.
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2. Materials and Methods

2.1. Tree Materials and Drought Treatments

Cuttings of four C. japonica plus-tree clones (GO1, KA7, TE11, and TS1) were used as the
experimental materials in this study. For clonal propagation of cuttings, scions were collected
and placed in rooting medium (Kanuma soil) in March 2014. After rooting, cuttings were
planted in 3-L pots containing a mixed-culture soil consisting of Kanuma soil, Akadama soil,
and gardening soil amended with fertilizer (2:3:4.4) in March 2015 and grown for one year in
a greenhouse. In February 2016, the plants were transplanted to 13.5-L plastic pots containing
the same mixed-culture soil and were reared in a greenhouse with sufficient water until the
drought stress experiments were started. After three months of acclimatization by keeping
the same watering scheme, cuttings were randomly assigned to one of two treatments: no
watering (drought) and normal watering (control). Table 1 shows the seedling height of each
clone at the time the experiment was started. The experiment lasted for 85 days, from 9
May to 1 August 2016. In the drought treatment, watering was withheld from 9 May until
the end of the experiment, while the control cuttings were watered three times a week for
the duration of the experiment. Figure S1 shows the temporal changes in the soil water
contents in the two treatments.

Table 1. Mean height of the four clones at the start of the experiment.

Clone Name Treatment n Height (cm) SD

GO1
Control 5 38.5 5.0
Drought 5 37.7 5.9

KA7
Control 5 42.9 9.9
Drought 5 44.5 3.7

TE11
Control 5 39.2 3.6
Drought 5 34.8 4.4

TS1
Control 5 50.3 5.1
Drought 5 48.9 3.6

2.2. Measurement of Leaf Temperature and Calculation of Stomatal Conductance Index

Leaves of C. japonica are composed of blanchlets with many small needles; the “leaf”
in this manuscript means an about 10–20-cm-long blanchlet composed of the current
year shoot and many needles. Leaf temperature was estimated using an infrared thermal
camera (InfReC R300SR, Nippon Avionics, Yokohama, Japan), which measured the infrared
emissions at wavelengths 8–14 μm at a thermal resolution of 0.03 °C and images with a
spatial resolution of 320 × 240 pixels. When measuring individual leaves, two reference
leaves were prepared from another individual that was not used in the experiment, because
it was confirmed in previous test that there was no difference in the temperature of reference
leaves depending on the clone or individual used for the reference: leaves with fully opened
stomata (wet reference leaves) and those with fully closed stomata (dry reference leaves).
Wet reference leaves were leaves that were sprayed regularly with water to maintain their
moisture level. Dry reference leaves were coated with a mixtures of petroleum jelly and
liquid paraffin (1:2 by weight). The reference leaves were then removed and placed in the
same image capture frame as the leaves targeted for measurements (Figure S2). One pair of
the reference leaves was used for all individuals in each measurement day. Thermal images
were obtained once a week at 10:00–12:00 in a greenhouse at an adjusted photosynthetically
active radiation (PAR) (range of about 200 to 380 μmol m−2 s−1). When it was fine or
slightly cloudy weather, PAR was controlled by covering the ceiling of the green house
using a nonwoven curtain (about 80% shading rate) to avoid an excess of increasing leaf
temperature because of direct solar radiation. Thermal images were obtained 11 times in
experimental period, and one leaf of each individual was measured each time.

Software (InfReC Analyzer NS9500 Lite, Nippon Avionics) was used for image analysis
and data extraction. Pixels of current and the previous year leaves were manually selected
in the images, and the average value of the temperature of those pixels was used as the leaf
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temperature of an individual plant (Tp). The temperatures of the dry and wet reference
leaves (Td and Tw, respectively) were obtained using the same procedure as that used to
calculate the Tp. The stomatal conductance index (Ig) was calculated using the following
formula [17]:

Ig = (Td − Tp)/(Tp − Tw) (1)

To clarify the effect of drought stress on stomatal conductance, the Ig ratio (RIg) for
each clone was calculated as follows:

RIgi = Igdi/Igci (2)

where RIgi is the Ig ratio of the ith clone, Igdi is the mean value of Ig for the ith clone in the
drought treatment, and Igci is the mean value of Ig for the ith clone in the control treatment.
The RIg values of less than unity mean the decrease of stomatal conductance due to drought
treatment.

2.3. Measurement of Actual Stomatal Conductance

To confirm the accuracy of the Ig, during the drought experiment, we checked the
relationship between the Ig obtained by the infrared thermography and actual stomatal
conductance obtained by a gas exchange method using the other individuals of same
four clones that were not used in the drought experiment. The individual samples were
grown under varied soil water conditions and were measured under several environ-
mental conditions (soil water content (SWC): 0.05–0.48 cm3 cm−3, ambient temperature:
24.9–34.5 °C, and relative humidity: 52.5–70%, PAR: 300–1500 μmol m−2 s−1) to a cover
wider range of stomatal conductance. The actual stomatal conductance was measured by
using a portable gas exchange system (LI-6400, LI-COR, Lincoln, NE, USA) and the conifer
chamber (6400-22L, LI-COR) with the LED light source intensity, temperature, relative
humidity, and CO2 concentration in the chamber set to the same values as the ambient
conditions. After allowing the stomatal conductance to reach a steady state, stomatal con-
ductance was recorded five times every minute. After the measurements, the leaf surface
temperature of the same individual was measured immediately by infrared thermography
under the same conditions of measuring the actual stomatal conductance. Then, the leaves
whose actual stomatal conductance was measured were cut off and dried in an oven at
105 °C for 2 days; the oven-dried weight was measured, and the stomatal conductance per
biomass (mol g−1 s−1) was calculated. The average of these values was used as the actual
stomatal conductance of an individual cutting under ambient conditions. After that, the
actual stomatal conductance and the Ig were compared.

2.4. Measurement of Maximum Photochemical Quantum Yield (Fv/Fm)

The maximum photochemical quantum yield of photosystem II (PS II) (Fv/Fm), which
is an index of the photosynthetic ability under water deficit conditions, was measured by
the chlorophyll fluorescence method. Chlorophyll fluorescence parameters were obtained
using a pulse-amplitude modulation fluorometer (MINI-PAM, Walz, Bayern, Germany).
Thirty minutes after sunset, the minimum fluorescence level (Fo) was determined with a
low-intensity measuring light. The maximum fluorescence level (Fm) was measured after a
0.5 s saturating pulse at 4000 μmol m−2 s−1. Fv/Fm was calculated as follows:

Fv/Fm = (Fm − Fo)/Fm (3)

Fv/Fm was measured once a week at the same time as the measurements of the in-
frared thermograph were conducted, and an average of three measurements per individual
was used as the Fv/Fm of the focal individual.

RFv/Fmi = (Fv/Fmdi)/(Fv/Fmci) (4)
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where RFv/Fmi is the Fv/Fm ratio of the ith clone, and Fv/Fmdi and Fv/Fmci are the mean
values of the Fv/Fm of the ith clone in the drought and control treatments, respectively.

2.5. Measurement of Growth

Axial growth was measured as a growth trait. Before the beginning of the experiment,
a line was drawn at a point 5 cm below the apex of the main shoot with a black marker.
The distance from the mark to the shoot apex was then measured weekly, and the length
differentials were regarded as the amount of shoot growth or growth rate. To clarify the
effect of drought stress on growth, the growth rate ratio (GRR) was calculated for each
clone as follows:

GRRi = GRdi/GRci (5)

where GRRi is the growth rate ratio of the ith clone, and GRdi and GRci are the mean values
of the growth rate of the ith clone in the drought and control treatments, respectively.

2.6. Measurement of Soil Condition

The soil water content (SWC; cm3 cm−3) during the experiment was measured using
a soil moisture sensor (SM150 Soil Moisture Kit, Delta-T Devices, Cambridge, UK). The
SWC was measured by inserting the sensor into the soil at three points in each pot, and the
average value was used as the SWC of the pot. Measurement of the SWC was conducted
every one or two days. Relationship between the soil water content and soil water potential
of the mixed culture soil used in the experiment is shown in Figure S3.

2.7. Statistical Analysis

To investigate the tree responses to cumulative drought stress, the novel CWI was
defined as follows:

CWIdp =
d

∑
k = d + 1 − p

SWCk (6)

where SWCk is the soil water content (cm3 cm−3) of kth day; d is the number of days since
the start of the experiment (0 ≤ d ≤ 84); p is an arbitrary number of days from d (p = 1, 2,
3, 4, 5, 6, 7, 10, 14, 21, 28, 35, 42, 49, 56, 63, 70, 77, and 84); and CPDs is the cumulative
number of past days p days from d + 1 − p to d day, in which 1 CPD corresponds to a simple
SWC. Since the soil water conditions of the two treatment classes were similar before
starting the drought stress experiments, when calculating the CWI before the starting day
of the experiment (i.e., d + 1 − p < 0), the SWCs of the drought treatment class before the
experiment (d = 0) were assumed to be similar to the mean value of SWC in the control
class during the overall experimental period (0.461 cm3 cm−3). Since SWC was measured
every 1 or 2 days, these data were not available for every day of the experimental period.
Therefore, the SWC for nonmeasurement days was estimated by linear interpolation.

To simulate C. japonica responses to drought stress, the responsiveness of RIg, GRR,
and RFv/Fm to the CWI and the clonal effects were modeled using a nonlinear mixed-effect
model (NLMM). The Gompertz function was used to fit the responses of RIg and GRR
to the CWI (Equation (7)). Additionally, the von Bertalanffy function was used to fit the
response of RFv/Fm to the CWI (Equation (8)).

yij = exp(−α × exp(−β × CWIij)) + eij (7)

yij = 1 − exp(−β × (CWIij − α)) + eij (8)

where yij is the response variable (RIg, GRR, or RFv/Fm) of jth time point of the ith
individual; α and β are the parameters of the Gompertz and von Bertalanffy functions;
CWIij is the explanatory variable of the jth time point for the ith individual; and eij is the
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random residual. Each of the parameters α and β can be described by a linear mixed-effects
model. The full models for observation j of individual i are

yij = exp(−(bαij + cαi) × exp(−(bβij + cβi) × CWIij)) + eij (9)

yij = 1 − exp(−(bαij + cαi) × (CWIij − (bβij + cβi))) + eij (10)

where b is a vector of the fixed effects, and c is a vector of the random clonal effects.
The application of NLMMs was used to clarify the clonal response in three traits:

RIg, GRR, and RFv/Fm against drought stress. The CWI values were used as explanatory
variables in NLMMs to consider the cumulative effect of past soil water conditions. The
CPD, which was used to calculate the CWI, was serially changed from 1 to 84 days, and
the optimum CPD was determined based on the Akaike’s Information Criterion (AIC)
for each of the three traits. NLMM analysis was performed using the LME4 package in
R [37,38], and the statistical significance of the random effect parameters (i.e., among-clone
difference) were tested using the analysis of deviance.

3. Results

3.1. Ig and Actual Stomatal Conductance

Figure 1 shows the relationship between the actual stomatal conductance and the
Ig. Both traits were measured on 27 July, 2 August, and 1 October, and the relationships
between the two traits were determined on each measurement day. The relationships
between the actual stomatal conductance and the Ig on all measured days were significantly
and positively correlated (r = 0.83, 0.66, and 0.78 and p < 0.01, 0.001, and 0.05, respectively).

Figure 1. Relationship between the stomatal conductance index (Ig) estimated by the leaf temperature and actual stomatal
conductance measured by gas exchange. The measurements in (A–C) were measured on different days: 27 July, 2 August,
and 1 October, respectively.

3.2. Stomatal Conductance Response

Figure 2 shows the weekly changes in Ig from 9 May to 1 August. The Ig values for
GO1 and KA7 in the drought treatment were significantly lower than those of the controls
at 21 days post-treatment (dpt), while, in both TE11 and TS1, the first significant differences
between the control and drought treatments were observed at 14 dpt. As the experiment
progressed, Ig approached zero at 28 dpt in KA7 and TS1 and at 56 dpt in GO1 and TE11.
As shown in Figure 3, the RIg tended to decrease with the SWC under the conditions of
drought treatment. In C. japonica, the RIg tended to decrease towards zero when the SWC
decreased from about 0.25 cm3 cm−3 to 0.15 cm3 cm−3.
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Figure 2. Changes in the stomatal conductance index (Ig) in the four clones. (A–D) show the
results obtained for GO1, KA7, TE11, and TS1, respectively. Open and closed circles denote
the drought and control treatments. Statistically significant differences in the Ig between
treatments at each day post-treatment (dpt) for each clone were evaluated by Student’s t-test
(ns: not significant, *: p < 0.1, **: p < 0.05, and ***: p < 0.01).

Figure 3. Relationship between the stomatal conductance index ratio (RIg) and the soil water content
under the conditions of drought treatment. Black, red, green, and blue correspond to the clones GO1,
KA7, TE11, and TS1, respectively.
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3.3. Growth Rate

Figure 4 shows the change in the temporal growth rates of four clones during the
experiment. In the control treatment, the growth in all four clones peaked at around 21 dpt
(30 May) before decreasing. The growth in KA7 and TE11 ceased at 77 dpt (25 July), whereas
the growth in GO1 and TS1 was maintained at 0.52 and 2.14 cm/week, respectively. As in
the control treatment, the growth peaked at around 21 dpt in the drought treatment. The
growth rate of TS1 in the drought treatment decreased significantly after 21 dpt compared
to the control, and the reduction became evident earlier than in the other clones. GO1,
KA7, and TE11 exhibited significantly reduced growth after 28 dpt, 28 dpt, and 35 dpt,
respectively. In the drought treatment, KA7 and TS1 ceased growing at 49 dpt, GO1 at
56 dpt, and TE11 at 63 dpt. As shown in Figure 5, the GRRs tended to decrease with the
SWC under the conditions of drought treatment. In C. japonica, the GRR tended to decrease
towards zero when the SWC decreased from about 0.20 cm3 cm−3 to 0.10 cm3 cm−3.

3.4. Fv/Fm

The Fv/Fm exhibited similar values until the middle of the experiment, whereafter an
abrupt decrease in Fv/Fm became evident in TS1 and KA7 at 77 dpt and in GO1 and TE11
after 84 dpt (Figure 6). As the drought conditions progressed, at 84 dpt, the Fv/Fm value of
some Ts1 and KA7 cuttings decreased to zero. Figure 7 shows the relationship between
the soil water content and RFv/Fm. The RFv/Fm started to decrease sharply at around
0.05 cm3 cm−3 of the SWC.

Figure 4. Temporal changes in the growth rates in the four clones. (A–D) show the results of
GO1, KA7, TE11, and TS1, respectively. Open and closed circles denote the drought and control
treatments. Statistical significance of the growth rates between treatments at each dpt for each clone
was evaluated by Student’s t-test (ns: not significant, *: p < 0.1, **: p < 0.05, and ***: p < 0.01).
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Figure 5. Relationship between the soil water content and growth rate ratio (GRR). Black, red, green,
and blue symbols correspond to the clones GO1, KA7, TE11, and TS1, respectively.

Figure 6. Temporal changes in the maximum photochemical quantum yield of photosystem II (Fv/Fm)
in the four clones. (A–D) show the results obtained for GO1, KA7, TE11, and TS1, respectively. Open
and closed circles denote the drought and control treatments. Statistical significance of the Fv/Fm
between treatments at each dpt for each clone was evaluated by Student’s t-test (ns: not significant,
**: p < 0.05, and ***: p < 0.01).
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Figure 7. Relationship between the soil water content and RFv/Fm. The black, red, green, and blue
symbols correspond to the clones GO1, KA7, TE11, and TS1, respectively.

3.5. Optimization of CPD for CWI Using an NLMM

According to our NLMM analyses incorporating random effects for the responses of
different clones in the model, the optimum CPDs were estimated on the basis of the lowest
AIC values for each trait (Table 2). The models were applied to the pooled data of the four
clones. The patterns of the changes in the AICs differed among the three traits. The AIC of
the RIg reached a minimum value at 2 CPD, before increasing again thereafter (Table 2).
The AIC of the GRR decreased until 21 CPD before increasing thereafter (Table 2). The AIC
of the RFv/Fm values decreased gradually and then reached a minimum value at 70 CPD
(Table 2). These findings imply that the response in the RFv/Fm was best explained by
longer cumulative soil water conditions (i.e., the previous 70 days), whereas the RIg was
best explained by shorter cumulative soil water conditions (i.e., the previous two days).
We estimated the responses of the three traits in the four clones using an NLMM and the
CWI at the optimized CPD. Regarding the RIg, KA7 responded the fastest, with an increase
in the CWI, followed by TS1, GO1, and TE11 in order (Figure 8A). Thus, KA7 exhibited
the most sensitive reduction in stomatal conductance under conditions of drought stress.
Conversely, TE11 responded the slowest to drought stress. In terms of the GRR, the clonal
response was thus in the order of TS1, KA7, GO1, and TE11 (Figure 8B), and in terms of
the RFv/Fm, it was TS1, GO1, KA7, and TE11 (Figure 8C). The random effect parameters α
and β representing the differences among the clones in responsivity to drought stress were
significant, except for the β of RIg (Table 3).
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Table 2. Parameter estimates and Akaike’s information criteria (AIC) used in the models. For the maximum photochemical
quantum yield of photosystem II (RFv/Fm), model algorism did not converge for p = 1, 2, 3, 4, and 5. RIg: stomatal
conductance index ratio and GRR: growth rate ratio. CWI: Cumulative Water Index.

Traits p Model Expression
Fixed Effects SD of Random Effects

AIC
α β α β Residual

RIg

1

CWIdp = ∑d
k = d + 1 − p SWCk

yij = exp(−α × exp(−β × CWIij)) + eij

3.839 4.771 0.804 0.004 0.276 74.346
2 3.758 4.719 0.778 0.021 0.273 70.747
3 3.546 4.439 0.761 0.000 0.273 70.997
4 3.396 4.326 0.745 0.000 0.274 71.748
5 3.306 4.198 0.721 0.010 0.274 72.307
6 3.263 4.082 0.716 0.006 0.275 72.954
7 3.424 3.896 0.728 0.001 0.275 73.606
10 3.285 3.558 0.736 0.016 0.276 75.027
14 3.300 3.180 0.785 0.002 0.276 75.658
21 3.464 2.758 0.914 0.002 0.277 77.202
28 3.725 2.536 1.072 0.029 0.280 82.932
35 4.084 2.462 1.163 0.000 0.280 84.219
42 4.536 2.476 1.305 0.063 0.280 83.060
49 5.533 2.619 1.537 0.003 0.279 81.112
56 7.396 2.898 2.031 0.141 0.278 80.770
63 8.739 3.067 0.290 0.393 0.279 81.607
70 11.031 3.302 0.286 0.388 0.279 81.484
77 11.996 3.386 0.284 0.386 0.279 81.442
84 12.319 3.413 0.284 0.386 0.279 81.429

GRR

1

CWIdp = ∑d
k = d + 1 − p SWCk

yij = exp(−α × exp(−β × CWIij)) + eij

7.578 9.995 1.177 0.000 0.155 −181.317
2 7.276 9.731 1.242 0.001 0.153 −186.424
3 6.974 9.453 1.257 0.004 0.151 −189.880
4 6.759 9.324 1.252 0.016 0.151 −190.601
5 6.538 9.290 1.156 0.000 0.151 −191.492
6 6.051 9.031 1.029 0.000 0.151 −191.246
7 5.566 8.404 0.976 0.006 0.151 −192.244
10 5.316 7.655 0.911 0.119 0.149 −197.066
14 4.667 6.284 0.750 0.379 0.148 −200.229
21 4.412 4.738 0.625 0.549 0.146 −203.677
28 4.626 3.954 0.003 0.556 0.149 −193.514
35 6.224 3.908 0.003 0.471 0.151 −187.846
42 11.424 4.452 0.118 0.427 0.153 −184.530
49 23.552 5.181 0.140 0.408 0.153 −184.231
56 46.862 5.873 0.144 0.392 0.152 −184.386
63 92.042 6.550 0.145 0.381 0.152 −184.564
70 167.363 7.150 0.157 0.373 0.152 −184.683
77 255.696 7.575 0.156 0.368 0.152 −184.752
84 323.788 7.811 0.156 0.366 0.152 −184.786

RFv/Fm

1

CWIdp = ∑d
k = d + 1 − p SWCk

yij = 1 − exp(−β × (CWIij − α)) + eij

-
2 -
3 -
4 -
5 -
6 −0.040 22.590 0.035 0.215 0.213 −42.095
7 −0.028 27.666 0.025 0.209 0.209 −50.825
10 −0.024 32.737 0.026 0.201 0.203 −63.955
14 0.000 57.847 0.012 0.172 0.172 −141.472
21 0.003 69.171 0.009 0.138 0.138 −245.302
28 0.002 63.303 0.009 0.135 0.135 −255.212
35 0.002 53.494 0.010 0.129 0.129 −278.650
42 0.001 43.527 0.011 0.124 0.124 −296.940
49 −0.001 32.963 0.014 0.119 0.119 −314.384
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Table 2. Cont.

Traits p Model Expression
Fixed Effects SD of Random Effects

AIC
α β α β Residual

56 −0.002 25.681 0.016 0.117 0.117 −326.460
63 −0.002 18.286 0.021 0.111 0.114 −339.369

RFv/Fm 70 −0.004 12.711 0.032 0.109 0.111 −348.159
77 −0.002 9.774 0.039 0.116 0.115 −332.181
84 0.002 8.631 0.055 0.127 0.120 −310.388

Figure 8. Responses of traits to the Cumulative Water Index (CWI) at the optimum cumulative number of past days (CPD).
(A) Response to the CWI at 2 CPD in the stomatal conductance index ratio (RIg) model. (B) Response to the CWI at 21 CPD
in the growth rate ratio (GRR) model. (C) Response to the CWI at 70 CPD in the maximum photochemical quantum yield of
photosystem (PS) II (RFv/Fm) model. Data points are the measured values, and the curves are the predicted clonal response
estimated by the nonlinear mixed-effect model (NLMM) fitted to the Gompertz function (A,B) or the von Bertalanffy
function (C). The black, red, green, and blue symbols correspond to the clones GO1, KA7, TE11, and TS1, respectively.

Table 3. Parameter estimates and variance components (VC) of the clones. The percentages of VCs are shown in parentheses,
and the statistical significances of the random effects are shown as asterisks. CPD: cumulative number of past days.

Traits CPD
Estimates of Random Effects in α Estimates of Random Effects in β Variance of Random Effects

GO1 KA7 TE11 TS1 GO1 KA7 TE11 TS1 α β Residual

RIg 2 −0.1624 0.7303 −1.0108 0.2428 0.0006 −0.0004 0.0001 −0.0004 0.6047 (88.9%) * 0.0005 (0.1%) 0.0748
GRR 21 −0.0311 0.0976 −0.7285 0.5117 0.5522 −0.5550 0.1700 −0.2895 0.3906 (2.1%) ** 0.3012 (3.0%) ** 0.0212
RFv/Fm 70 0.0196 −0.0008 −0.0455 0.0292 0.0198 0.0197 0.0136 −0.0532 0.0010 (4.1%) ** 0.0119 (46.9%) ** 0.0124

4. Discussion

4.1. Application of Ig Measured by Infrared Thermography in C. japonica

In this study, the Ig was obtained by preparing dry and wet reference leaves according
to the method of Leinonen and Jones [39]. For crops and broad-leaved trees, which often
have flat leaves, dry reference leaves were prepared by coating them with petroleum
jelly [17,20,39]. In the case of C. japonica, which has needles with a complex steric structure,
coating the leaves with a thin layer of petroleum jelly is difficult because of the high
consistency of the jelly. To overcome this problem, we added paraffin, an involatile oil, to
the petroleum jelly to adjust the consistency, and this enabled us to coat thoroughly the
surface of the C. japonica needles. Yu et al. [20] measured the Ig of leaves from Firmiana
platanifolia trees under drought conditions using dry reference leaves prepared using only
petroleum jelly and found a positive correlation r = 0.85 between the Ig values and actual
stomatal conductance. Similarly, Leinonen and Jones [39] observed a positive correlation
r = 0.44 between the Ig values and actual stomatal conductance in Vicia faba. The findings
of this study revealed comparable positive correlations r = 0.66 to 0.83 between the Ig
values and stomatal conductance, which varied depending on the environment on the

218



Forests 2021, 12, 55

measured day. In this study, RIg, which is the ratio of the Ig value in the drought treatment
to the value in the control, was adopted as the trait to evaluate the stomatal drought
responses. Therefore, the stomatal responsivity to drought is successfully evaluated,
even if the intercept and slope in the relationship between the Ig value and actual stomatal
conductance varied among the measured days. Thus, provided that dry reference leaves are
prepared with care, high-throughput measurements using infrared thermography are well-
suited for estimating stomatal conductance in C. japonica with its complex steric needles.

4.2. Estimation of Phenotypic Trait Responses to CWI by NLMM

To promote the breeding programs aiming at improving drought resistance, it is essen-
tial to evaluate appropriately the clonal values of traits tightly related to the physiological
responses against drought stress. Drought stress has been shown to have a cumulative effect
on trees [31,32], and the drought intensity in the soil, which is affected by the rate of water
consumption, varies among samples depending on the size and physiological condition of
the seedlings. Therefore, because seedlings’ water consumption rates vary from pot to pot,
it is not appropriate to use the trait values measured at a particular time point as if they
would be under the same intensity of stress. Previous studies (e.g., Nanayakkara et al. [40]
and Bigras [41]) used a controlled SWC or within-tissue water potential as an indicator
of the intensity of the drought stress and then evaluated the performance of the stress
resistance at the individual or race levels. In this study, however, as we could not perfectly
control the water consumption rates of all growing seedlings, we overcame this difficulty
by flexibly modeling the responses of clones to the CWI, which was introduced as an
indicator of cumulative drought stress. The clonal responses to the CWI were fitted by
using the Gompertz or von Bertalanffy functions; then, the optimal CPDs were searched for
each trait by the AIC score basal model selection. When achieving the lowest AIC score, the
good estimates of the model parameters α and β were obtained, and the CWI at the optimal
CPD adequately described the trait response to drought stress. Our modeling approach
successfully provided an indicator reflecting both the stress duration and intensity by
estimating the optimum CPD.

Functionally, parameters α and β reflect the x-intercept and slope (attenuation rate) of
the curves, respectively. When the β values are smaller, biologically, the trait value (such as
GRR) more gradually approaches zero with drought stress. On the other hand, when the
α values are larger, the trait value rapidly drops to zero, even under weak drought stress
conditions. We estimated the α and β values as random effect variables of the clones in the
NLMM, and this modeling approach allows us to capture the trait-response curves of each
clones to drought stress.

4.3. Relationship between CPDs and Responsivity of Phenotypic Traits

In this study, as the soil drying progressed, the phenotypic traits (RIg, GRR, and
RFv/Fm) also declined. However, the responses to drought stress varied among the traits
in the temporal order of RIg, GRR, and RFv/Fm, and the corresponding optimum CPDs
were estimated as two, 21, and 70, respectively. Drought stress typically reduced the leaf
water potential by inducing a decrease in stomatal opening via an abscisic acid (ABA)-
mediated signal transduction [42,43]. Stomatal closure decreases transpiration and CO2
influx and leads to a decrease in photosynthesis, limits CO2 fixation, and inhibits plant
growth [44]. Stomatal closure also increases the number of electrons that are not used
for photosynthesis, and a surplus of electrons generates reactive oxygen species (ROS),
which damage the reaction center of photosystem (PS) II [43,45,46]. The Fv/Fm (i.e., the
maximum efficiency at which the light absorbed by PS II is used to reduce the primary
quinone electron acceptor) decreases when PS II is damaged. However, a recent study of
Acer species [47] discussed that only using the Fv/Fm as an indicator of drought stress
detection is not suitable. Our results show that significant differences among the clones in
RFv/Fm reduction only appeared at the end of the drought treatment, suggesting that this
situation (when the CWI at 70 CPD was the optimum) might be too severe under natural
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conditions for C. japonica. The response order observed in this study was concordant with
the general response of tree species under drought conditions, i.e., the reduction of Ig was
very sensitive to drought and, the reduction of the growth rate was moderate, while the
Fv/Fm was one of relatively insensitive traits [43,45]. In the present study, by introducing
the CWI, the parameter of cumulative stress intensity defined by the CPD, it is suggested
that the sensitivity of the measured traits to drought were adequately reflected by our
modeling approach using the NLMM.

4.4. Differences in Clonal Responsivity to Drought Stress

In this study, our modeling approach allowed us to capture the trait response curves
of each clones to drought stress. TE11 seemed to be most insensitive clone among the
four tested clones in the responses of the three traits measured in this study (see green
lines in Figure 8). Strategies of the drought resistance include drought avoidance and
drought tolerance [43,46,48,49]. Drought avoidance is based on the ability to maintain
the tissue water potential through stomatal closure, root elongation, and high water use
efficiency [43,46,48,49]. On the other hand, drought tolerance is an ability to endure low
tissue water potential by maintaining enzyme activities and osmotic adjustments [43,46,48,49].
Among the four tested clones, TE11 was the most insensitive clone in RIg and, also, the
most sustainable clone in GRR against drought stress, suggesting that TE11 might be a
superior clone in terms of drought tolerance. There is a possibility of clonal variation in
responsivity to drought stress, and therefore, a drought-resistant strategy may differ from
clone to clone in C. japonica. In order to get deeper insights, it is necessary to conduct a
larger scale drought stress experiment using a larger number of clones in the future.

5. Conclusions

As an adaptation to global-scale climate change, tree breeding for drought tolerance
is necessary. However, because a traditional approach such as using a gas exchange
analyzer is difficult to evaluate the stomatal response of abundant clones to drought stress,
mass sample evaluation and the procedures used to accomplish such evaluations are
therefore needed in order to increase the efficiency of breeding programs. In this study, we
(1) established an evaluation method for estimating the stomatal response against drought
stress by measuring leaf temperatures using infrared thermography, (2) evaluated the clonal
growth responses and (3) Fv/Fm under conditions of drought stress, and (4) modeled the
clonal responses to cumulative drought stress by introducing the CWI. Compared to
the traditional approach to evaluate the stomatal response to drought stress using a gas
exchange analyzer, the method using an infrared thermography is faster. These methods
and findings enabled us to evaluate the clonal stress responses in C. japonica to drought.
As a next step, these methods should be applied to large-scale clone materials to promote
breeding programs. To accelerate breeding, it is also important to examine the feasibility of
genome-wide association studies and genomic selection for assessing drought tolerance in
C. japonica.

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-490
7/12/1/55/s1: Figure S1: Changes of the soil water content over the course of the drought experiment.
Open and solid circles denote the drought and control treatments, respectively. Black, red, green,
and blue correspond to GO1, KA7, TE11, and TS1, respectively. Figure S2: The thermograph taken
to obtain the stomatal conductance index (Ig). Target: Target individual to measure the Ig used in
the experiment. Wet reference: The leaves that were sprayed regularly with water to maintain their
moisture levels. Dry reference: The leaves that were coated with a mixture of petroleum jelly and
liquid paraffin (1:2 by weight). Figure S3: Relationship between the soil water content and soil water
potential (logΨw) of the mixed-culture soil used in the experiment.
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Abstract: The plant hormone gibberellin (GA) is known to regulate elongating growth,
seed germination, and the initiation of flower bud formation, and it has been postulated that
GAs originally had functions in reproductive processes. Studies on the mechanism of induction of
flowering by GA have been performed in Arabidopsis and other model plants. In coniferous trees,
reproductive organ induction by GAs is known to occur, but there are few reports on the molecular
mechanism in this system. To clarify the gene expression dynamics of the GA induction of the
male strobilus in Cryptomeria japonica, we performed comprehensive gene expression analysis using
a microarray. A GA-treated group and a nontreated group were allowed to set, and individual
trees were sampled over a 6-week time course. A total of 881 genes exhibiting changed expression
was identified. In the GA-treated group, genes related to ‘stress response’ and to ‘cell wall’ were
initially enriched, and genes related to ‘transcription’ and ‘transcription factor activity’ were enriched
at later stages. This analysis also clarified the dynamics of the expression of genes related to GA
signaling transduction following GA treatment, permitting us to compare and contrast with the
expression dynamics of genes implicated in signal transduction responses to other plant hormones.
These results suggested that various plant hormones have complex influences on the male strobilus
induction. Additionally, principal component analysis (PCA) using expression patterns of the
genes that exhibited sequence similarity with flower bud or floral organ formation-related genes of
Arabidopsis was performed. PCA suggested that gene expression leading to male strobilus formation
in C. japonica became conspicuous within one week of GA treatment. Together, these findings help to
clarify the evolution of the mechanism of induction of reproductive organs by GA.

Keywords: gibberellin; male strobilus induction; transcriptome; conifer; Cryptomeria japonica

1. Introduction

Gibberellins (GAs), a class of terpenoid plant hormones, regulate various important plant
physiological processes, such as plant elongation, seed germination, and floral initiation [1,2].
The endogenous active GA4 has been detected in the Lycopsida (Selaginella moellendorffii) but not in
mosses (Physcomitrella patens) [3–5]. It is thought that GA signaling was acquired in the vascular plant
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lineage after divergence of the bryophytes [5,6]. In ferns, GAs are involved in microspore formation and
sex determination, and GAs are inferred to have originally functioned in reproductive processes [7,8].

Studies of the model plant Arabidopsis thaliana identified six flowering pathways, known as
age, autonomous, vernalization, photoperiod, temperature, and GA [9–16]. GA-mediated floral
transitions in angiosperms have been the subject of multiple studies performed in model plants,
including A. thaliana [9,15,17,18].

Previous studies using A. thaliana reported several key observations. First, GAs are necessary for
flowering under short day conditions [15,19,20]. Second, GAs promote the expression of LEAFY (LFY),
a well-known floral meristem identity gene, via cis-elements (located within the LFY promoter) that
can be bound by the GAMYB protein [18,21,22]. Third, LFY regulates GA levels through the activation
of the GA catabolism gene and functions coordinately with DELLA (negative gibberellin-response
regulator) and SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 9 (SPL9), thereby activating the
APETALA 1 (AP1) gene and inducing flowering [23].

In coniferous species, the dynamics of GAs and GA-related genes associated with the development
of reproductive organs has been described [24–26]. Although physiological analyses have been
performed to examine the effects of GA treatment [27], the mechanisms underlying the regulation of
reproductive organ induction or differentiation by GAs remain unknown [28].

In many conifers, reproduction begins 5 to 10 years after planting [29]. However, in Japanese
cedar (Cryptomeria japonica D. Don), the GA3 treatment onto seedlings, even 1-year-old seedlings,
facilitates male strobilus induction [30], indicating that the species possesses high reactivity to GAs.
Therefore, C. japonica could be a useful model coniferous tree species for understanding the mechanism
underlying the flowering induction by GAs.

The effects of GA3 treatment on male strobilus induction in C. japonica have been investigated,
particularly via phenotypic and physiological analyses [31]. The influence of the concentration and
seasonal timing of GA3 treatment on the induction of reproductive organs and the associated changes
in carbohydrate and nitrogen content of the shoot have been studied [31]. It was shown that the male
strobili were strongly induced by GA treatment in July, and the C–N ratio was significantly increased
by GA treatment [31].

To clarify the molecular mechanism of male strobilus induction by GA3 treatment in C. japonica,
we conducted comprehensive gene expression analysis using the microarray method. GA3-treated and
non-treated individuals (as controls) were prepared and their current year shoots were sampled along a
time course. The RNA from the shoot samples were subjected to the microarray analysis to obtain gene
expression data. The extensive expression data obtained from the treated and non-treated samples at
each time point were compared to determine when and which classes of gene transcripts were enriched
following GA3 treatment. Furthermore, we examined changes in the expression patterns of genes
associated with the GA signaling pathway, other plant hormone signaling pathways, or flowering in
other species, aiming at providing insights into GA functional mechanisms in male strobilus induction
in C. japonica.

2. Materials and Methods

2.1. Plant Material and GA Treatment

Six individuals of three different plus-trees (plus-tree codes 1725, 840, and 1503) that had been
planted in 1995 in Hitachi, Ibaraki, Japan (36◦69 N, 140◦69 E; elevation 52 m), were used for the gene
expression analysis (Figure S1). One individual from each clone was designated as a GA-treated
individual (1725_GA, 840_GA and 1503_GA) and subjected to the GA3 treatment. The others were
designated as non-treated individuals (1725_CT, 840_ CT and 1503_ CT). The GA3 spraying was
conducted at approximately 10:00 h on July 14, 2015. The branches of GA-treated individuals
were sprayed with 100 ppm GA3 (Kyowa-Hakko, Japan) solution. On July 13, 2015, approximately
3-cm-long shoots tips were sampled from the six individuals. This sampling period was designated as
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−1 d (pre-dose). In the post-dose sampling periods, samples were collected after 3 h (14 July 2015),
1 day (1 d; 15 July 2015), 3 days (3 d; 17 July 2015), 1 week (1 w; 21 July 2015), 2 weeks (2 w; 27 July 2015),
4 weeks (4 w; August 11, 2015), and 6 weeks (6 w; 24 August 2015). Moreover, at each time point,
samples were collected from the non-treated individuals (designated as CT; for example 1725_CT_3
h is the sample collected from the non-treated 1725 clone 3 h after the treatment period; Figure S1).
All the samples, including the pre-dose ones, were collected at approximately 13:00 h. All 48 samples
were stored at −80 ◦C until RNA extraction and analysis.

2.2. Extraction of Total RNA

Total RNA was extracted from each of the 48 samples using Plant RNeasy Mini Kits (QIAGEN,
Hilden, Germany) according to the manufacturer’s instructions, including on-column (i.e., prior to
elution) DNase treatment with an RNase-Free DNase set (QIAGEN) according to the manufacturer’s
instructions. The quality of the total RNA in the samples was assessed using an Agilent 2100 Bioanalyzer
and RNA 6000 Nano kit (Agilent Technologies, Mississauga, ON, Canada). The all samples exhibited
an RNA integrity number (RIN) exceeding 7.7.

2.3. Microarray

The custom microarray was designed based on isotigs from next-generation sequencing (NGS)
data as described in previous reports [32–34]. A set of 19,360 probes was selected and accommodated
in the Agilent 8× 60 K format (Agilent). In this format, 19,360 probes were accommodated in at least
triplicate in our custom array, as described in a previous report (GEO accession: GPL21366, [35]).
Gene annotations represent the top-scoring BLASTX hits using each sequence’s predicted protein
product as a query against The Arabidopsis Information Resource (TAIR; http://www.arabidopsis.org)
Arabidopsis protein database TAIR10-pep-20101214 using the CLC Genomic Workbench version 4.1.1
software package (CLC bio, Aarhus, Denmark) as described in a previous report (Fukuda et al., 2018).
Gene expression data were acquired using microarray analysis (Agilent Technologies). Total RNA
(200 ng) from all 48 samples were amplified and labeled using a Low Input Quick-Amp Labeling Kit
(Agilent Technologies). Hybridization and washing were performed according to the manufacturer’s
recommendations. Labeled and hybridized slides were scanned using a SureScan Microarray Scanner
G4900DA (Agilent Technologies), and the dataset was trimmed using Agilent Feature Extraction
Software 11.5.1.1 (Agilent Technologies). The data presented in this study have been deposited in NCBI’s
Gene Expression Omnibus and are accessible through GEO Series as accession number GSE120227.

2.4. Analyses of Gene Expression Patterns and Identification of Differentially Expressed Genes

Expression analysis of the genes was carried out using the Subio platform (Subio, Inc., Kagoshima,
Japan, http://www.subio.jp) [36]. The raw signal data were converted to processed signal data using the
following steps: (1) Global normalization was performed at the 75th percentile. (2) Log transformation
was performed by converting the data to the log2 data. The genes used for analysis then were
extracted using the following steps: (1) Among 19,360 isotigs, the isotigs that did not yield reliable
data (i.e., those for which reliable measured values were not obtained with more than 91.7% of
samples (in 44 out of 48 samples)) were excluded with filter glsWellAboveBG = 0 (QC1: 17,162 isotigs).
(2) For all 48 samples, we excluded probes whose processed signal was in the range of −1 to 1 (QC2:
11,738 isotigs). Following these filtering steps, an average (mean) value was calculated for each of the
three biological replicates (plus-tree codes 1725, 840, and 1503). Differentially expressed genes (DEGs)
were detected via a two-step process, as follows: In Step 1, seven comparisons (DEG1 to 7) were
performed, and gene groups whose expression levels differed by more than 2-fold and yielded p-values
<0.05 (by two-tailed non-paired Student’s t-test) were extracted using the Subio platform basic plug-in
(Subio, Inc.). The comparisons (DEG1 to 7) were as follows (respectively): GA-treated (GA)_3 h vs.
Control (CT)_3 h, GA_1 d vs. CT _1 d, GA_3 d vs. CT _3 d, GA_1 w vs. CT _1 w, GA_2 w vs. CT _2 w,
GA_4 w vs. CT _4 w, and GA_6 w vs. CT _6 w. In Step 2, another seven comparisons were performed
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against the Step-1 results. These Step-2 comparisons (DEG a to g) were as follows (respectively):
GA_−1 d (Sample for subtracting genes specifically expressed in GA-treated individual) vs. DEG1,
GA_−1 d vs. DEG2, GA_−1 d vs. DEG3, GA_−1 d vs. DEG4, GA_−1 d vs. DEG5, GA_−1 d vs. DEG6,
and GA_−1 d vs. DEG7. A total of 881 DEGs were isolated from these comparisons. Tree clustering
analyses of DEGs by Pearson correlation as a similarity measurement were performed using the Subio
platform basic plug-in (Subio, Inc.) according to the corresponding instructional videos. Extraction of
patterns of genes that had sequence similarity to plant hormone signal transduction genes of the KEGG
pathway database (http://www.kegg.jp/kegg/pathway.html) were performed using the pathway edit
tool of the Subio platform advanced plug-in (Subio Inc.) according to the corresponding instructional
videos. Principal component analysis (PCA) of MADS-box genes in DEGs also was performed using
the Subio platform basic plug-in according to the corresponding instructional videos.

2.5. Gene Ontology (GO) Analysis

GO analyses using the TAIR ID of the top hit for each DEG and for selected genes of our microarray
(genes with E-values < 1E−5) were performed using the GO annotation search tool of TAIR in 8 April
2018. Enrichment analysis was carried out by comparing the GO analysis result of each cluster with
the GO analysis result of all genes on our microarray. Enrichment analysis using the TAIR ID of the
top hit for all DEGs with E-values < 1E−5 also was performed using DAVID Bioinformatics Resources
6.8 (https://david.ncifcrf.gov/) [37,38].

2.6. Real-Time PCR

To validate our microarray data, 16 samples were tested using the real-time PCR (RT-PCR)
method. For RT-PCR analysis, RNA samples from each time point of GA-treated and nontreated
plus-tree code 840 specimens were analyzed. A High-Capacity RNA-to-cDNA Kit (Thermo Fisher
Scientific, Waltham, MA, USA) was used, and cDNA synthesis (20 μL) was performed using 450 ng
of total RNA according to the kit’s instruction manual. Primers, which were designed using
Primer3Plus [39], were intended to have melting temperatures (Tm) between 60 ◦C and 65 ◦C,
and to produce amplicons of 80 to 150 bp. Specific primer pairs are listed below. AGAMOUS-like 9
(AGL9, reCj28306:M—:isotig28158): forward 5′-ATCTTCGTAAAAGGGAGACTTTGCT-3′, reverse 5′
-GGGTCTGGAGTCTTGTTGAGTTG-3′); UNUSUAL FLORAL ORGANS (UFO, reCj27181:
—-:isotig27033): forward 5′-TGTGCTGTCTGTCGGAGAAC-3′, reverse 5′-CGATGACCTTGTATGTCTT
GGTG-3′); LEAFY 3 (LFY3, reCj22786:—-:isotig22638): forward 5′-TGGCAAGTTTCTGCTGGATG
-3′, reverse 5′-CATTTTCCCCTCGTTCTTTGTAG-3′); PISTILLATA (PI, reCj29951:M—:isotig29803):
forward 5′-AAGAATGCCTCTGGAGGACG-3′, reverse 5′-TTCTTTGCTGCAAGCACAAGAGC
-3′); and the endogenous control Ubiquitin 10 (UBQ10): forward 5′-CGTTAAAGCCA
AGATCCAGGACAA-3′, reverse 5′-TCCATCCTCAAGCTGTTTCCCA-3′) [34]. For each sample,
triplicate RT-PCR assays were performed by using 1 μL of cDNA and Power SYBR Green PCR master
mix (Thermo Fisher Scientific) according to the manufacturer’s protocol. Amplification was carried
out with a StepOnePlus system (Thermo Fisher Scientific). After an initial 10 min activation step
at 95 ◦C, reactions were performed as 40 cycles at 95 ◦C for 15 s and 60 ◦C for 1 min, and a single
fluorescence reading was obtained after each cycle (immediately following the annealing/elongation
step at 60 ◦C). Preliminary RT-PCR assays were performed to evaluate primer pair efficiency. A melting
curve analysis was performed at the end of cycling to ensure that a single product had been amplified.
For relative quantification and comparisons, we used the delta-delta-Ct method [40] with the UBQ10
transcript as the internal normalization control.
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3. Results

3.1. DEG Enrichment in Response to GA3 Treatment

Male strobili of C. japonica were induced by GA3 spraying onto the shoots. We collected 48
samples using three different plus-trees as biological repeats; one individual in each plus-tree was
treated with GA or non-treated individual (CT), and samples were collected at each of the eight time
points (1 pre-dose, 7 post-dose up to 6 w). Male strobili are formed at the axil of shoots. Male strobili
were phenotypically confirmed on the shoots of treated individuals on August 24, 2015 (6 w; Figure 1).
The differentially expressed genes (DEGs) were extracted to permit assessment of the transcriptional
response to GA3 treatment. Using the Subio platform tree clustering tool, the resulting 881 DEGs
were sorted into several clusters according to their expression profiles (Pearson correlation, Figure 2),
and were organized into three primary clusters (Clusters D, U1, and U2) (Figure 2, Table S1). Cluster D
comprised of genes that were downregulated in GA-treated samples (379 DEGs) compared with those
in CT samples. Conversely, the remaining two clusters U1 and U2 comprised of genes that were
upregulated in the GA-treated samples (104 DEGs and 398 DEGs, respectively) compared with those
in CT samples. Cluster U1 was characterized by genes that were upregulated at earlier time points
following the GA3 treatment, whereas cluster U2 was characterized by genes that were gradually
upregulated as the time course progressed.

Figure 1. Morphology of the shoot top of Cryptomeria japonica: (a) nontreated control sample at 6 weeks
(CT_6 w); (b) GA3-treated sample at 6 weeks (GA_6 w). Male strobili (MS; indicated by arrow) are
formed at the axil of the shoot.

Figure 2. Tree clustering analysis of 881 DEGs. D, U1, and U2 on the right indicate three different
clusters of differentially expressed genes (DEGs) used for further analysis. CT_−1 d, CT_3 h, CT_1
d, CT_3 d, CT_1 w, CT_2 w, CT_4 w, CT_6 w, GA_−1 d, GA_3 h, GA_1 d, GA_3 d, GA_1 w, GA_2 w,
GA_4 w, and GA_6 w are sample names.

227



Forests 2020, 11, 633

3.2. Functional Analysis of DEGs

To categorize the genes included in each cluster, we selected the annotated DEGs with
low E-values (<1E−5) and performed GO enrichment analysis (Figure 3). Our data suggested
that ‘response to stress’, ‘response to abiotic or biotic stimulus’ (Biological Process), ‘cell wall’,
‘extracellular’ (Cellular Component), and ‘kinase activity’ (Molecular Function) -related genes
were enriched in Cluster U1 (90 DEGs); ‘transcription, DNA-dependent’ (Biological Process), ‘cell
wall’, ‘extracellular’ (Cellular Component), ‘transcription factor activity’, and ‘nucleic acid binding’
(Molecular Function) -related genes were enriched in Cluster U2 (336 DEGs); and ‘electron transport or
energy pathway’ (Biological Process), ‘plastid’ (Cellular Component), and ‘receptor binding or activity’
(Molecular Function) -related genes were enriched in Cluster D (324 DEGs). Enrichment analysis,
performed using DAVID, yielded similar patterns (Table S2).

Figure 3. Gene ontology (GO) categories of DEGs that encoded proteins with sequence similarity
(E-value <1E−5) to proteins in the TAIR database. The longitudinal axis shows the relative ratio of the
genes of Cluster U1 (blue), U2 (orange), and D (gray) against GO analysis results for all genes on the
custom microarray (GEO accession: GPL21366). BP: biological process, CC: cellular component, MF:
molecular function.

3.3. Expression Patterns of GA Signaling Pathway Genes

To clarify the expression patterns of GA signaling pathway-related genes following the GA3

treatment of C. japonica, the expression patterns of genes exhibiting high sequence similarity (E-value
<1E−5) with plant hormone signal transduction genes (KEGG Pathway Database) were extracted
using the Subio Platform pathway edit tool (Figure 4, Table 1). Among the remaining genes, reCj11694
exhibiting high sequence similarity to RGA-LIKE 2 (RGL2), which encodes the DELLA protein,
was observed in Cluster U2, whereas reCj34040 and reCj28549 exhibiting high sequence similarity to
SLEEPY1 (SLY1), the rice ortholog of GID2 [41], were observed in Cluster D. Specifically, the reCj11694
transcript (encoding a DELLA-like protein) accumulated gradually in the GA-treated samples (Figure 4,
Table 1), whereas the levels of the reCj34040 and reCj28549 transcripts (encoding SLY1-like proteins)
decreased in the GA-treated samples (Figure 4, Table 1). Other potentially relevant genes included
reCj21012 [encoding a protein with sequence similarity to GA INSENSITIVE DWARF 1A (GID1A), a GA
receptor], reCj28386 and reCj11695 (encoding proteins with sequence similarity to RGL2), reCj09118
[encoding a protein with sequence similarity to GIBBERELLIC ACID INSENSITIVE (GAI), a DELLA
protein], reCj31917 and reCj15916 (encoding proteins with sequence similarity to SLY1), and reCj23186
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[encoding a protein with sequence similarity to PHYTOCHROME INTERACTING FACTOR 3 (PIF3)].
These members of the QC1 gene pool showed relatively constant expression with little fluctuation in
their expression levels following GA3 treatment (Figure S2).

Figure 4. The DEG analysis associated with gibberellin (GA) signal transduction. (a) GA signal
transduction pathway modified KEGG plant hormone signal transduction reference pathway (https:
//www.genome.jp/kegg-bin/show_pathway?map04075). GID1: GA INSENSITIVE DWARF 1, DELLA:
DELLA protein, GID2: GIBBERELLIN INSENSITIVE DWARF 2, TF: transcription factor; (b) The
heat-map of DEGs associated with GA signal transduction of each sample. The relative expression
values were log2 transformed. Red indicates high expression; blue indicates low expression. CT_−1 d,
CT_3 h, CT_1 d, CT_3 d, CT_1 w, CT_2 w, CT_4 w, CT_6 w, GA_−1 d, GA_3 h, GA_1 d, GA_3 d, GA_1
w, GA_2 w, GA_4 w, and GA_6 w are sample names. Details of these genes are provided in Table 1.
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3.4. Expression Patterns of Genes Encoding Components of Other Plant Hormone Signaling Pathways

The expression patterns of genes encoding components of other plant hormone signaling pathways
were also examined. The 17 genes exhibiting high sequence similarity to those listed in the plant
hormone signal transduction pathway in the KEGG Pathway Database were extracted from the
DEGs identified in the present study (Figure 5, Table 1). Five of the extracted DEGs corresponded
to components of the auxin signal transduction pathway. Specifically, the expression of reCj31635
and reCj30256, which encode proteins with sequence similarity to members of the auxin-responsive
SAUR protein family, was repressed compared to expression of the respective genes in the non-treated
samples. On the other hand, the expression of reCj27704, which encodes a protein with sequence
similarity to IAA14 (a negative regulator of Auxin response factor 7), was upregulated at 4 weeks
after GA3 treatment (GA_4 w). The expression of reCj19503 and reCj19606, which encode proteins
with sequence similarity to GH3 (indole−3-acetic acid (IAA) -amido synthase), was upregulated at
GA_3 d and GA_1 w, respectively. The reCj26644 and reCj25311 were extracted from the abscisic acid
signal transduction pathway based on sequence similarity to Highly-ABA induced PPC2 gene 3 (HAI3).
The expression of these genes was upregulated at GA_1 w and GA_4 w, respectively. The reCj12520,
reCj27869, and reCj27238 were extracted from the jasmonic acid signal transduction pathway based on
sequence similarity to JAZ, which encodes a negative regulator. The expression of these genes was
upregulated as follows after GA3 treatment: reCj12520 gradually increased, reCj27869 from GA_3 h,
and reCj27238 at GA_1 w (intensively) and at GA_6 w. reCj20357, reCj32790, reCj31882, and reCj31173
were extracted from the salicylic acid signal transduction pathway based on the sequence similarity of
reCj20357 to BLADE ON PETIOLE2 (BOP2) (NONEXPRESSER OF PR GENES 1 (NPR1)-like; encoding a
member of the ankyrin repeat family) and of reCj32790, reCj31882, and reCj31173 to pathogenesis-related
protein 1 (PRI). The reCj20357 exhibited a gradual increase of expression starting from GA_3 h, whereas
reCj32790 was gradually downregulated; the expression of both reCj31882 and reCj31173 was strongly
upregulated after GA_1 d.

Figure 5. The heat map analysis associated with plant hormone signal transduction pathways without
GA. The relative expression values were log2 transformed. Red indicates high expression; blue indicates
low expression. CT_−1 d, CT_3 h, CT_1 d, CT_3 d, CT_1 w, CT_2 w, CT_4 w, CT_6 w, GA_−1 d, GA_3
h, GA_1 d, GA_3 d, GA_1 w, GA_2 w, GA_4 w, and GA_6 w are sample names. Details of these genes
are provided in Table 1.

3.5. Expression Patterns of MADS-Box Genes

MADS-box genes are well known as floral homeotic genes [42,43]. To clarify changes in the
expression patterns of MADS-box genes after GA3 treatment in C. japonica, 18 DEGs encoding
MADS-box proteins (E-value <1E−5) were extracted (Figure 6, Table 2). These genes were divided
into two classes based on the associated expression patterns. The first class consisted of genes whose
expression increased gradually following the GA3 treatment, and included reCj29105, reCj27161,
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reCj32389, reCj31907, reCj28306, reCj31827, reCj29951, reCj33073, reCj30226, reCj30596, reCj17268,
and reCj25811. The second class consisted of genes whose expression gradually decreased following
the GA3 treatment such as reCj271510, reCj15424, reCj29820, reCj30835, reCj15467, and reCj29690.
Based on sequence similarity, the upregulated genes included the following: reCj31097, reCj33073,
and reCj30226 resembled AGL6 (which encodes a protein that activates the florigen-encoding locus
FLOWERING LOCUS T (FT) and downregulates the floral repressor-encoding FLC/MAF-clade genes,
including FLOWERING LOCUS C (FLC)); reCj29105 and reCj28306 resembled SEPALLATA 1 (SEP1)
and SEPALLATA 3 (SEP3), respectively, known floral organ identity genes; reCj31827, reCj30596,
reCj27161, and reCj29951 resembled PISTILLATA (PI), a known floral organ identity gene; and reCj32389,
reCj17268, and reCj25811 resembled AGL16, AGL15 and SHP1, respectively. On the other hand,
the downregulated genes included the following: reCj15424, reCj29690, and reCj15467 had sequence
similarity to FRUITFULL (FUL), which is downregulated by APETALA 1 (AP1); reCj27510 had sequence
similarity to AGL22, a known floral repressor; reCj29820 had sequence similarity to AGL20, which is
known to act with AGL24 to promote flowering and floral meristem identity; and reCj30835 had
sequence similarity to AGL19, a known floral activator. Then PCA analysis was carried out using
the expression patterns of these 18 genes to estimate the transition from vegetative growth phase to
reproductive growth phase (Figure 7). The variance contribution of first and second components of
PCA was 94.3% and 1.9%, respectively. Large temporal change of expression patterns was observed in
the direction along with the first principal component. After 1 week, divergence in the expression of
these genes was observed between the GA-treated and CT samples, and it became evident with the
time course.

Figure 6. The heat map analysis associated with MADS-box genes. The relative expression values
were log2 transformed. Red indicates high expression; blue indicates low expression. CT_−1 d, CT_3 h,
CT_1 d, CT_3 d, CT_1 w, CT_2 w, CT_4 w, CT_6 w, GA_−1 d, GA_3 h, GA_1 d, GA_3 d, GA_1 w, GA_2
w, GA_4 w, and GA_6 w are sample names. Details of these genes are provided in Table 2.

Figure 7. Principal component analysis of all samples for 18 DEGs, including the MADS-box genes
listed in Table 2; expression patterns were described in Figure 7. Open circles indicate GA-nontreated
control samples. Open squares indicate GA-treated samples.
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3.6. Validation Using Real-Time PCR

To validate our microarray data, 64 test reactions (4 DEGs, in both GA-treated and -nontreated
samples, from each of the eight time points) were tested by RT-PCR (Figure 8). Its result demonstrated
that the microarray data obtained were highly reproducible and reliable.

reCj27181_UFO reCj22786_LFY3

reCj28306_AGL9 reCj29951_PI 

Figure 8. Real-time PCR validation of DEGs data. Bar graphs show relative expression from real-time
PCR and line graphs show raw data signals from microarray analysis. Data are presented as mean +
standard deviation (n= 3). (a) reCj27181_UFO, (b) reCj22786_LFY3, (c) reCj28306_AGL9, (d) reCj29951_PI.
CT_−1 d, CT_3 h, CT_1 d, CT_3 d, CT_1 w, CT_2 w, CT_4 w, CT_6 w, GA_−1 d, GA_3 h, GA_1 d,
GA_3 d, GA_1 w, GA_2 w, GA_4 w, and GA_6 w are sample names.

4. Discussion

4.1. Comprehensive Gene Expression Dynamics Following GA3 Treatment

Our research clarified changes in gene expression patterns during male strobilus induction
following GA3 treatment. We used the microarray method for comparative analyses of gene expression
patterns between GA-treated and non-treated samples.

Overall, the analyses identified 881 DEGs that showed >2-fold changes in expression for a given
time point (when comparing GA-treated samples to nontreated samples) or when comparing expression
before and after GA3 treatment. Cluster analyses revealed that these 881 DEGs were grouped into three
clusters (U1, U2, and D) depending on up- or down-regulation along the time course. In the following
paragraphs, based on the expression patterns of the DEGs, we discussed their potential role in the
mechanism of GA-induced male strobilus formation or other functions in C. japonica.

4.2. The Expression of GA Signal Transduction-Related Genes

Genes that had sequence similarity with GA signal transduction-related genes were detected
among the DEGs. A DELLA-like gene (reCj11694) was upregulated by GA3 treatment, whereas SLY1-like
genes (reCj34040 and reCj28549) were downregulated by GA3 treatment (Figure 4). Detailed research
on the molecular mechanism of GA signal transduction has been carried out in model plants like
Oryza sativa and A. thaliana. In those systems, GAs bind to the GA receptor (GID1), enabling GID1
to interact with DELLA repressor proteins, which are negative regulators of GA signaling [44–46].
DELLA interacts with transcription factors, either impairing transcription factor function (by inhibiting
factor ability to bind DNA) or enhancing DNA binding (by acting as a transcriptional coactivator) [47–50].
These GA-induced GID1-DELLA interactions lead to the degradation of DELLA repressors through
the Skp, Cullin, F-box complex [3,46,51]. Concordantly with the results found in the present study, the
upregulation of DELLA-like genes in response to GA treatment has been reported in grape and jatropha,
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suggesting the possibility that the upregulation of DELLA is the result of feedback regulation via GA
signaling [52,53]. Regulation by a GA feedback mechanism may be also able to apply in C. japonica.
Validation of this hypothesis will require further analysis, including determination of quantitative
changes of DELLA protein levels in response to GA treatment.

4.3. Expression of Male Strobilus Formation-Related Genes and the Growth Phase Transition from Vegetative to
Reproductive Phase by GA Treatment

In A. thaliana, GAs promote expression of both SUPPRESSOR OF OVEREXPRESSION OF CO1
(SOC1) and LFY directly, and regulate the expression of SOC1 and LFY indirectly (via GAMYB) [15].
In the present study, DEGs also included various flower bud formation-related genes, including genes
with higher sequence similarity to LFY. These DEGs also consisted of genes with high homology to
SHORT VEGETATIVE PHASE (SVP) and FUL, genes that are known to be floral meristem identity genes.
SVP encodes a floral repressor [54] and, like FUL, is negatively regulated by AP1, which is also a floral
meristem identity gene [55,56]. Expression of these genes in C. japonica was suppressed during male
strobilus formation (Figure 6). In C. japonica, these genes may function as suppressors of male strobilus
formation. DEGs identified in the present study also included genes with sequence similarity to SEP1,
SEP3, and PI, all of which are known as floral organ identity genes [42]. These DEGs were activated
during male strobilus formation in C. japonica (Figure 6). In addition, activation of genes whose
expression in flower buds and floral organs has been reported in another species was observed during
male strobilus formation in C. japonica. Notably, Tsubomura et al. [57] comprehensively analyzed the
expression of genes in the male strobilus and pollen development processes in C. japonica, revealing the
expression patterns of genes associated with these developmental stages. Those authors observed that
these C. japonica genes showed similarities in both sequence and expression pattern compared to the
corresponding A. thaliana genes employed in tapetum development, indicating that these genes play an
important role in processes that are fundamental to the maintenance of reproduction in the respective
plant species. In the present study, we clarified the comprehensive gene expression dynamics of
male strobilus induction, at an earlier stage than the morphology of male strobilus characterized by
Tsubomura et al. [57]. Despite structural differences in the development of reproductive organs in
C. japonica and A. thaliana, the expression patterns of relevant genes in these two species were similar,
suggesting that the function of these genes have been preserved during evolution. In the present study,
based on the sequence similarity to A. thaliana MADS-box genes, the corresponding C. japonica genes
were extracted from the DEGs and annotated. Based on the expression pattern of these C. japonica
genes, we inferred the transitional timing from the vegetative phase to the reproductive phase in male
strobilus formation process as to be 1 week after GA3 treatment because the divergence in expression
dynamics along the first principal component between the GA-treated and -nontreated samples was
exhibited at 1 week after the GA3 treatment and increased with the time course (Figure 7).

4.4. Crosstalk with Auxin Signal Transduction During Male Strobilus Formation

Various studies have reported on possible crosstalk between the pathways regulated by GA and
by other plant hormones [58–60]. In A. thaliana, it has been reported that auxin signal transduction is
involved in the activation of the LFY gene; expression of the LFY gene is activated by the addition
of auxin, resulting in flower bud formation [61,62]. Among the DEGs isolated in the present study,
five kinds of genes showing sequence similarity to genes of the auxin signal transduction pathway were
identified. Notably, reCj31635 and reCj30256, which encode proteins with sequence similarity to SAURs
(members of an auxin-responsive family of proteins) were downregulated in GA-treated samples
compared to nontreated samples. On the other hand, reCj27704, a gene with sequence similarity to
IAA14 [a negative regulator of Auxin response factor 7 [63]] was upregulated in GA-treated samples
compared to nontreated samples. Moreover, reCj19503 and reCj19606, which encode proteins with
sequence similarity to GH3 (IAA-amido synthetase) also were upregulated in GA-treated samples
compared to non-treated samples. These results suggested that the auxin signaling system may be
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suppressed upon GA3 treatment, an observation that would be consistent with results reported in
jatropha [53]. In C. japonica, it was reported that auxin alone does not yield male strobilus induction,
although the combination of auxin and GA was reported to increase the ratio of female cones [31].

4.5. Growth Control by GA Treatment

Enrichment analysis suggested that Cluster U1 contained many genes related to the response to
stress, response to abiotic or biotic stimulus, extracellular, cell wall, other cellular components and
unknown cellular components (Figure 3). Hou et al. [49] analyzed the genes targeted by DELLA
during flower development in A. thaliana and reported that cell wall proteins were among the genes
downregulated by RGA. GA has been hypothesized to have roles in both growth regulation and
reproductive control. Notably, it has been reported that the GA3 treatment promoted principal
axis elongation and suppressed lateral branch elongation in C. japonica [64]. The accumulation of
the transcripts of cell wall-related genes and cellular component genes, including WAKs-like genes
(reCj12226, reCj12227, and reCj32277; Table S1; [65]), as revealed in the present study, might indicate the
role of GA in growth control.

4.6. Senescence-Like Gene Expression Patterns Following GA Treatment

Enrichment analysis showed that Cluster D contained genes related to electron transport or energy
pathway (related to photosystem I or photosystem II, etc.), plastids, chloroplasts, and receptor binding or
activity (Figure 3, Table S2). This result suggested a decrease in the expression of photosynthesis-related
genes. The decreased expression of photosynthesis-related genes is known as a leaf senescence-related
phenomenon [66]. The A. thaliana NAC and WRKY53 proteins are known as transcription factors that
play important roles in the process of senescence [67,68]. Among the DEGs identified in the present
work, a gene (reCj22492) with sequence similarity to the A. thaliana WIP5 gene (a putative target of
WRKY53 [68]) was detected within Cluster U2, indicating that this C. japonica gene is upregulated
during the male strobilus formation process (Figure S3). In addition, plant hormones have been
reported to participate in leaf senescence [69–71]. The abscisic acid signal transduction gene SAG113
(PP2C) has been shown to be induced in the process of senescence [71,72]. The DEGs of C. japonica
included two genes (reCj26644 and reCj25311) with sequence similarity to PP2C; expression patterns
placed these genes in Cluster U2, such that expression was increased during male strobilus formation
(Figure 5). The U1 cluster of DEGs was enriched for genes annotated to be involved in response to
stress and response to abiotic or biotic stimulus (Figure 3). These observations together suggested
that the phenomena of senescence and stress response may overlap with each other and/or with the
response to GA treatment in C. japonica; further study will be needed to clarify these inferences.

5. Conclusions

In conclusion, gene expression analysis facilitated better understanding of the molecular dynamics
of the induction by GA3 treatment of male strobilus formation in C. japonica. Our study identified
various C. japonica genes with sequence similarity to genes implicated in GA signaling in other plant
species. Our results revealed that the dynamics of gene expression for male strobilus formation
became conspicuous from seven days after GA3 treatment. In addition, we were able to capture the
behavior of genes that may explain other phenomena resulting from GA3 treatment. These data are
expected to permit clarification of the molecular mechanism of the induction by GA3 treatment of
male strobilus formation in C. japonica, providing detailed information at the protein and metabolite
levels. This information for C. japonica, a coniferous species, might provide new knowledge of the
basic mechanism whereby evolution acquired a GA-regulated pathway for use in the induction of
plant reproductive organs.
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Figure S1: Sampling scheme of this study, Figure S2: The heat map analysis associated with GA signal transduction
pathways, Figure S3: The heat map of reCj22492, Table S1: The list of DEGs, Table S2: Results of enrichment
analysis using DAVID.
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Abstract: Cryptomeria fortunei Hooibrenk (Chinese cedar) is a coniferous tree from southern China that
has an important function in landscaping and timber production. Lignin is one of the key components
of secondary cell walls, which have a crucial role in conducting water and providing mechanical
support for the upward growth of plants. It is mainly biosynthesized via the phenylpropanoid
metabolic pathway, of which the molecular mechanism remains so far unresolved in C. fortunei.
In order to obtain further insight into this pathway, we performed transcriptome sequencing of
the C. fortunei cambial zone at 5 successive growth stages. We generated 78,673 unigenes from
transcriptome data, of which 45,214 (57.47%) were successfully annotated in the non-redundant
protein database (NR). A total of 8975 unigenes were identified to be significantly differentially
expressed between Sample_B and Sample_A after analyzing their expression profiles. Of the
differentially expressed genes (DEGs), 6817 (75.96%) and 2158 (24.04%) were up- and down-regulated,
respectively. 83 DEGs were involved in phenylpropanoid metabolism, 37 DEGs that encoded v-Myb
avian myeloblastosis viral oncogene homolog (MYB) transcription factor (TF), and many candidates
that encoded lignin synthesizing enzymes. These findings contribute to understanding the expression
pattern of C. fortunei cambial zone transcriptome. Furthermore, our results provide additional insight
towards understanding the molecular mechanisms of wood formation in C. fortunei.

Keywords: C. fortunei; transcriptome; differentially expressed genes; phenylpropanoid metabolism;
candidate genes

1. Introduction

The Cryptomeria genus consists of the species Cryptomeria fortunei Hooibrenk and
Cryptomeria japonica (L.f.) D.Don (Japanese cedar). Cryptomeria fortunei Hooibrenk is an important
coniferous timber species native to China. This species is a monoecious coniferous species which is
widely planted in southern China due to its strong adaptability. C. fortunei has excellent properties that
allow for efficient timber production, including a straight bole, soft texture, rapid growth, and ease of
processing. Thus, its wood is widely used to construct wooden houses, barrels, and a large number
of industrial materials. Additionally, as a photosynthesizing plant, C. fortunei is an important plant
species in carbon storage and ecological restoration and is also a suitable landscaping tree due to its
attractive appearance [1].

Forests 2020, 11, 766; doi:10.3390/f11070766 www.mdpi.com/journal/forests241



Forests 2020, 11, 766

A transcriptome is a collection of all transcripts of a certain tissue or organ at a specific period or
stage, including coding RNA and non-coding RNA. Based on transcriptome analysis, the molecular
mechanisms of secondary growth have been elucidated in model plant [2]. In recent years, with rapid
advances in RNA sequencing, it has been applied to non-model plants, for example, to develop simple
sequence repeat (SSR) markers [3].

Lateral growth of tree stems occurs through cell divisions in the vascular cambium. Towards the
inside, the cambium forms the secondary xylem, also called wood, while towards the outside, secondary
phloem cells appear in the growing stem through the proliferation and differentiation. Wood formation
is a complex biological process, including cambium cell division, cell extension, secondary cell wall
formation, lignification, and finally, programmed cell death [4]. The formation of secondary cell
walls is an important event during wood formation. Secondary cell walls are mainly composed of
three polymers, lignin is one of the most important compounds that determine the properties of
wood [5]. The main pathway of lignin biosynthesis is phenylpropanoid metabolism, which has been
well described in Populus trichocarpa Torr. & A.Gray ex. Hook. [6] and Norway spruce [7]. However,
the molecular mechanisms underlying this biosynthetic pathway are still uncertain in C. fortunei.

In plants, the phenylpropanoid metabolic pathway synthesizes a number of key components,
including flavonoids, lignin, and others, all of which have been crucial for plants. Lignins
contain 3 different components, all of which are synthesized into 3 monomers, including S-lignin,
G-lignin, and H-lignin, respectively [8]. Lignins are mainly composed of G-H-lignin in conifers [9].
As a complex synthesis process, lignin biosynthesis can be roughly divided into 3 steps. Firstly,
the synthesis of aromatic amino phenylalanine from photosynthetic assimilation products. Secondly,
called phenylpropanoid metabolism, phenylalanine is synthesized into separate components,
including phenylalanine ammonia-lyase (PAL), p-coumarate 3-hydroxylase (C3H), caffeoyl CoA
O-methyltransferase (CCoAOMT), 4-(hydroxy) cinnamoyl CoA ligase (4CL). Thirdly, a specific
metabolic pathway which contributes to lignin monomers biosynthesis, including enzymes such as
cinnamoyl CoA reductase (CCR) and cinnamyl alcohol dehydrogenase (CAD) [10,11]. Lignins are
polymerized from 3 monomers through laccase and peroxidase [9].

Previous reports have used transcriptomics to identify lignin biosynthetic genes in other woody
plant species [7,12]. In this study, we conducted transcriptome sequencing of the C. fortunei cambial
zone at 5 successive growth stages. Differentially expressed genes (DEGs) were identified and analyzed
through analyzing the transcriptome data. Subsequently, we aimed to screen DEGs involved in
phenylpropanoid metabolism and see how their expression levels would correlate to lignin deposition
activity in C. fortunei. Our work lays the foundation for functionally elucidating the gene-regulated
phenylpropanoid biosynthesis and molecular regulation of lignin biosynthesis in C. fortunei.

2. Materials and Methods

2.1. Plant Materials

We acquired the samples from C. fortunei trees, aged around 60 years, with no obvious presence of
insect pests or disease, in the arboretum of Nanjing Forestry University, Nanjing City, Jiangsu Province,
China. The exact dates of sampling were 4 April, 18 May, 10 July, 15 September, and 12 November
in 2018, corresponding to 5 different growth stages. The letters A, B, C, D, and E represent these
5 successive stages, respectively. For each growth stage, three samples were taken as biological
replicates, labeled as A–1, A–2, and A–3. We obtained the cambium region through scratching the stem
by a sharp knife, then collected samples and immediately stored them in liquid nitrogen at −80 ◦C
until use.

2.2. RNA Extraction and Transcriptome Sequencing

Total RNA was isolated from the samples of C. fortunei vascular cambium by a RNeasy Plant
Mini Kit (Qiagen, Hilden, Germany). The integrity and concentration of total RNA were assessed by
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an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and a Thermo Scientific
NanoDrop 2000 (Thermo Fisher Scientific, Wilmington, DE, USA). Library preparation and sequencing
experiments were performed in accordance with the standard procedure provided by Illumina.
Sequencing was then performed using an Illumina HiSeq™ 2500 system by OE biotech Co., Ltd.
(Shanghai, China), generating 150 bp paired-end reads. The accession number of this project is
PRJNA 644276.

2.3. Assembly and Functional Annotation

We obtained millions of clean reads after removing adaptor and low-quality sequences. Clean
reads were then assembled into expressed sequence tag clusters (contigs), which were then de novo
assembled into transcripts using Trinity and the paired-end method [13]. Subsequently, we described
the longest transcript as a unigene using CD-HIT [14]. Unigene was chosen for subsequent analysis.
Unigenes were aligned by diamond [15] and HMMER [16] to public databases NR, KOG, GO, Swiss-Prot,
eggNOG, KEGG, and Pfam with the highest sequence similarity for protein functional annotation
and classification.

2.4. Differential Expression Analysis

Unigene expression was quantified according to the fragments per kb per million reads (FPKM)
method [17], using bowtie2 [18] and eXpress [19]. Through pairwise comparisons, DEGs of different
stages were identified by DESeq [20]. A threshold of p < 0.05 and a greater than two-fold change
were set [21]. To explore expression patterns, we performed a sample to sample distances cluster
analysis [22]. GO and KEGG enrichment analysis of DEGs were performed using R based on the
hypergeometric distribution [21].

2.5. Verification of Gene Expression Using qRT-PCR

8 unigenes were chosen for validation through qRT-PCR. RNA was extracted from the cambium
region then reverse-transcribed using a HiScript III RT SuperMix (Vazyme Biotech Co., Ltd., Nanjing,
China). We designed the primers using Primer Premier 5.0 software (Premier Biosoft International,
Palo Alto, CA, USA) (Supplementary Table S1). Three biological replicates were run at a final volume
of 20 μL, which consisted of 6 μL of ddH2O, 1 μL of primers, 2 μL of cDNA, and 10 μL of 2×
ChamQ SYBR qPCR Master Mix (Vazyme Biotech Co., Ltd., Nanjing, China). The C. fortunei β-actin
gene was used as reference [11]. The primers used were F: GCCATCTTTGATTGGAATGG and R:
GGTGCCACAACCTTGACTT. The qRT-PCR reaction was performed on an ABI 7500 Step One Plus
Real-time PCR System (Applied Biosystems, Foster City, CA, USA). Reactions were performed at 95 ◦C
for 30 s, followed by 40 cycles of 95 ◦C for 10 s, and 60 ◦C for 30 s. The delta-delta-Ct method was used
to assess the amplification results [23].

2.6. Determination of Lignin Content

The lignin content of stems of the same year was determined according to Reference [24].
We acquired the data by a GeneQuant pro ultraviolet spectrophotometer (Biochrom Ltd., England, UK).

3. Results

3.1. Statistics of Transcriptome Sequencing Results and De Novo Assembly

In order to obtain candidate genes involved in phenylpropanoid metabolism, in this study,
we performed transcriptome sequencing of the C. fortunei cambial zone at 5 successive growth stages.
As a result, we obtained a total of 724,452,816 raw reads from C. fortunei cambium total RNA across
all of our samples. From these, we assembled five complete transcriptomes, one for each growth
stage (Table 1). The percentage of raw reads with a Q-value > 30 ranged from 92.33% to 94.89% for
all samples, and the average GC content (the percentage of the total number of G’s and C’s in clean
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bases) was 44.01%. After removing low-quality reads and adaptor sequences, a total of 706,935,392
clean reads were obtained, which were used for de novo assembly. We obtained 78,673 unigenes using
Trinity software, and found the average unigene length to be 957 bp, with an N50 length of 1576 bp.
The sequence length distribution is shown in Supplementary Figure S1.

Table 1. Statistics of sequencing quality.

Sample Raw_Reads Clean_Reads Clean_Bases Valid_Bases (%) Q30 1 (%) GC 2 (%)

A_1 46,571,826 45,283,706 6,697,931,982 95.88 93.64 43.53
A_2 53,925,378 52,724,482 7,839,827,405 96.92 93.96 43.81
A_3 53,242,134 51,808,658 7,669,074,710 96.03 93.55 43.83
B_1 46,927,200 45,482,626 6,725,348,970 95.54 93.11 44.00
B_2 52,320,204 50,588,050 7,464,083,436 95.11 92.91 43.84
B_3 47,901,258 46,465,580 6,850,549,711 95.34 92.33 44.10
C_1 48,353,956 47,494,412 7,067,068,800 97.44 94.45 44.15
C_2 49,948,000 49,090,122 7,312,542,131 97.60 94.33 44.56
C_3 48,035,404 47,186,328 7,004,509,885 97.21 94.30 44.44
D_1 46,718,046 45,434,522 6,720,860,268 95.91 93.01 44.09
D_2 48,454,586 47,792,530 7,068,774,362 97.26 94.85 44.03
D_3 43,553,002 42,426,072 6,280,307,490 96.13 92.99 43.71
E_1 47,230,764 46,004,016 6,795,292,538 95.92 93.20 44.04
E_2 47,250,800 45,758,216 6,745,283,335 95.17 92.51 44.04
E_3 44,020,258 43,396,072 6,443,702,336 97.59 94.89 44.03

1 Q30 represents the percentage of bases whose phred number is greater than 30 in raw bases. 2 GC represents the
percentage of the total number of G’s and C’s in clean bases.

3.2. Functional Annotation and Classification of All Unigenes

We next annotated all 78,673 unigenes using diamond software and HMMER software against
seven public databases: NR, KOG, GO, Swiss-Prot, eggNOG, KEGG, and Pfam (Figure 1, Supplementary
Table S2). Using these databases, 45,214 (57.47%), 26,866 (34.15%), 28,589 (36.34%), and 46,674 (59.33%)
unigenes could be annotated in NR, Swiss-Prot, KOG, and eggNOG, respectively. Only 114 (0.14%)
unigenes could be aligned to the Pfam database. We successfully annotated 24,312 (30.90%) unigenes
into separate GO categories, including three functional categories: cellular component (CC), molecular
function (MF), and biological process (BP), as well as 52 GO terms (Figure 2). In the ‘cellular
component’ category, the most highly represented GO terms were ‘cell’ (20,396) and ‘cell part’ (20,364),
while ‘binding’ (15,131) and ‘catalytic activity’ (13,131) were the two top GO terms in the ‘molecular
function’ category. Additionally, regarding the ‘biological process’ category, these unigenes were
clustered into 22 GO terms, with the three top terms being ‘cellular process’ (17,152), ‘metabolic process’
(14,158), and ‘biological regulation’ (6913). In total, 15,354 (19.52%) unigenes were assigned to 24
metabolic pathways (Figure 3). ‘Translation’ (1591), ‘Signal transduction’ (1515), and ‘Carbohydrate
metabolism’ (1411) were the top three metabolic pathways.

Following this functional categorization, we continued analyzing transcription factor (TF)
categorization across the different known plant TF families. As a result, we identified a total of
1401 TFs, which could be further classified into 66 TF families, such as WRKY, NAC, bZIP, and others
(Supplementary Figure S2). We found the C2H2 family to be most abundant, with 233 unigenes,
followed by AP2/ERF-ERF (115) and bHLH (100). We also found 71 and 34 unigenes encoding MYB
and NAC TFs in this study.
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Figure 1. Unigenes functional annotation. The numbers on the top bar represent the results of the
intersection of databases with black dots in the matrix below, and the columns on the left represent the
total number of genes annotated to each database.

Figure 2. Functional distribution of Gene Ontology (GO) annotation. The x-axis represents the different
GO functional classifications, the y-axis on the left and right respectively represent the percentage and
absolute number of unigenes being annotated with each classification.
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Figure 3. Functional distribution of Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation.
The x-axis represents the number of genes, and the y-axis represents the name of the KEGG
metabolic pathway.

3.3. Identification of DEGs and the GO and KEGG Enrichment Analysis

In our study, we calculated unigene expression levels using the FPKM method and conducted
annotation and enrichment analysis of DEGs. Firstly, we performed sample clustering analysis to
obtain gene expression patterns of C. fortunei vascular cambium. The gene expression patterns of
samples collected in September and November clustered together, while those from April and July
did as well, making the samples collected in May their own cluster (Figure 4). These results indicate
a higher sample similarity between these samples. In addition, the three biological replicates were
clustered together, indicating the reliability of our transcriptome data.

 

Figure 4. Gene expression analysis. Sample clustering of 5 growth stages. Sample correlation is based
on their gene expression profile. The color scale represents the correlation coefficient. The sample
clustering was used to investigate the expression patterns of genes at 5 successive growth stages in
C. fortunei vascular cambium.
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We then identified all C. fortunei vascular cambium DEGs through pairwise comparisons.
The amount of DEGs for each pairwise comparison is shown in Supplementary Figure S3. With A as a
reference, we compared B vs. A, C vs. A, D vs. A, and E vs. A: 8975, 4432, 11,683, and 17,774 unigenes
were differentially expressed in all four pairwise comparisons, respectively.

In a previous study, we observed the development of C. fortunei vascular cambium by studying
their morphology using paraffin sections [25]. We found that cellular growth and development
were most vigorous in May. Here, we chose B vs. A (May vs. April) as an example to explain the
DEGs’ functionality. A total of 4165 DEGs were found through GO enrichment analysis in B vs. A,
of which 3230 and 935 were up- and down-regulated, respectively (Figure 5A). To describe our GO
annotation results, we constructed a directed acyclic graph (DAG) using topGO [26] (Figure 5B).
The most significant enrichment in the ‘biological process’ category is ‘secondary metabolic process’
(GO: 0019748) and ‘phenylpropanoid metabolic process’ (GO: 0009698).

Figure 5. Gene Ontology (GO) functional classification of Differentially Expressed Genes (DEGs).
(A) The x-axis represents the enriched GO terms. The y-axis represents the number and percentage of
up- and down-regulated DEGs. (B) Directed acyclic graphs (DAGs) of Biological Process (BP), Cellular
Component (CC), and Molecular Function (MF). The nodes are colored based on the q-value, and red
indicates a high confidence level. The GO terms are presented at the horizontal node position. The red
arrows represent ‘secondary metabolic process’ (GO: 0019748) and ‘phenylpropanoid metabolic process’
(GO: 0009698), respectively.
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To further explore DEGs biological function, we performed a KEGG enrichment analysis:
2628 DEGs were successfully annotated into 24 pathways in B vs. A (Figure 6). We found 146 DEGs,
of which 134 and 12 were up- and down-regulated, annotated to the secondary metabolism pathway,
which indicates that these DEGs are involved in secondary metabolism.

 

Figure 6. KEGG enrichment analysis of DEGs. The x-axis represents the percentage of genes. The y-axis
represents the name of the KEGG metabolic pathway. Red arrow indicates ‘Biosynthesis of other
secondary metabolites’.

3.4. Identification of Candidate Genes Involved in Phenylpropanoid Metabolism

In order to understand how gene activity changes between growth stages, we continued by
comparing KEGG pathway enrichment of DEGs (Figure 7). One of the main KEGG pathways
undergoing enrichment dynamics was phenylpropanoid metabolism (ko00940). We identified 83 DEGs
involved in this pathway in B vs. A, of which 76 DEGs were upregulated.

Lignin is mainly synthesized through the phenylpropanoid metabolic pathway (Figure 8),
phenylalanines are converted to monolignols by the enzymes phenylalanine ammonia-lyase (PAL)
(4.3.1.24), shikimate O-hydroxycinnamoyl transferase (HCT) (2.3.1.133), p-coumarate 3-hydroxylase
(C3H) (1.14.13.36), 4-(hydroxy) cinnamoyl CoA ligase (4CL) (6.2.1.12), caffeoyl CoA O-methyltransferase
(CCoAOMT) (2.1.1.104), cinnamoyl CoA reductase (CCR) (1.2.1.44), and cinnamyl alcohol
dehydrogenase (CAD) (1.1.1.195). In B vs. A, we identified 8, 5, 2, 9, 4, and 4 unigenes encoding PAL,
HCT, C3H, 4CL, CCoAOMT, and CCR respectively, most of which were upregulated.
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Figure 7. Bubble chart of KEGG enrichment. The x-axis represents the enrichment score. The y-axis
represents the name of the KEGG metabolic pathway. The dot size indicates the number of DEGs,
and the dot color indicates the p-value; the smaller the p-value, the greater the significance. Red arrow
indicates the ‘ko00940: Phenylpropanoid biosynthesis’ pathway.

 

Figure 8. Pathway assignments based on the Kyoto Encyclopedia of Genes and Genomes (KEGG).
A schematic representation of the phenylpropanoid biosynthesis pathway. The number in the
rectangle indicates the corresponding enzyme. Red indicates upregulated unigenes, green indicates
downregulated, yellow indicates unigenes that were both up- and down-regulated, and gray indicates
no DEGs. Red arrows indicate H-type lignin, G-type lignin, and S-type lignin, respectively.
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We then analyzed the expression of key enzymes involved in phenylpropanoid biosynthesis
(Figure 9). All of them had different expression patterns at different stages. Five enzymes, including C3H,
CCR, 4CL, PAL, and CCoAOMT, were all present at higher expression levels at stage_May. Two enzymes,
including PAL and HCT, showed higher expression levels at stage_November, which indicates that
these enzymes could play roles in response to cold stress. Most enzymes displayed lower expression
levels at stage_April and November than at other stages, which could be caused by the seasonally
cyclical pattern of dormancy and activity. Furthermore, the expression of these enzymes increased
from July to September and decreased again from September to November. This finding is consistent
with the general trend of lignin content. In the present study, the lignin content increased gradually
from April (10.88%) to September (34.56%) and stabilized from September to November (34.75%)
(Supplementary Figure S4). These phenomena revealed that key enzymes involved in phenylpropanoid
biosynthesis might be responsible for the seasonal change in wood formation activity.

 

Figure 9. Expression levels of candidate genes associated with phenylpropanoid biosynthesis.
PAL: Phenylalanine ammonia-lyase, HCT: Shikimate O-hydroxycinnamoyl transferase, C3H:
Coumaroylquinate-3′-monooxygenase, 4CL: 4-coumarate-CoA ligase, CCoAOMT: Caffeoyl-CoA
O-methyltransferase, CCR: Cinnamoyl-CoA reductase, CAD: Cinnamyl-alcohol dehydrogenase.
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3.5. Quantitative Real-Time PCR Validation of Candidate Genes Involved in Phenylpropanoid Biosynthesis

In this study, we randomly selected eight unigenes involved in phenylpropanoid biosynthesis and
examined their expression levels using qRT-PCR. We firstly performed the melt curve analysis. We found
that all samples (including 3 replicates) have a single peak and the temperature is between 80 and 90 ◦C
(Supplementary Figure S5), which indicates that the data is reliable. The expression profiles of these
candidates are shown in Supplementary Figure S6. Although the exact fold changes between stages of
each unigene varied somewhat between RNA-seq and qRT-PCR data, the trends between the different
stages were overall similar. We could find just one candidate gene (TRINITY_DN57952_c0_g1_i1_3) of
which the expression values were inconsistent with our RNA-seq data. Therefore, these results confirm
the accurate assembly of the transcript sequences and reliability of our RNA-seq data.

4. Discussion

Wood is an important raw material with a rapidly increasing worldwide demand. As a result, more
research is being devoted to analyzing the genetic regulation of wood formation. An important tool for
such research is transcriptome sequencing, which can be used to discover genes that control economic
traits. In a previous study, we identified the different expression pattern of reproductive genes in two
conifer species through transcriptome sequencing [27]. In this study, approximately 72.44 million
paired-end reads were obtained. After assembly, we obtained 78,673 unigenes, with an average length
of 957 bp, significantly longer than has been reported previously for Cunninghamia lanceolata (Lamb.)
Hook (449 bp) [28], Camellia sinensis (L.) O. Ktze. (355 bp) [29], and Porphyra yezoensis (Rhodophyta)
(419 bp) [30], and slightly shorter than C.japonica (1069 bp) [31], and thereby providing more abundant
genetic information to understand the mechanism of lignin biosynthesis.

Lignin is mainly synthesized through the phenylpropanoid metabolic pathway. We aimed to
find DEGs involved in lignin biosynthesis. As a result, we obtained 83, 29, 49, and 74 DEGs in four
pairwise comparisons, of which 76, 22, 43, and 46 DEGs were upregulated, respectively. We found
most DEGs when comparing the growth stages May vs. April and November vs. April, which is most
likely because of the seasonally cyclical pattern of dormancy and activity in wood formation. In this
study, we found 8, 3, 4, and 8, and 9, 2, 1, and 1 DEGs encoding PAL and 4CL respectively, in four
pairwise comparisons, most of which were upregulated. It is consistent with the expression patterns
in Figure 9. Similarly, Mishima et al. [31] found the homologues, PAL4 and 4CL3, and showed an
increasing expression pattern during cessation of growth. This finding indicates that PAL and 4CL
might be regulated to the cold stress. We also found most DEGs encoding CAD, CCoAOMT, and CCR
to be upregulated. Most enzymes were induced in April, and expression level gradually decreased
from August to October in C. japonica [31]. The expression pattern corresponded to our previous
study about anatomical observation of cambium cells [25]. Previous reports have found that CAD [32],
CCoAOMT [11], and CCR [33] promote lignin synthesis, which is consistent with the expression
patterns of these enzymes (Figure 9) and the associated corresponding changes in lignin content.

Previous studies have found that temperature plays an important role in dormancy
development [34]. During our study, the daily maximum and minimum temperatures increased
from 4 April to 18 May and peaked at 10 July (Supplementary Table S3). Subsequently, temperatures
steadily declined from July to November. Similarly, from our previous work, we found cambium cells
undergoing peri-planar divisions, with the largest number of layers, full cells, cytoplasm, and vigorous
divisions in May, while the number of cell layers decreased in July and September compared to May,
and with the number of cells being the least and division stopping in November [25]. Furthermore,
we found that the expression of most lignin-synthesizing enzymes in C. fortunei vascular cambium
changed in tandem with rising and falling temperatures, consistent with the growth season and
previous studies [31]. Analogously, the growing season of Japanese cedar, another gymnosperm,
runs from March until October, with lignin synthesis activity sharply increasing from March to June,
then declining until dormancy in October [31]. Interestingly, Sato et al. [35] analyzed the diurnal
periodicity of expression of lignin synthesizing genes in C. japonica and found that most enzymes
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showed different expression abundance at different times on the same day. This paper provides a good
research direction for our future study.

Previous reports have found TFs involved in the regulation of lignin biosynthesis [36–38],
response to the abiotic stress [39–43], and regulation of growth and developmental processes [44–48].
MYB TFs could regulate lignin synthesis by binding to the corresponding regulatory elements of
lignin-synthesizing enzyme genes, whereas NAC TFs could regulate the corresponding MYB TFs
to regulate lignin synthesis. During this study, we obtained 37, 16, 33, and 37 DEGs encoding
MYB TFs in all four pairwise comparisons, of which 26, 10, 26, and 20 were upregulated. Similarly,
Mishima et al. [31] found that 34 MYB were upregulated during the peak activity of xylem formation.
These results are consistent with our findings in this paper. In addition, we found that these TFs
regulated some metabolic pathways, including the phenylpropanoid metabolic pathway. We also
analyzed the expression patterns of NAC TFs and obtained 15, 4, 12, and 12 NAC TFs showing
differential expression in all four pairwise comparisons. Similarly, most TFs were upregulated.
Mishima et al. [31] found a VND6 homolog and its expression was moderately decreased during peak
xylem formation. According to the expression patterns of lignin-synthesizing enzymes in this study,
these results imply a potential role of TFs in the regulation of lignin biosynthesis.

5. Conclusions

C. fortunei is a plant tree species that has a large number of excellent qualities, such as rapid
growth, a straight bole, and ease of processing for wood production. In this study, we performed
transcriptome sequencing on C. fortunei vascular cambium for 5 successive growth stages. We identified
candidate genes involved in phenylpropanoid metabolism and analyzed expression patterns of
lignin-synthesizing enzymes. Finally, we found the correlation of enzyme expression with different
growth stages. Thus, our findings contribute to a better understanding of the molecular mechanisms
underlying the phenylpropanoid biosynthesis pathway. Importantly, these results may be useful for
molecular breeding of C. fortunei to improve wood characteristics.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/7/766/s1:
Figure S1: De novo transcriptome assembly, Figure S2: Distribution of TFs according to their TF family, Figure S3:
Identification of DEGs. The x-axis represents the comparison groups, and the y-axis represents the number of
DEGs, Figure S4: The lignin content of 5 growth stages, error bars represent standard deviation of three biological
replicates, Figure S5: The melt curve of qRT-PCR, Figure S6: qPCR validation of RNA-seq data. The x-axis
represents the growth stages, and the y-axis represents the fold change (log2). Table S1: Primers used for qRT-PCR,
Table S2: Functional annotation of unigenes, Table S3: The daily maximum and minimum temperatures at the
sampling date.

Author Contributions: Conceptualization, J.X.; formal analysis, J.Y., Y.Z., Z.G., J.M., J.C., H.H., and Y.H.; data
curation, J.Y.; writing—original draft, J.Y.; writing—review and editing, J.Y. and J.M.; supervision, J.X.; funding
acquisition, J.X.; project administration, J.X. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by National Forestry and Grassland Administration of China, forestry public
welfare industry research (201304104), and the Priority Academic Program Development of Jiangsu Higher
Education Institutions (PAPD).

Acknowledgments: We would like to give thanks to Remco A. Mentink of Plant Research International,
Wageningen University and Research Centre, for his careful scientific revision on the manuscript, and Tianci Yan
of China Agricultural University for his careful revision of the figures. We also thank reviewers for insightful
comments on this article.

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

References

1. Zhao, H.; Mo, J.X.; Hua, H.; Guo, Z.H.; Xu, J. Meiosis process and abnormal behavior of pollen mother cells
in Cryptomeria fortunei. J. Nanjing For. Univ. (Nat. Sci. Ed.) 2019, 43, 45–50. (In Chinese)
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Abstract: The chemical composition of secondary metabolites is important for the quality control of
wood products. In this study, the widely targeted metabolomics approach was used to analyze the
metabolic profiles of heartwood and sapwood in the red-heart Chinese fir (Cunninghamia lanceolata),
with an ultra-performance liquid chromatography-electrospray ionization tandem mass spectrometry
system. A total of 224 secondary metabolites were detected in the heartwood and sapwood, and of
these, flavonoids and phenolic acids accounted for 36% and 26% of the components, respectively.
The main pathways appeared to be differentially activated, including those for the biosynthesis
of phenylpropanoids and flavonoids. Moreover, we observed highly significant accumulation of
naringenin chalcone, dihydrokaempferol, pinocembrin, hesperetin, and other important secondary
metabolites in the flavonoid biosynthesis pathway. Our results provide insight into the flavonoid
pathway associated with wood color formation in Chinese fir that will be useful for further
breeding programs.

Keywords: Chinese fir; heartwood; secondary metabolites; widely targeted metabolomics; flavonoids

1. Introduction

The xylem of most woody plants can be divided into three parts: lighter sapwood (SW) on
the periphery, darker heartwood (HW) on the inside, and the transition zone (TZ) at the color
junction. HW contributes most to the value of the wood, and in most cases, it has a deep color that is
likely associated with secondary metabolites. SW is often referred to as living tissue (5–25% of the
components) and HW is mostly considered dead cells. The associated regulatory genes for metabolite
production have been difficult to clarify in these tissues, particularly in HW. Some tree species have a
TZ that produces secondary metabolites on a temporary basis, and includes live parenchyma cells; it is
generally believed that this metabolic activity peaks rapidly in the TZ and produces a large number of
secondary metabolites that accumulate in the HW [1].

Given the value of HW, some studies have specifically focused on its color. Miyamoto et al. [2]
found that the moisture and potassium contents differed significantly between two groups of reddish
and blackish HW in Sugi (Cryptomeria japonica). The color of HW in Scots pine (Pinus sylvestris)
and Norway spruce (Picea abies) significantly changes after heat treatment, which may be due to
changes in the chemical properties of secondary metabolites [3]. Gierlinger et al. [4] concluded that
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the red hue (+a*) of Japanese larch (Larix kaempferi) HW was strongly correlated with the number of
phenols (r = 0.84) and decay resistance (r = 0.63), suggesting that color measurements of larch HW
could be valuable in tree breeding programs to create an optimized larch timber tree. In addition,
Deklerck et al. [5] predicted the resistance of wood against fungal decay, and as such for wood quality
by using DART-TOFMS, secondary metabolites, and Partial Least Squares. It is also worth noting that
heritability of chemical composition is high, which implies that it may be possible to improve chemical
composition through the genetic breeding of forest trees [6,7].

In plant species, color-related metabolites are referred to as polyphenols, and they include
multiple phenolic groups that have strong antioxidant effects. Some studies have found that the
color determination of wood flour is a good indicator of phenols. Higher phenol content and higher
corrosion resistance can be achieved through breeding [6,7]. Flavonoids, which are polyphenols,
mainly include anthocyanins, flavans, flavones, flavanones, flavonols, and chalcone and are also
important components of plant secondary metabolites. They are synthesized from phenylalanine
via the phenylpropanoid and flavonoid pathways in the cytoplasm, representing the most-studied
pathways [8]. Flavonoids are widely found in colored fruits and flowers [9], and play important roles
in a variety of plant functions, such as pigmentation, prevention of dormancy, fertility, prevention
of damage by ultraviolet rays and plant pathogens, and prevention of biotic and abiotic stress [10].
They function as antioxidants that can prevent chronic diseases, including cardiovascular disease,
certain types of cancer [11], and inflammation [12].

Widely targeted metabolomics based on multiple reaction monitoring (MRM) is a highly sensitive
and accurate method to measure targeted metabolites and has the advantages of high throughput,
high sensitivity, and wide coverage. This method has been commonly used to analyze metabolites
in crop species, such as rice [13], black sesame [14], and Chrysanthemum morifolium [15], and has
successfully identified many valuable metabolites. Widely targeted metabolomics has also been used
to successfully identify some flavonoid compounds in crop species [16–18].

Chinese fir (Cunninghamia lanceolata (Lamb.) Hook. is a fast-growing conifer tree species native
to China that is well known as a quality wood used in the timber industry. This conifer has been
used as a major breeding subject of the tree improvement programs of China for over 50 years [19],
and numerous varieties were highlighted for their breeding value. Among them, the red-heart Chinese
fir is particularly valuable because of its reddish HW [20]. Previous studies on red-heart Chinese fir
have mainly focused on the collection and preservation of superior trees, the variation in the growth
material based on provenance and family, the construction of seed orchards, and the breeding of
seedlings [21–23]; few studies have investigated the mechanism underlying the color change in the
wood. Fan et al. [24] found that contents of cold water, hot water, benzyl alcohol, ash, and 1% NaOH
extracts in HW were higher than SW in the red-heart Chinese fir. Analyses of the chemical constituents
of ethanol extracts of red-heart Chinese fir have demonstrated that two compounds, namely, cedrol and
sclareol, are more concentrated in HW than in SW of the same age, and that the content increases
with age [25]. In this context, we used a widely targeted metabolomics method to identify the main
differences in metabolites between the HW and SW of the red-heart Chinese fir and described a
metabolite base for further breeding programs.

2. Materials and Methods

2.1. Plant Materials

We used wood samples of 9-year-old red-heart Chinese fir belonging to clone cx746, collected
from Xiaokeng State Forest Farm (Guangdong, China, 24◦70′ N, 113◦81′ E, 328–339 m above sea level).
Three cores were collected from each individual tree from the main stems at breast height (1.3 m) using
a tree growth cone and three random individuals were selected in clone cx746. The wood samples
were split into two groups, based on color, and included SW in the outer wood, which was light yellow,
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and HW in the inner wood with a deep red color. All samples were flash-frozen in liquid nitrogen and
maintained at −80 ◦C for further use.

2.2. Extraction and Separation of Flavonoid Secondary Metabolites

The three red-heart Chinese fir wood core samples were mixed and freeze-dried under a vacuum,
ground into a fine powder in liquid nitrogen, mixed thoroughly, and then crushed for 1.5 min at 30 Hz
using a mixer mill (MM 400, Retsch) with zirconia beads. The samples (100 mg, per sample) were
extracted with 1 mL 70% methanol on a rotating wheel at 4 ◦C in the dark for 12 h. After centrifugation
at 10,000 g for 10 min at 4 ◦C, the extracts were filtered (SCAA-104, 0.22 μm pore size; ANPEL) and
then analyzed by LC–MS/MS (ThermoFisher Scientific, SanJose, CA, USA). Quality control samples
were prepared by mixing all the samples equally. During the analyses, the quality control samples
were run every 10 injections to monitor the stability of the analysis conditions.

The samples (5 μL, per sample) were analyzed using an ultra-performance liquid chromatography
electrospray ionization tandem mass spectrometry (UPLC-ESI-MS/MS; hereafter, UEMS; SHIMADZU,
Kyoto, Japan) system (Shim-pack UFLC SHIMADZU CBM30A, http://www.shimadzu.com.cn/; MS,
Applied Biosystems 4500 QTRAP, http://www.appliedbiosystems.com.cn/) equipped with a C18 column
(Waters ACQUITY UPLC HSS T3, 1.8 μm, 2.1 mm× 100 mm). The mobile phases consisted of ultra-pure
water containing 0.04 acetic acid as mobile phase A, and acetonitrile containing 0.04% acetic acid
as mobile phase B. The A:B (v/v) gradient was as follows: 95:5 at 0 min, 5:95 at 11.0 min, 5:95 at
12.0 min, 95:5 at 12.1 min, and 95:5 at 15.0 min. The flow rate was maintained at 0.40 mL/min, and the
column temperature was kept at 40 ◦C. All eluents were pure grades from Merck. The samples
obtained above were also connected to an ESI-triple quadrupole-linear ion trap mass spectrometer
(Applied Biosystems, Framingham, MA, USA) equipped with an atmospheric pressure chemical
ionization (APCI) turbo-ion spray interface, operating in negative ion mode and controlled by Analyst
1.6.3 software (Sciex, Framingham, MA). The operating parameters of the APCI ion source were as
follows: ESI temperature, 550 ◦C; Mass spec voltage, 5500 V; and curtain gas, 25 psi.

2.3. Metabolite Identification and Quantification

The identification and structural analyses of the primary and secondary spectral data of the
metabolites detected by mass spectrometry were based on the MWDB database of Wuhan (China)
Mettewell Biotechnology Co., Ltd (Wuhan, China). and public databases, including MassBank
(http://www.massbank.jp/), KNAPSAcK (http://kanaya.naist.jp/KNApSAcK/) [26], HMDB (http://www.
hmdb.ca/), MoToDB (http://www.ab.wur.nl/moto/), and METLIN (http://metlin.scripps.edu/index.php),
and followed the standard metabolic operating procedures. Metabolomics data were processed
using System Software Analyst (Version 1.6.3). Metabolite quantification was performed using MRM.
Orthogonal partial least squares discriminant analysis (OPLS-DA) was performed on the identified
metabolites. Metabolites with significant content differences were set as thresholds of variable
importance in projection (VIP) ≥1 and fold change ≥2 or ≤0.5.

2.4. Data Analyses

Principal component analysis (PCA) was employed to compress the original data into several
principal components to describe the characteristics of the original data set [27]. The PC represents the
combination of variables that explains most of the variance, in descending order. The main parameter
obtained from PCA, R2X, represents the interpretation rate of the original data after dimensionality
reduction and can be used to judge the quality of the model.

Partial least squares-discriminant analysis (PLS-DA) was used to help identify the differential
metabolites. We also combined orthogonal signal correction (OSC) with PLS-DA being an OPLS-DA
that further decomposes the X matrix into two types of information: related or unrelated to Y. OPLS-DA
could filter differential variables by removing unrelated differences. The prediction parameters for
evaluating the OPLS-DA model are R2X, R2Y, and Q2, where R2X and R2Y represent the interpretation
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rate of the model built to the X and Y matrices, and Q2 represents the prediction ability of the model.
The closer these three are to 1, the more stable the model. When Q2 > 0.5, the model can be considered
effective, and when Q2 > 0.9, it can be considered excellent [28]. The OPLS-DA results enable a
preliminary screening of differential metabolites between different tissues. In this study, a combination
of the fold-change value and the VIP value was used to screen for differential metabolites. For the
experiments, we used a completely randomized block design, and repeated the experiments three times.
Microsoft Excel 2016 (Microsoft, Seattle, WA, USA) and IBM SPSS Statistics 24.0 (IBM Corporation,
Armonk, NY, USA) were also used to evaluate the data assessed differential secondary metabolites.
Differences in metabolites in HW and SW were evaluated using analysis of variance (ANOVA) with
Duncan’s multiple range tests for multiple comparisons. A p-value ≤ 0.05 for the ANOVA F-test was
considered statistically significant.

3. Results

3.1. Metabolic Profiling of Heartwood and Sapwood Based on LC-MS/MS

To investigate differences in the composition of secondary metabolites between the HW and SW
of the red-heart Chinese fir, widely targeted metabolomics assay was performed, which analyzed the
metabolic spectrum using UEMS. Metabolites were quantitatively analyzed following the collection
of secondary data using the MRM model. Collectively, a total of 224 secondary metabolites were
covered in our assay (HW and SW; Figure 1A), including 80 flavonoids, 58 phenolic acids, 14 alkaloids,
9 lignans and coumarins, 7 tannins, 4 terpenoids, and 52 others (Figure 1B). Among these secondary
metabolites, the most abundant were flavonoids.

Figure 1. (A) The extracting ion current (XIC) chromatogram for the heart- and sapwood mix samples in
a preliminary assay. (B) Types and proportions of differential secondary metabolites between heartwood
and sapwood in the red-heart Chinese fir.

260



Forests 2020, 11, 897

3.2. PCA

To compare the secondary metabolites in the HW and SW, the dataset obtained from the LC-MS/MS
in ESI- mode was subjected to PCA. In the PC1× PC2 value plot (Figure 2B), the samples were separated
in the first principal component (PC1), which reached 60.01%. The model of PC1 and PC2 explained
79.04% of the variance in total and showed different metabolites between the heartwood and sapwood.
The results showed a distinct grouping of HW and SW samples into two distinct areas in the plot,
indicating that each cultivar had a relatively distinct metabolic profile. In addition, multivariate statistics
were used to assess further the differences in metabolic profiles between HW and SW, and hierarchical
cluster analysis (HCA) of the secondary metabolites in HW and SW was also performed. This showed
two main clusters based on the relative differences in the accumulation patterns in the different tissues
(Figure 2C). The secondary metabolites belonging to cluster 1 accumulated at higher levels in SW and
in contrast, the metabolites in cluster 2 accumulated at higher levels in HW. Taken together, the plot
shows that there were significant differences in the secondary metabolites detected in HW and SW.

Figure 2. (A) A core of red-heart Chinese fir wood, showing red-colored tissue (heartwood, HW)
and light-yellow tissue (sapwood, SW). (B) PCA score plot of the metabolites in the heartwood and
sapwood. (C) Heatmap of the metabolites in the heartwood and sapwood.

3.3. OPLS-DA

The OPLS-DA model was used to screen the differential compounds in both groups of samples and
analyze metabolic differences between HW and SW (Figure 3B). We observed high predictability (Q2)
and strong goodness of fit (R2X, R2Y) between HW and SW (Q2Y = 0.998, R2X = 0.898, R2Y = 1.000).
The HW was separated from SW, indicating major differences in the metabolic profiles between the two
different colored tissues. Moreover, fold-change scores of ≥2 or ≤0.5 among the metabolites with a VIP
value ≥1 was used to identify different metabolites. The screening results were analyzed using volcano
plots (Figure 3A). A total of 80 significant differences between metabolites were identified, of which
37 were significantly up-regulated (the relative content of heartwood is larger than that of sapwood)
and 43 were significantly down-regulated in HW and SW, respectively. The top 10 metabolites that were
significantly up-regulated in HW are listed in Table 1, and among them, 6 flavonoids and 2 phenolic
acids were significantly different between the HW and SW. These metabolites were mainly flavonoids
and they can be considered the representative differential metabolites of HW and SW, influencing the
properties and particularly the color of the wood.
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Figure 3. (A) The volcano plot of the differential metabolites in the heartwood and sapwood. Green
dots represent down-regulated metabolites, red spots represent up-regulated metabolites, and gray
dots represent insignificant differences in metabolites. (B) OPLS-DA model plot of the differential
metabolites in the heartwood and sapwood.

Table 1. The top 10 metabolites that were significantly up-regulated in heartwood compared to sapwood.

Compounds Formula Class VIP Fold-Change Log2FC

Naringenin chalcone C15H12O5 Flavonoids 2.22 1.65 × 106 20.65
Dihydrokaempferol C15H12O6 Flavonoids 2.03 1.73 × 105 17.40

1-Feruloyl-sn-glycerol C13H16O6 Phenolic acids 1.98 8.43 × 104 16.36
Ailantinol E C21H24O7 Others 1.92 6.04 × 104 15.88
Pinocembrin

(Dihydrochrysin) C15H12O4 Flavonoids 1.94 5.66 × 104 15.79

Z-6,7-Epoxyligustilide C12H14O3 Others 1.90 3.69 × 104 15.17
3-O-Acetylpinobanksin C17H14O6 Flavonoids 1.84 2.20 × 104 14.43

benzoyltartaric acid C11H10O7 Phenolic acids 1.84 2.12 × 104 14.37
Sexangularetin C16H12O7 Flavonoids 1.77 1.85 × 104 14.18

Quercetin galloglucoside C28H24O16 Flavonoids 1.82 1.66 × 104 14.02

3.4. Putative Metabolic Pathways for Signal Metabolites

To elucidate the pathways of the differential metabolites, we mapped the metabolites from the
HW and SW to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.
jp/kegg/). The results are shown in Figure 4A. These differential metabolites are mainly involved
in metabolic pathways and flavonoid biosynthesis, and others, such as phenylpropanoids, flavone,
and flavonol also showed differences. Flavonoids synthesized via the general phenylpropanoid
pathway constitute a group of secondary metabolites in plants that contribute to the key characteristics
of HW in woody plants, such as decay resistance and insect decay [29,30]. Further enrichment analyses
of the main secondary metabolites showed that they were highly enriched in the flavonoid synthesis
pathway, as shown in Figure 4B, and that flavonoids constituted the main secondary metabolite
difference between HW and SW. Cellulose, hemicellulose, and lignin, which are the major components
of wood, generally do not exhibit color; wood color is due to the presence of colored extractives
contained in the wood. These colored extractives turn from pale to dark due to oxidation and
polymerization over time.
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Figure 4. (A) Enrichment of the differential metabolites to highlight the KEGG pathway. Differential metabolites
in the heartwood compared to those in the sapwood were mapped to distinct metabolic pathways.
(B) Overview of pathway analyses of the heartwood and sapwood of the red-heart Chinese fir.
The flavonoid biosynthesis metabolites are the most significantly different.

3.5. Secondary Metabolites Identified in the Flavonoid Pathway in HW and SW

Eleven significantly different secondary metabolites in the HW and SW of red-heart Chinese fir
were selected for further analyses of the flavonoid pathway, and the differences are shown in Figure 5.
The contents of naringenin chalcone, dihydrokaempferol, pinocembrin, hesperetin, pinobanksin,
eriodictyol, luteolin, catechin, and apigenin were significantly higher in the HW than in SW, while the
contents of epicatchin and myricetin were significantly higher in the SW than in HW. The annotation of
the differential secondary metabolites to the flavonoid pathway, as shown in Figure 6, revealed that the
Log2FC values of naringenin chalcone, dihydrokaempferol, pinocembrin, and hesperetin were higher
than 10 and were mainly concentrated in the upstream pathway. Myricetin, a downstream compound
of dihydromyricetin, was more prevalent in SW than in HW, with a Log2FC value of 10.6.
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Figure 5. Chemical structure and contents of 8 significant differential flavonoids metabolites in the
heartwood and sapwood of the red-heart Chinese fir. Means with different lowercase letters are
significantly different at p ≤ 0.05.

Figure 6. Metabolic profiling of the heartwood and sapwood in the flavonoid biosynthetic pathways
in the red-heart Chinese fir. Grids with green and red color-scales from light to dark represent the
Log2FC values of HW to SW 0.5–2, 2–5. 5–10, 10–20, and over 20, respectively. PAL, phenylalanine
ammonia-lyase; C4H, cinnamic acid 4-hydroxylase; 4CL, 4-coumarate CoA ligase; CHS, chalcone
synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3′H, flavanoid 3′-hydroxylase; FHT,
flacanone hydroxylase; FSI, flavonol synthase; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin
synthase; FLS, flavonol synthesis; LAR, leucocyanidin reductase; ANR, anthocyanin reductase.

4. Discussion

We compared the secondary metabolites of the HW and SW in the red-heart Chinese fir by widely
targeted metabolomics analyses, based on the UEMS system. There was a significant difference in
the presence of 80 secondary metabolites. Metabolic pathway analyses revealed that the flavonoid
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biosynthesis pathway was significantly different between HW and SW. Furthermore, HW contained
significantly more flavonoids than SW.

There are considerably more metabolites in the plant kingdom than in the animal kingdom, with the
number estimated to exceed 200,000 [31]. New varieties of woody plants are deliberately selected for
the creation of high-quality wood. However, differences have only recently been discovered in the
distribution of secondary metabolites in the stems of the red-heart Chinese fir. A metabolomics study can
provide new information on the different secondary metabolic compound profiles. Detailed metabolite
profiling of thousands of plant samples has great potential to elucidate metabolic processes. However,
it is difficult to simultaneously undertake both comprehensive and high-throughput analyses in
plants due to the wide diversity of metabolites present. Widely targeted metabolomics approach
can monitor both the specific precursor ions and the product ions of each metabolite using MRM
and tandem quadrupole mass spectrometry (TQMS), as they enable high sensitivity, reproducibility,
and a broad dynamic range [32]. In general, such analyses can provide a large data set that will
aid understanding of plant metabolism, and which can be used in combination with other omics
approaches to achieve a deeper understanding of the biological processes involved. Herein, the UEMS
system-based widely targeted metabolomics analyses approach appeared be effective as it helps us
to rapidly obtain information on 80 significantly different metabolites between HW and SW and to
classify them accurately in Chinese fir.

Color differences are widely studied in horticulture and agriculture, and particularly in plants that
are usually propagated vegetatively, such as most fruit trees. Cho et al. [33] analyzed the metabolites of
three colored potato cultivars and found differences in the anthocyanin content. Xue et al. [34] analyzed
the molecular and metabolic bases of pigmentation in Lonicera japonica flowers at different developmental
stages and constructed regulatory networks of anthocyanin biosynthesis, chlorophyll metabolism,
and carotenoid biosynthesis by weighted gene co-expression network analysis. In addition, there have
been color-related studies on fig (Ficus carica L.), loquat (Eriobotrya japonica Lindl), pomegranate
(Punica granatum L.), and other fruit trees [35–39]. Anthocyanins and flavonoids affect the colors and
tastes of fruits; their antioxidant capacities confer health properties and reduce the risk for cardiovascular
morbidity and mortality [40,41]. As with many secondary metabolite pathways, the flavonoid pathway
is regulated by multiple genes. First, phenylalanine ammonia-lyase (PAL) catalyzes the conversion of
phenylalanine into cinnamic acid. Then, dihydrokaempferol is converted from cinnamic acid by a
series of enzymes, such as cinnamate 4 hydroxylase (C4H), 4-coumaroyl: CoA-ligase (4CL), chalcone
synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), flavanone 3′-hydroxylase
(F3′H), and flavanone 3′-5′-hydroxylase (F3′5′H). Subsequently, dihydroflavonol 4-reductase (DFR)
catalyzes the conversion of dihydrokaempferol into unmodified and colorless anthocyanins [42,43].
Then, the conversion of colorless anthocyanins into colored anthocyanins is catalyzed by anthocyanidin
synthase (ANS). Finally, the unstable colored anthocyanins are converted into blue-purple, brick red,
or magenta glycosides by UDP glucose: flavonoid 3-O glucosyltransferase (UFGT) [44–46]. In this
study, we identified the flavonoids in the HW of the red-heart Chinese fir, determined which substances
differed from those in the SW, and more importantly, revealed the highly significant accumulation of
naringenin chalcone, dihydrokaempferol, pinocembrin, hesperetin, and other important secondary
metabolites in the flavonoid biosynthesis pathway. We found that flavonoids were the secondary
metabolites that differed most between the SW and HW in the red-heart Chinese fir. In addition, HW
with a natural red-orange color differed from SW due to the presence of pigments that proved difficult
to extract but which were formed by the enzymatic reduction of dihydroquercetin, the main extractive
of Douglas fir HW [47,48]. Pâques et al. [49] found that taxifolin and dihydrokaempferol showed
significant differences among different varieties of larch by studying the distribution of HW extractives
in hybrid larches and in their related European and Japanese larch parents. Takahashi and Mori [50]
concluded that Sugi HW turns black because sequirin-C, a type of norlignan that is readily soluble in
alkaline solution and can form a large intramolecular conjugation system when alkalized, was converted
into products that had a deep purple color as the HW was basified. In another study, the metabolic
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profiles of HW and SW in Taxus chinensis were analyzed using widely targeted metabolomics assay,
and a total of 607 metabolites were detected, including 71 flavonoids and isoflavones that were
significantly different between HW and SW [51]. The differences in the secondary metabolites of HW
are mainly a result of species differences. This is due to the great diversity of metabolic pathways that
each plant species has evolved to survive under varying environmental conditions.

In our study, flavonoids were the main secondary metabolites that differed between the HW and
SW in the red-heart Chinese fir, but it is not known if they underlie the differences in color, as this requires
additional evidence. Anthocyanins, as downstream products in the flavonoid biosynthesis pathway,
are widely distributed in flowers and fruits, where they play a role in coloring, but there are few reports
of anthocyanins in wood. In the transition zone, the ray parenchyma cells synthesize flavonoids before
programmed death and eventually become a part of the heartwood [52,53]. This process increases the
wood quality and corrosion resistance, while giving the heartwood a more attractive color. In future
studies, we will compare the secondary metabolites of HW between the red-heart Chinese fir and the
common Chinese fir at a population scale, in the hope that it will address this issue more intuitively.
In addition, metabolomics, in combination with genomics, transcriptomics, or proteomics, may help us
to analyze molecules with similar chemical properties that are related to metabolites (namely, DNA,
RNA, and proteins).

5. Conclusions

This study was the first to investigate the differential secondary metabolites of the red-heart
Chinese fir using a widely targeted metabolomics method. We found significant differences between
HW and SW. This study successfully identified components in the HW of the red-heart Chinese fir
that are consistent with specific characteristics of HW in other conifers. The results provide critical
metabolite inventory information for the study of specific metabolites in the HW of the red-heart
Chinese fir, and provide a base study for the improvement of wood quality regarding to HW color on
the metabolite aspect.
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Abstract: Camellia (C.) oleifera Abel. is an evergreen small arbor with high economic value for
producing edible oil that is well known for its high level of unsaturated fatty acids. The yield
formation of tea oil extracted from fruit originates from the leaves, so leaf senescence, the final stage
of leaf development, is an important agronomic trait affecting the production and quality of tea oil.
However, the physiological characteristics and molecular mechanism underlying leaf senescence
of C. oleifera are poorly understood. In this study, we performed physiological observation and de
novo transcriptome assembly for annual leaves and biennial leaves of C. oleifera. The physiological
assays showed that the content of chlorophyll (Chl), soluble protein, and antioxidant enzymes
including superoxide dismutase, peroxide dismutase, and catalase in senescing leaves decreased
significantly, while the proline and malondialdehyde concentration increased. By analyzing RNA-Seq
data, we identified 4645 significantly differentially expressed unigenes (DEGs) in biennial leaves with
most associated with flavonoid and phenylpropanoid biosynthesis and phenylalanine metabolism
pathways. Among these DEGs, 77 senescence-associated genes (SAGs) including NOL, ATAF1,
MDAR, and SAG12 were classified to be related to Chl degradation, plant hormone, and oxidation
pathways. The further analysis of the 77 SAGs based on the Spearman correlation algorithm
showed that there was a significant expression correlation between these SAGs, suggesting the
potential connections between SAGs in jointly regulating leaf senescence. A total of 162 differentially
expressed transcription factors (TFs) identified during leaf senescence were mostly distributed in
MYB (myeloblastosis), ERF (Ethylene-responsive factor), WRKY, and NAC (NAM, ATAF1/2 and
CUCU2) families. In addition, qRT-PCR analysis of 19 putative SAGs were in accordance with the
RNA-Seq data, further confirming the reliability and accuracy of the RNA-Seq. Collectively, we
provide the first report of the transcriptome analysis of C. oleifera leaves of two kinds of age and a
basis for understanding the molecular mechanism of leaf senescence.

Keywords: Camellia oleifera; leaf senescence; transcriptome analysis; senescence-associated genes;
physiological characterization

1. Introduction

Camellia (C.) oleifera Abel. is an evergreen small arbor within the genus Camellia of the family
Theaceae. It has been cultivated and utilized in China for more than 2000 years and is one of the four
major woody oil plants in the world [1]. The tea oil extracted from C. oleifera is mainly composed
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of unsaturated fatty acids including oleic acid and linoleic acid, which can improve the antioxidant
capacity and protect the liver, among other benefits [2–4]. Moreover, the United Nations Food and
Agriculture Organization recommended the tea oil as a high-quality, healthy vegetable oil due to its
nutritional value and excellent storage quality [5]. However, with the growing demand for high-quality
edible oil, the low production of tea oil can no longer meet the market demand, so increasing the
output of C. oleifera has always been one of the most urgent problems to be solved in the research of
this species [6].

Many researches have shown that leaf senescence is crucial to limit the yield and quality of tree
species [7]. This process is tightly regulated by both endogenous factors such as leaf age, the state
of plant hormones, and the stages of growth and development as well as external factors mainly
including diverse environmental conditions like drought and salinity [8]. During the process of leaf
senescence, some synergetic changes occurred at the leaf physiological, biochemical, and molecular
processes including chlorophyll (Chl) degradation, hydrolysis of macromolecules, accumulation
of malondialdehyde (MDA), phytohormone changes, some redox processes, and the responses of
senescence-associated genes (SAGs) [9]. To date, many advancements have been made in the research
on leaf senescence at the molecular level, and a large number of SAGs have been identified including
SAG family genes, PAO, S40, ATAF1, GBF1, etc. [10–17]. These genes participate in the process of leaf
senescence through a complex regulatory network.

Chl degradation is one of the most significant characteristics and the genes related to it can be
induced during leaf senescence [18]. For example, in rice (Oryza sativa L.), NOL and SGR (STAY
GREEN), the key genes responsible for catalyzing Chl degradation, are significantly induced in older
leaves [19,20]. Phytohormones are also involved in response to leaf senescence, with abscisic acid
(ABA), ethylene, jasmonic acid (JA), and salicylic acid (SA) promoting leaf senescence, auxin, and
cytokinin delaying senescence [21]. In arabidopsis, ABA receptor PYL9 (promoter-pyrabactin resistance
1-like) transcripts are obviously more abundant in older leaves, and PYL9 accelerates leaf senescence
of the ABA pathway [22]. AHK2, known as a cytokinin receptor, mediates cytokinin-dependent
Chl retention; in the leaves of ahk2 mutant, Chl content reduced and the precocious senescence
phenotype was observed [23]. In addition, recent studies have demonstrated that redox signaling
in leaf changes accordingly during leaf senescence including a reduction of antioxidant enzyme
activity, accumulation of reactive oxygen species (ROS), and expression changes in relevant genes [24].
In kiwifruit (Actinidia chinensis), the accumulation of monodehydroascorbate reductase (MDAR)
reduces H2O2 content, thus delaying leaf senescence [25]. These studies indicate that leaf senescence is
a very complicated life process, and involved in multiple layers and signaling pathways. In addition
to these functional genes or key enzymes, more recently, there has been considerable progress in
understanding the importance of transcription factors (TFs), which could be responsible for the onset
of leaf senescence [26]. In arabidopsis, WRKY75 acts as a positive regulator of leaf senescence, and
overexpression of WRKY75 increases the expression of SID2 (SA INDUCTION-DEFICIENT2), thus
promoting SA production; moreover, WRKY75 suppresses H2O2 scavenging, and can form three
interlinking positive feedback loops with SA and ROS [27]. ORE1, a member of NAC TF family, is
involved in the direct regulation of Chl catabolic genes, and can accelerate ethylene production by
inducing the expression of ACS2, a vital ethylene biosynthesis gene, thus positively regulating leaf
senescence in arabidopsis [28].

The mechanism of senescence has been intensively studied in model plants and crops such
as arabidopsis and rice, however, the genes involved in the molecular mechanism driving leaf
senescence in C. oleifera remain elusive. Therefore, the main objective of this study was to determine
the physiological changes and gene expression profiling between C. oleifera leaves of two types of
ages. In the present study, physiological analysis of two leaf types was performed measuring Chl
content, soluble protein concentration, antioxidant enzyme activity, and accumulation of MDA and
proline. The gene expression profiles were determined by RNA-Seq and qRT-PCR (Quantitative
Real-time PCR). The putative SAGs and pathways associated with leaf senescence were identified
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and analyzed by means of multiple bioinformatics tools. Our study provides an initial analysis for
understanding the underlying molecular mechanisms of leaf senescence and is a valuable resource for
further identification of genes related to leaf senescence in C. oleifera.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

The plant material used in this study was 6-year-old C. oleifera ‘Cenxiruanzhi No. 3′. Trees were
originally grown in the Fengsheng seedling field in Cenxi City, Guangxi Zhuang Autonomous Region,
and transplanted into the greenhouse at Sanqingyuan, Beijing Forestry University, Beijing, with the
maximum air temperature of 28 ◦C in the daytime and a minimum of 21 ◦C at night, and the humidity
of 72%–85%. All plants were watered and fertilized under the same conditions. Seedlings displaying
uniform growth and with no signs of disease or insects were selected for further research. The intact
annual leaves (AL) and biennial leaves (BL) in the same position on the sunny side were collected
in August 2019. All samples were immediately frozen in liquid nitrogen and stored at −80 ◦C for
further analysis. More than three seedlings were pooled as one biological replicate, and three biological
replicates were included for our collection. The samples were marked with serial numbers: AL_1,
AL_2, AL_3, BL_1, BL_2, and BL_3.

2.2. Physiological Analysis of C. oleifera Leaves

The physiological changes differing between the two leaf types C. oleifera were determined
before RNA-Seq. The total Chl content was determined by the ethanol–acetone method, with minor
modifications [29]. The soluble protein content was measured by using the Coomassie brilliant blue
G250 dye method [30]. Malondialdehyde (MDA) concentration was measured by the thiobarbituric acid
method, as proposed by a previous study [31]. The proline content was determined according to the
sulfosalicylic acid–acid ninhydrin method, with slight modifications [32]. The activities of superoxide
dismutase (SOD) was measured by the Total Superoxide Dismutase Assay Kit (hydroxylamine method)
and the activity of peroxidase (POD) was determined by the Peroxidase Assay Kit. The activity of
catalase (CAT) was measured by the CATalase Assay Kit (Visible light). These assay kits were provided
by the Jiancheng Bioengineering Institute (Nanjing, China).

2.3. Total RNA Extraction

C. oleifera leaves were ground into powder in liquid nitrogen with a sterilized mortar and pestle
for RNA extraction. The total RNA was extracted from the leaves using FastPure Plant Total RNA
Isolation Kits (polysaccharides and polyphenolics-rich) (Vazyme, Nanjing, China) according to the
manufacturer’s instructions. Agilent 2100 and NanoDrop were used to quantify and evaluate the
purified RNA. Each assay included three biological replicates.

2.4. Construction of the cDNA Library and RNA Sequencing

The extracted RNA was sent to the Beijing Genomics Institute (BGI) (Shenzhen, China), where
the library was constructed and sequenced. The mRNA was purified using magnetic beads attached
to Oligo (dT) and then purified mRNA was fragmented into small pieces. The first-strand cDNA
was synthesized by random hexamer-primed reverse transcription, and subsequently, second strand
cDNA was generated. Afterward, the A-tail adaptor was added through incubation, the cDNA
fragments obtained after end repair were amplified by PCR, and then were purified by Ampure XP
Beads. The purified product was tested on an Agilent Technologies 2100 bioanalyzer. Subsequently,
the double-stranded PCR products were denatured and circularized to obtain the final library.
The constructed library was finally sequenced on the BGIseq500 platform (BGI, Shenzhen, China).
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2.5. Transcriptome Assembly and Annotation

SeqPrep (https://github.com/jstjohn/SeqPrep) and Sickle (https://github.com/najoshi/sickle)
software were used to filter the raw sequencing reads. After filtering, the remaining reads were
considered as clean reads and used for further bioinformatics analysis. Afterward, the clean reads were
used for de novo assembly using Trinity (https://github.com/trinityrnaseq/trinityrnaseq) [33]. TransRate
(http://hibberdlab.com/transrate/) [34] and CD-HIT (http://weizhongli-lab.org/cd-hit/) [35] were utilized
to optimize and filter the initial assembly sequence, and BUSCO (Benchmarking Universal Single-Copy
Orthologs, http://busco.ezlab.org) [36] was used to evaluate the assembly results. After assembly,
all unigenes were aligned to the public protein databases including NR (NCBI non-redundant)
(ftp://ftp.ncbi.nlm.nih.gov/blast/db/) [37], Swiss-Prot (http://web.expasy.org/docs/swiss-prot_guideline.
html) [38], Pfam (http://pfam.xfam.org/) [39], COG (Clusters of Orthologous Groups of proteins,
http://www.ncbi.nlm.nih.gov/COG/) [40], GO (Gene Ontology, http://www.geneontology.org) [41] and
KEGG (Kyoto Encyclopedia of Genes and Genomes, http://www.genome.jp/kegg/) [42] databases.

2.6. Analysis and Enrichment of Differentially Expressed Genes (DEGs)

The data were analyzed on the free online platform of Majorbio Cloud Platform (www.majorbio.com).
RSEM (RNA-Seq by Expectation Maximization) was utilized to calculate gene expression, and TPM
(Transcripts Per Million reads) was used to quantify the expression level of genes [43]. DESwq2
(http://bioconductor.org/packages/stats/bioc/DESeq2/) [44] was used for statistical analysis of raw
counts, and the DEGs were defined with p-adjust < 0.05 and |log2FC| ≥ 1, p-adjust is the p-value after
multiple test correction using BH (fdr correction with Benjamini/Hochberg). GO enrichment analysis
of DEGs were performed by using Goatools (https//github.com/tanghaibao/GOatools) [45]. When the
corrected p-value < 0.05, the DEGs were defined to be significantly enriched. The KEGG pathway
enrichment analysis of DEGs was performed by KOBAS (http://kobas.cbi.pku.edu.cn/home.do) [46].
The DEGs were considered to be significantly enriched when the corrected p-value < 0.05.

2.7. Screening of Key Senescence-Associated Genes (SAGs)

We initially screened 77 SAGs on the Majorbio Cloud Platform. By using the BLAST (Basic Local
Alignment Search Tool) program of the NCBI (National Center for Biotechnology Information) and
LSD 3.0 (Leaf Senescence Database, https://bigd.big.ac.cn/lsd/index.php) [47], we selected some SAGs
with high homology to important SAGs in other species for further analysis.

2.8. Analysis of Expression Correlation

The Spearman algorithm was used to obtain the correlation coefficient between genes, and
the expression correlation was defined with a correlation coefficient ≥ 0.5 and p-adjust < 0.05 [48].
According to the expression correlation between genes, the visual network diagram was constructed.

2.9. Quantitative Real-Time PCR (qRT-PCR) Analysis of Gene Expression

To evaluate the quality of RNA-Seq data, 19 unigenes were selected for qRT-PCR analysis.
The extracted RNA was used to synthesize first-strand cDNAs using a FastQuant cDNA First-Strand
Synthesis Kit (Tiangen Biotechnology, Beijing, China). We used the StepOne Plus Real-Time PCR
System (ABI, Vernon, CA, USA) for qRT-PCR, according to the manufacturer’s instructions of 2 ×
Fast SYBR Green qPCR Master Mix (High ROX) (Servicebio, Wuhan, China). GAPDH was used as a
reference gene. The primer sequences of selected genes are shown in Table S4. All qRT-PCR assays
were performed for three biological replicates and three technical repeats.
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3. Results

3.1. Morphological and Physiological Observation of Leaves at Different Leaf Age

We observed the phenotype and measured physiological changes of two different kinds of
C. oleifera leaves in the rapid fruit growth period. Our results showed that biennial leaves were
significantly yellower than annual leaves (Figure 1A). The visible morphological changes we observed
are consistent with previous reports [49] where yellowing due to Chl degradation is one of the most
obvious characteristics of leaf senescence. Accordingly, in contrast to annual leaves, the Chl content
in biennial leaves was significantly reduced (by 34.6%), suggesting that the degradation rate of Chl
in biennial C. oleifera leaves was higher than the synthesis rate (Figure 1B). Additionally, the soluble
protein content of biennial leaves was only 48.5% of that in annual leaves (Figure 1C), suggesting that
the hydrolysis of soluble protein dominates during the senescence process of C. oleifera. In addition, we
also examined the accumulation of MDA and proline and found that the contents of MDA and proline
in biennial leaves were 1.48-fold higher and 2.57-fold higher than that in annual leaves, respectively
(Figure 1D,E). Moreover, compared with annual leaves, the activity of SOD, POD, and CAT in senescent
leaves decreased by 9.8%, 44.5%, and 49.8% (Figure 1F–H), respectively, indicating that the activities of
antioxidant enzymes were reduced in C. oleifera biennial leaves, thus repressing the scavenging ability
of ROS (reactive oxygen species).

Figure 1. Morphological and physiological observation of different leaves of Camellia Oleifera Abel.
(A) The phenotype of annual leaves and biennial leaves (AL: annual leaves; BL: biennial leaves). (B) Chl
(chlorophyll) content. (C) Soluble protein content. (D) MDA (malondialdehyde) content. (E) Proline
content. (F) SOD (superoxide dismutase) activity. (G) POD (peroxidase) activity. (H) CAT (catalase)
activity. *: 0.01 ≤ p < 0.05, **: 0.001 ≤ p < 0.01, ***: p < 0.001.

3.2. RNA Sequencing, De Novo Assembly, and Annotation

In order to explore the molecular mechanisms underlying the leaf senescence of C. oleifera at the
transcriptomic level, six RNA libraries from C. oleifera leaves (AL1, AL2, AL3; BL1, BL2, and BL3) were
sequenced and 37.16 Gb high-quality clean data were obtained. The clean data of each sample reached
more than 6.08 Gb, and the clean reads of each sample ranged from 40,602,122 to 41,859,058 with the
Q30 percentage over 90.32% (Table S1). After de novo assembly of the C. oleifera transcriptome, a total
of 78,860 unigenes were generated with an N50 length of 1374 bp and an average length of 865.96 bp.
The GC content was approximately 39.19% (Table 1).
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Table 1. Summary of sequence assembly.

Item Unigene

Total number 78,860
Total base 68,289,653

Average length (bp) 865.96
N50 length (bp) 1374
GC percent (%) 39.19

The assembled unigenes were searched against the NR (NCBI non-redundant protein sequences),
Swiss-Prot (Annotated protein sequence database), Pfam (Protein family), COG (Clusters of Genes),
GO (Gene Ontology), and KEGG (Kyoto Encyclopedia of Genes and Genomes) databases, with 51.3%
(40,425 of 78,860) of unigenes annotated. Among them, 26,486, 13,831, 29,317, 39,848, 24,214, and 23,566
annotated unigenes were obtained from the GO, KEGG, COG, NR, Swiss-Prot, and Pfam databases,
respectively (Figure 2). The results indicated that the NR database had the highest proportion of
annotation and 39,848 unigenes were annotated. Due to the lack of a reference genome for C. oleifera,
the NR database can provide us with information about the most similar matches to gene sequences
from other species, and according to the NR database, the species with the greatest number of C. oleifera
unigenes are Camellia sinensis (87.70%), followed by Actinidia chinensis (2.02%) and Vitis vinifera (1.22%)
(Figure S1). These results provide a basis for the future research of the potential function of these
annotated unigenes.

Figure 2. Venn diagram of unigenes annotated in NR (NCBI non-redundant), Swiss-Prot, Pram (Protein
family), COG (Clusters of Genes), GO (Gene Ontology), and KEGG (Kyoto Encyclopedia of Genes and
Genomes) protein databases.
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3.3. Analyses of Gene Expression and Identification of Differentially Expressed Genes (DEGs)

The TPM values were used to calculate the expression level of unigenes in each tissue, and unigenes
with TPM ≥1 were defined as expressed [50]. The number of unigense expressed in annual leaves was
59,212, and that in biennial leaves was 47,700. In addition, 40,421 unigenes were co-expressed in both
leaves (Figure S2). Moreover, correlation analyses were performed to verify the consistency among the
samples, and our results demonstrated that the correlation among three biological replicates was very
high (Figure S3). The DEGs were defined with the adjusted p-value < 0.05 and fold-change ≥ 2, and our
results showed that there were 4645 DEGs between C. oleifera leaves of two types of ages. Taking the
annual leaves as a control group, the number of upregulated genes and downregulated genes in
biennial leaves were 2729 and 1916, respectively (Figure 3A). To facilitate the visualization, a heatmap
was produced on the basis of the clustering analysis of expression patterns for all DEGs (Figure 3B).
These findings demonstrate that a large number of genes are responsive to the senescence process.

Figure 3. Analysis of gene expression in two kinds of leaves. (A) Volcanic map of differentially
expressed gene. Each point represents an expressed unigene, the abscissa represents the fold change
value of gene expression difference in the two samples, the vertical axis represents the statistical test
value of the difference in gene expression, p-value. Compared with annual leaves, red shows that the
gene expression was upregulated in biennial leaves, green represents the gene expression that was
downregulated in biennial leaves, and grey represents non-differentially expressed genes. (B) Heat
map of differentially expressed genes. AL_1, AL_2 and AL_3 represent three biological replicates of
annual leaves. BL_1, BL_2, and BL_3 represent three biological replicates of biennial leaves.

3.4. Gene Ontology (GO) Enrichment Analysis of DEGs

To further elucidate the function of DEGs, a GO enrichment analysis was performed. In terms
of all DEGs, there were 298 enriched GO terms (p-value ≤ 0.05). The most significantly enriched
GO category was the extracellular region (GO ID: 0005576), followed by the intrinsic component of
the membrane (GO ID: 0031224), nucleic acid binding transcription (GO ID: 0001071), transcription
factor activity, sequence-specific DNA binding (GO ID: 0003700), and oxidoreductase activity (GO ID:
0016491) (Figure 4A). In terms of upregulated DEGs, there were 292 significantly enriched GO terms
including the extracellular region (GO ID: 0005576), dioxygenase activity (GO ID: 0051213), membrane
part (GO ID: 0044425), etc (Figure 4B). As for downregulated DEGs, there were 219 terms such as
beta-amyrin synthase activity (GO ID: 0042300), oxidosqualene cyclase activity (GO ID: 0031559), and
lanosterol synthase activity (GO ID: 0000250) (Figure 4C).
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Figure 4. GO (Gene Ontology) enrichment analysis of DEGs (differentially expressed unigenes).
(A) GO enrichment of all DEGs. (B) GO enrichment of upregulated DEGs. (C) GO enrichment of
downregulated DEGs. The abscissa represents different GO terms, the vertical axis on the left represents
the significance level of enrichment, corresponding to the height of the column, and the vertical axis on
the right represents the number of unigenes of each GO term, corresponding to different points on
the polyline.

3.5. Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Analysis of DEGs

To further discover the leaf senescence pathway of C. oleifera leaves, KEGG analysis of DEGs was
performed. A total of 126 KEGG pathways were significantly enriched, among which the phenylpropanoid
biosynthesis (Pathway id: map00940), plant hormone signal transduction (Pathway id: map04075), and
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phenylalanine metabolism (Pathway id: map00360) pathways were the most obviously enriched pathways
(Figure 5A). The upregulated DEGs were assigned to the KEGG pathways involved in 125 pathways,
among them, phenylpropanoid biosynthesis (Pathway id: map00940), phenylalanine metabolism
(Pathway id: map00360), and arginine and proline metabolism (Pathway id: map00330) were the most
highly represented (Figure 5B). The downregulated DEGs were assigned to 90 KEGG pathways, among
which the sesquiterpenoid and triterpenoid biosynthesis (Pathway id: map00909), plant hormone
signal transduction (Pathway id: map04075), and ascorbate and aldarate metabolism (Pathway id:
map00053) pathways were the most significantly enriched pathways (Figure 5C).

Figure 5. Enriched KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analysis of DEGs
(differentially expressed unigenes). (A) KEGG pathway analysis of all DEGs. (B) KEGG pathway
analysis of upregulated DEGs. (C) KEGG pathway analysis of downregulated DEGs. The abscissa
represents different KEGG pathways, the vertical axis on the left represents significance level of
enrichment, corresponding to the height of the column, and the vertical axis on the right represents the
number of unigenes of each KEGG pathway, corresponding to different points on the polyline.
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3.6. SAGs Differentially Expressed in Two Kinds of Leaves

To identify the important gene expressions of C. oleifera leaves during leaf senescence, we analyzed
DEGs associated with Chl degradation, plant hormones, oxidation pathways, and found 77 unigenes
homologous to the key SAGs that have been reported in other species (Table S2). Many genes
involved in the Chl degradation pathway were upregulated in biennial leaves including PAO, NOL,
SGR, etc. (Figure 6A, Figure S4A). In addition, genes related to ABA, ethylene, JA, and SA were
mostly upregulated in biennial leaves such as MYBL, ATAF1, and PYL9 (Figure S4B). Genes associated
with auxin and cytokinin were also differentially expressed during leaf senescence. For example,
the gene homologous to cytokinin receptor gene AHK2 in arabidopsis was downregulated, and
the gene homologous to auxin-related gene SAUR36 was upregulated. During foliar senescence,
evident changes for oxidation-related genes have been observed, for instance, WRKY75, encoding a
transcription factor inhibiting the elimination of ROS, was upregulated, whereas MDAR, encoding
a monodehydroascorbate reductase, was downregulated (Figure 6C, Figure S4C). Furthermore, we
found some other SAGs were also responsive to the senescence of C. oleifera leaves such as SAG12,
which was evidently upregulated in biennial leaves (Figure 6D). These findings suggest that there are
multiple signaling pathways involved in the regulation of C. oleifera leaf senescence.

Figure 6. The ratios of expression levels (biennial leaves/annual leaves) for putative SAGs. (A) The
genes involved in the Chl (chlorophyll) degradation pathway. (B) Genes associated with plant hormone
pathway. (C) Genes associated with oxidation pathway. (D) Other senescence-associated genes.
The relative expression value was normalized to the annual leaf expression level.

3.7. Correlation Analysis of SAGs

Previous studies have shown that leaf senescence is a complicated physiological process regulated
by multiple signal pathways. To better reveal the potential co-expression relationship between genes,
we constructed an expression correlation network of the 77 SAGs on the basis of the Spearman
correlation algorithm. The results indicated that there was a possible correlation among genes involved
in different pathways such as Chl degradation, phytohormones, and oxidation pathways. Among these

280



Forests 2020, 11, 812

SAGs, CoWRKY75-2, CoPAO-2, CoSAG12, CoWRKY65-2, CoMYBL-1, CoSAUR36-1, CoNOL-1, CoNAC59,
CoGBF1, and CoS40-2 were significantly correlated with the expression of other SAGs (Figure 7).
For instance, there is a significant expression correlation between CoSAG12 and many other SAGs
such as CoNOL-2, CoORE1, CoMYBL-1, CoS40-2, and CoWRKY75-2, and these genes probably play
important roles in Chl degradation, hormones, and oxidation pathways.

Figure 7. Expression correlation analysis of putative SAGs. Each node represents a unigene, and the
connection between nodes represents the expression correlation of genes. Large node suggests that this
gene has expression correlation with a large number of other genes.

3.8. Transcription Factors (TFs) Responding to Leaf Senescence

Transcription factors (TFs) exert vital function in the process of leaf senescence. Therefore, we
analyzed the expression levels of TFs in C. oleifera leaves of two types of ages. Among all the DEGs, we
identified 162 TFs (123 upregulated TFs and 39 downregulated TFs) (Table S3). Among these different
TF families, the genes encoding MYB proteins (16.67%) accounted for the largest proportion of these
genes, followed by the genes encoding AP2/ERF proteins (16.05%), WRKY (12.35%), and NAC proteins
(9.3%) (Figure 8). Notably, many TFs we have identified are homologous to SAGs in other species
genome such as MYBL, ERF1, WRKY75, ATAF1, etc. Among these potential SAGs in C. oleifera, the
genes that exhibited the most significant changes were selected for further qRT-PCR analysis.

Figure 8. Distribution of differentially expressed transcription factors (TFs). Compared with annual
leaves, red represents up-regulated TFs in biennial leaves, blue represents down-regulated TFs in
biennial leaves.
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3.9. Validation of RNA-Seq Data by qRT-PCR

To verify the accuracy and reliability of the transcriptome data, 19 putative SAGs, which were
speculated to be highly correlated with other SAGs by expression correlation analysis, were selected
for further analysis using qRT-PCR. Our findings indicated that the results of qRT-PCR analysis were in
accordance with the RNA-Seq data. Compared with annual leaves, the expression level of all predicted
upregulated SAGs was significantly increased in biennial leaves, and two downregulated SAGs were
correspondingly inhibited in senescent leaves (Figure 9). Therefore, these results suggest that our
RNA-Seq data were reliable and consistent with the qRT-PCR analysis.

Figure 9. The validation of transcriptome by qRT-PCR (Quantitative Real-time PCR). The vertical
axis on the left represents the relative expression level of genes by qRT-PCR analysis, and the vertical
axis on the right represents the TPM (Transcripts Per Million reads) value analyzed by RNA-Seq.
*: 0.01 ≤ p < 0.05, **: 0.001 ≤ p < 0.01, ***: p < 0.001.

4. Discussion

In this study, we demonstrated that some important physiological differences occurred between
younger and older leaves of C. oleifera. For example, compared with the younger annual leaves,
the older biennial leaves showed less Chl concentration and antioxidant enzyme activities, and
more accumulation of MDA. In fact, similar phenomena were also observed in other species.
For instance, Gossypium hirsutum displays Chl breakdown and increased production of MDA during leaf
senescence [51]. In Triticum aestivum, the activities of antioxidant enzymes such as SOD and CAT were
inhibited in the process of leaf senescence, suggesting that the leaf senescence of the plant is generally
accompanied by physiological changes such as the degradation of Chl and some macromolecules,
and the reduction of antioxidant enzyme activity [52]. Our findings indicated that compared with the
annual leaves, the biennial leaves showed obvious senescence phenotypes and physiological change,
suggesting that these two kinds of leaves are suitable for the study of C. oleifera leaf senescence.
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To gain more insight into the mechanism of leaf senescence in C. oleifera, a transcriptomic analysis
was performed in both annual leaves and biennial leaves. In our study, a total of 4645 DEGs were
identified, and we further interpreted the potential biological functions of DEGs from the gene
function and signaling pathway through GO enrichment analysis and KEGG enrichment analysis,
respectively. The results of GO enrichment showed that with the duration of leaf senescence of
C. oleifera, ‘extracellular region’, ‘intrinsic component of membrane’, and ‘oxidoreductase activity’ were
significantly enriched, which were consistent with the physiological changes we measured. During leaf
senescence of C. oleifera, the activity of antioxidant enzyme and MDA concentration changed, and
MDA is one of the most important products associated with membrane lipid peroxidation, and can
further cause damage to cell membranes [53]. Therefore, on one hand, our results suggest that ROS
plays a vital role in the process of C. oleifera leaf senescence, and on the other hand, these findings
demonstrate that the physiological changes we determined and the analysis of transcriptome are
reliable. Furthermore, based on KEGG enrichment, we found that ‘phenylpropanoid biosynthesis’ and
‘plant hormone signal transduction’ were significantly enriched. In fact, previous study also showed
that during the leaf senescence of Sorghum bicolor, ‘phenylpropanoid biosynthesis’ and ‘plant hormone
signal transduction’ exhibited the most DEGs [54].

Leaf senescence is a highly complex process, which is controlled by multiple pathways [49].
Based on previous studies and our findings on the physiological changes and transcriptomic analysis of
C. oleifera, we speculated that leaf senescence may cause changes in pathways such as Chl degradation,
plant hormones, and oxidation, etc. In order to reveal these changes, we performed differential
expression statistics on the paramount pathways and found 77 essential SAGs in the process of
C. oleifera leaf senescence, many of which are associated with Chl degradation, phytohormone signaling,
and oxidation. For instance, compared with annual leaves, CoNOL and other Chl degradation related
genes, ABA receptor gene CoPYL9 and senescence-related SAG12 were upregulated in biennial leaves,
while cytokinin receptor CoAHK2 and antioxidant enzyme gene CoMDAR-2 were downregulated.
Similar results were also observed in other species. For example, in Brassica napus, the SAG12 transcript
evidently accumulates in older leaves [17]. In addition, in arabidopsis, during dark-induced senescence,
the expression of SGR, NOL, and PAO also significantly increased to degrade Chl [55]. These results
indicate that a similar senescence mechanism exists in the process of leaf senescence induced by
environmental factor or age.

Notably, in this study, based on the analysis of these SAGs, we found that CoORE1 is simultaneously
involved in Chl degradation and plant hormone signaling pathways, suggesting that SAGs may
participate in more than one pathway to regulate leaf senescence. In fact, previous study in Brassica rapa
demonstrated that BrNAC055 accelerates leaf senescence by activating the transcription of RBOH
(ROS-producing enzymes respiratory burse oxidase homologue) and two Chl catabolic genes (BrNYC1
and BrNYE1), indicating that BrNAC055 is involved in Chl degradation and oxidation pathways [56].
To identify the potential correlation between these important pathways, we further constructed an
expression correlation network for the 77 SAGs identified and found that there is an expression
correlation between genes in different pathways. For example, CoORE1, which is involved in both Chl
degradation and plant hormone pathways, correlated with CoWRKY75-2, a WRKY transcription factor
that participates in both oxidation and hormone pathways. Furthermore, CoORE1 also correlated
with other key SAGs such as CoSAG21-2 and CoSAG12. Expression correlation implies, to a certain
extent, potential connections between genes. For instance, there is an expression correlation between
senescence-related gene ONAC054 and ABA signaling associated gene OsABI5, and further experimental
results indicated that ONAC054 directly upregulates the expression of OsABI5, thus regulating leaf
senescence of rice [57]. Therefore, by constructing the expression correlation network, we predicted
the possible connection between SAGs from a bioinformatics perspective. Nevertheless, the accurate
regulatory relationship needs further experimental verification in future research.

TFs have important functions in transmitting and amplifying leaf senescence signals, thus
activating a cascade of downstream genes [9]. Overexpression of Cucumis melo TF CmNAC60 in
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arabidopsis can promote leaf senescence of transgenic plants [58]. In this study, we performed
statistical analysis on TFs and found that the differentially expressed TFs were mostly distributed in
the MYB, WRKY, NAC families, etc. Expression correlation analysis showed that the functions of
these senescence-associated TFs are complex. For instance, CoWRKY75-2 is highly correlated with
the expression of several significant senescence-associated genes such as CoSAG12 and CoSAG21-1.
CoNAC72 not only participates in Chl degradation, but also plays an important role in the hormone
pathway. Notably, there is an expression correlation between CoNAC72 and CoATAF1-2. It is reported
that homodimerization and heterodimerization among NAC TFs are crucial mechanisms in controlling
NAC transcription factor mediated plant developmental processes [59,60], suggesting that these NAC
TFs may form homodimers or heterodimers to function in regulating leaf senescence of C. oleifera.
This phenomenon can also be found in rice, in which ONAC020 and ONAC026 share similar expression
patterns during seed development, and ONAC020 can interact with ONAC026 [61]. In fact, in addition
to NAC TFs, there have been similar reports on the study of WRKY TFs. In arabidopsis, WRKY54 and
WRKY70 have been identified as important in leaf senescence, and they share a similar expression
pattern during leaf senescence and co-operate as negative regulators [62]. Furthermore, in the present
study, by using qRT-PCR, we found that the expression levels of key transcription factors such as
CoMYBL-1 and CoNAC59 changed significantly, which was in good accordance with the transcriptome
data, suggesting that TFs play important roles in C. oleifera leaf senescence based on the transcriptional
level. In future research, CoMYBL-1, CoNAC72, CoWRKY75-2, and other TFs can be chosen as important
candidates for the potential association between TFs and other SAGs to elucidate the leaf senescence
mechanism. In addition to participating in senescence, TFs such as NAC72, ATAF1, and WRKY75 have
also been widely reported to play important roles in the process of abiotic stress response in plants
such as drought and salinity [63–65]. Our physiological results demonstrated that the accumulation of
ROS in the annual leaves and biennial leaves was significantly different. Previous reports have shown
that it is a common function of TFs to participate in the regulation of plants in response to abiotic
stress through ROS pathways. Our qRT-PCR analysis indicated that the stress-responsive genes were
differentially expressed between the two leaf types. Therefore, we speculated that beyond senescence,
the two types of leaves also have tolerance differences in response to drought and other abiotic stresses,
and TFs such as CoNAC72 and CoATAF1 may also be involved in the process of C. oleifera in response
to abiotic stress. However, future research should acquire more data to verify this information.

5. Conclusions

To summarize, our results present a transcriptome analysis that combined physiological data
and phenotypic observation, which contributes to the understanding of gene expression profiling
underlying leaf senescence of C. oleifera. Compared with the annual leaves, a large number of DEGs
were identified in the biennial leaves including 162 differentially expressed TFs. The present study
explored 77 putative SAGs, which may be involved in the regulation of leaf senescence through Chl
degradation, plant hormones, and oxidation pathways. There was a significant expression correlation
between these SAGs, suggesting that these SAGs may jointly regulate leaf senescence. qRT-PCR
analysis of 19 putative SAGs were in accordance with the RNA-Seq data, and in future research, these
SAGs may serve as candidate genes for delaying leaf senescence in molecular breeding programs, thus
increasing the yield of C. oleifera.
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of SAGs associated with important pathways, Table S1: Summary of sequencing data, Table S2: The details
of putative SAGs, Table S3: The detail of differentially expressed TFs, Table S4: Primer sequences used in the
qRT-PCR experiment.
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Abstract: The practical use of marker-assisted selection (MAS) is limited in conifers because of the
difficulty with developing markers due to a rapid decrease in linkage disequilibrium, the limited
genomic information available, and the diverse genetic backgrounds among the breeding material
collections. First, in this study, two families were produced by artificial crossing between two
male-sterile trees, ‘Shindai11’ and ‘Shindai12’, and a plus tree, ‘Suzu-2’ (Ms1/ms1) (S11-S and S12-S
families, respectively). The segregation ratio between the male-sterile and male-fertile trees did not
deviate significantly from the expected 1:1 ratio in either family. These results clearly suggested that
the male-sterile gene of ‘Shindai11’ and ‘Shindai12’ is MALE STERILITY 1 (MS1). Since it is difficult
to understand the relative positions of each marker, due to the lack of a linkage map which all the
closely linked markers previously reported are mapped on, we constructed a partial linkage map of
the region encompassing MS1 using the S11-S and S12-S families. For the S11-S and S12-S families,
19 and 18 markers were mapped onto the partial linkage maps of the MS1 region, respectively.
There was collinearity (conserved gene order) between the two partial linkage maps. Two markers
(CJt020762_ms1-1 and reCj19250_2335) were mapped to the same position as the MS1 locus on both
maps. Of these markers, we used CJt020762 for the MAS in this study. According to the MAS results
for 650 trees from six prefectures of Japan (603 trees from breeding materials and 47 trees from the
Ishinomaki natural population), five trees in Niigata Prefecture and one tree in Yamagata Prefecture
had heterozygous ms1-1, and three trees in Miyagi Prefecture had heterozygous ms1-2. The results
obtained in this study suggested that ms1-1 and ms1-2 have different geographical distributions.
Since MAS can be used effectively to reduce the labor and time required for selection of trees with a
male-sterile gene, the research should help ensure that the quantity of breeding materials will increase
to assist future tree-breeding efforts.

Keywords: conifer; linkage map; male sterility; marker-assisted selection
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1. Introduction

Molecular marker-assisted selection (MAS), which can reduce the time required for a breeding
cycle, is an attractive method for conifers, which have longer generation times than those of most crop
species [1]. However, in conifers, the practical use of MAS is limited because it is difficult to develop
markers for MAS due to a rapid decrease in linkage disequilibrium, the limited genomic information
available, and the diverse genetic backgrounds among the breeding material collections. Nevertheless,
the progress with genome analysis technologies has recently accelerated, producing an enormous
volume of sequences and the subsequent development of markers linked to a particular target gene.

Sugi (Cryptomeria japonica D. Don) is an important forestry species that occupies nearly 4.5 million
hectares of planted forest in Japan, which corresponds to approximately 44% of all the planted forest
area in the country [2]. The increase in area covered by planted C. japonica has triggered pollinosis.
C. japonica pollinosis is one of the most serious allergies in Japan, affecting 26.5% of the Japanese
population [3]. As a countermeasure against C. japonica pollinosis, the use of male-sterile individuals is
effective. The first male-sterile tree (‘Toyama1’) in C. japonica, which produced no pollen grains, was
found in Toyama Prefecture in 1992 [4]. Genetic male sterility was found to be conferred by a major
recessive gene [5], MALE STERILITY 1 (MS1) [6]. Hasegawa et al. [7] reported that MS1 was different
from a gene reported in Arabidopsis (GenBank Accession AJ344210, [8]); however, its protein structure
showed functional and structural similarities to wheat male-sterile genes (ms1 and ms5). Since the
discovery of this individual, six male-sterile trees homozygous for MS1 (ms1/ms1) have been selected
(‘Shindai3’, ‘Fukushima-funen1’, ‘Fukushima-funen2’, ‘Tahara-1’, ‘Sosyun’, and ‘Mie-funen1’) [6,9–14].
The frequency of these male-sterile trees in the forest is considered to be very low, because Igarashi et
al. [9] identified only two male-sterile trees in a screening of 8700 trees distributed across a 19-ha planted
forest. Male-sterile trees are generally identified by observing pollen release and/or by the direct
inspection of the male strobili using a magnifying glass or microscope. In the selected male-sterile trees,
the confirmation of the male-sterile gene MS1 was made based on the results of test crossings. These test
crossings led to the discovery of three other male-sterile genes: MS2, MS3, and MS4 [5,6,15,16]. In some
male-sterile trees such as ‘Shindai11’ and ‘Shindai12’, male-sterile genes have not yet been investigated.

Mutations in the MS1 gene lead to the collapse of microspores after the separation of pollen
tetrads [17], whereas that of the MS2 gene lead to the formation of microspore clumps after normal
microsporogenesis [15]. On the other hand, mutations in the MS3 and MS4 genes lead to the formation
of microspores of various sizes after normal microsporogenesis [15,16]. The four male-sterile genes
MS1, MS2, MS3, and MS4 have been mapped to different linkage groups: the ninth (referred to as
LG9 hereafter), fifth, first, and fourth linkage groups, respectively [17–19]. Only one tree with ms2,
ms3, and ms4 was selected, respectively. Therefore, trees with ms1 have generally been used for tree
improvement and seedling production. Both male-sterile trees and also trees heterozygous for the
male-sterile gene are important for tree improvement and seed production as the maternal and paternal
parents, respectively. Currently, seven trees heterozygous for MS1 (Ms1/ms1), ‘Suzu-2’, ‘Naka-4’,
‘Ooi-7’, ‘Ohara-13’, ‘Zasshunbo’, ‘Kamiukena-16’, and ‘Kurihara-4’, have been selected ([4,6,14,20,21],
Konno, personal communication). For the precise selection of trees heterozygous for MS1, it is generally
necessary to produce F1 trees by artificial crossing and to confirm whether these F1 trees are male-sterile
or -fertile trees. Confirmation is performed by the direct inspection of male strobili using a magnifying
glass (or a microscope) or by observing the pollen release.

Due to the large amount of labor required for selection, the number of trees with the male-sterile
gene is not sufficient. To reduce the labor of screening, the MAS of trees with the male-sterile gene is
necessary. Recently, some markers closely linked to the MS1 gene or derived from a putative MS1 gene
have been developed [22–25]. Moriguchi et al. [22] and Ueno et al. [25] reported that estSNP04188
and dDcontig_3995-165 were 1.8 cM and 0.6 cM from MS1 in the T5 family (173 trees), respectively.
Hasegawa et al. [23] reported that 15 markers were 0 cM from MS1 in the F1O7 family (84 trees).
Among these, AX-174127446 showed a high rate of predicting trees with ms1. Mishima et al. [24]
reported two markers from contig “reCj19250” that can be used to select trees with ms1. On the

290



Forests 2020, 11, 734

other hand, Hasegawa et al. [7] reported a candidate male-sterile gene CJt020762 at the MS1 locus,
and all the breeding materials with the allele ms1 had either a 4-bp or 30-bp deletion in the gene
(they defined these alleles as ms1-1 and ms1-2, respectively). Both of these were expected to result
in faulty gene transcription and function; therefore, they developed two markers [26] from contig
“CJt020762”. The lack of a linkage map for these markers constructed from the same family makes it
difficult to understand the relative position of each marker.

Therefore, in this study, we (1) checked whether the male-sterile gene of Shindai11 and Shindai12
was MS1, based on the results of test crossings, (2) constructed a partial linkage map of the region
encompassing MS1 using 46 markers, and (3) selected the trees with ms1 by MAS. As there are few
studies pertaining to the practicable applications of MAS in conifers, this study should provide a
valuable model.

2. Materials and Methods

2.1. Phenotyping of Male Sterility and Single Nucleotide Polymorphism (SNP) Genotyping for Linkage
Analysis

We used two families, S11-S and S12-S, in this study. These families were produced by artificial
crossing between two male-sterile trees, ‘Shindai11’ and ‘Shindai12’, and a plus tree, ‘Suzu-2’ (Ms1/ms1),
during March of 2016. These trees are considered to be diploid (2n = 22), because two or fewer alleles
have been obtained from microsatellite analyses and they are able to produce an amount of seeds.
Strobili production was promoted by spraying the trees with gibberellin-3 (100 ppm) in July 2018.
Approximately five male strobili were sampled from each individual from early November to early
December 2018. Each sampled male strobilus was bisected vertically with a razor, and male sterility
was determined using a microscope (SZ-ST, Olympus, Tokyo, Japan). Individuals without male strobili
and individuals in whom it was difficult to discriminate male sterility were excluded from further
analysis. Finally, 130 individuals from S11-S and 138 individuals from S12-S were used to construct
a linkage map. Needle tissue was collected from three parent trees (‘Shindai11’, ‘Shindai12’, and
‘Suzu-2’) and all the F1 trees (268 trees) of two mapping populations. Genomic DNA was extracted
from these needles using a modified hexadecyltrimethylammonium bromide (CTAB) method [26,27].

Single nucleotide polymorphism (SNP) markers from contigs “reCj19250” and “CJt020762” [7,24]
and SNP markers mapped to LG9 [23,25,28] were used to construct a partial linkage map of the
region encompassing the MS1 locus for each of the two families (because the gene was located in
LG9) [18]. For estSNP00204 [22], AX-174127446 [23], and CJt020762 [7], the SNaPshot assay, which
extends primers by a single base, was used for genotyping. The primer sequences used to target the
three markers in the SNaPshot assay (estSNP00204 [22], AX-174127446 [23], and CJt020762 [7]) are
shown in Table S1. Although CJt020762 contained a 4-bp and 30-bp deletion, we used the 4-bp deletion
for primer design because there is no polymorphism associated with the 30-bp deletion between the
parents of the mapping populations. Multiplex polymerase chain reaction (PCR) was performed using
three primer pairs and the Multiplex PCR Kit (QIAGEN, Hilden, Germany). Each reaction contained
2× QIAGEN multiplex PCR master mix, 1 μL primer mix (2.5 μM for each primer), and 40 ng genomic
DNA in a total volume of 6 μL. Amplification was performed in the Takara PCR Thermal Cycler
(Takara, Tokyo, Japan) using an initial denaturation step at 95 ◦C for 15 min, followed by 30 cycles of
denaturation at 94 ◦C for 30 s, annealing at 57 ◦C for 1.5 min, and extension at 72 ◦C for 1 min, with a
final extension at 60 ◦C for 30 min. To remove any primers and dNTPs, 5.0 μL of the PCR products
were treated with 2.0 μL ExoSAP-IT reagent (Thermo Fisher Scientific, Waltham, MA, USA), followed
by incubation at 37 ◦C for 30 min and then 80 ◦C for 15 min to inactivate the enzyme. Single-base
extension reactions were carried out in a 5.0 μL final volume containing 0.5 μL SNaPshot Multiplex
Ready Mix (Thermo Fisher Scientific), 1 μL primer mix (1.0 μM for each primer), and 2.0 μL of the
treated PCR products. The reactions were performed in the Takara PCR Thermal Cycler (Takara) with
25 cycles of denaturation at 96 ◦C for 10 s and annealing and elongation at 60 ◦C for 30 s. The final
extension products were treated with 1 U shrimp alkaline phosphatase (Thermo Fisher Scientific) and
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incubated at 37 ◦C for 1 h, followed by enzyme inactivation at 80 ◦C for 15 min. The PCR products
(1.0 μL) were mixed with 0.2 μL GeneScan 120 LIZ size standard and 8 μL Hi-Di formamide prior
to electrophoresis. Capillary electrophoresis was performed on the 3130xl genetic analyzer using
POP-7 (Thermo Fisher Scientific), and the alleles were analyzed using GeneMaker v2.4.0 software
(SoftGenetics, State College, PA, USA). For the other 43 SNP markers mapped to LG9, genotyping
was performed using the 48.48 Dynamic Array (Fluidigm, South San Francisco, CA, USA). For the
48.48 Dynamic Array, 6.25 ng genomic DNA per sample (at a concentration of 5 ng/μL) were used
for specific target amplification. The assays were performed following the protocol provided by the
manufacturer. The data obtained were analyzed using Fluidigm SNP Genotyping Analysis software
(ver. 4.5.1). The primer information is provided in Table S2.

Chi-square tests were performed for each locus to assess the deviation from the expected Mendelian
segregation ratio. Loci showing an extreme segregation distortion (p< 0.01) and with many missing data
points (more than five individuals) were excluded from further linkage analysis. The linkage analyses
were performed using the maximum likelihood mapping algorithm in JoinMap ver. 4.1 software
(Kyazma, Wageningen, The Netherlands) with a cross pollination-type population (hk × hk, lm ×
ll, and nn × np) and two rounds of map calculation [29]. The markers were assigned to the LG9
linkage group using a logarithm of odds ratio threshold of 8.0, which was the same value as in
previous reports on C. japonica [18,19,22,28]. The maximum likelihood mapping algorithm was used to
determine the marker order in the linkage group. The map distance was calculated using the Kosambi
mapping function [30]. The default settings were used for the recombination frequency threshold and
ripple value.

2.2. MAS of Trees with ms1

The needles for MAS selection were collected from breeding materials in Niigata (Tohoku
breeding region), Yamagata (Tohoku breeding region), Miyagi (Tohoku breeding region), Shizuoka
(Kanto breeding region), Tottori (Kansai breeding region), and Kumamoto (Kyushu breeding region)
Prefectures with sample numbers of 238, 163, 30, 34, 72, and 66, respectively. In the samples from Miyagi
Prefecture, Kurihara-4, a tree heterozygous for MS1, was included. Genomic DNA was extracted from
these needles using a modified CTAB method [26,27]. In addition, we also performed MAS selection
using previously extracted DNA from 47 C. japonica trees in the Ishinomaki natural population of
Miyagi Prefecture, where clonal analysis was performed in 2017 [31].

Based on the sequence information of CJt020762, Hasegawa et al. [26] developed two primer pairs
that sandwiched the two deletions, respectively. These two markers were used for MAS selection
in this study. PCR amplifications were performed in 10 μL reaction volumes containing 5 ng of
genomic DNA, 1× PCR Kapa2G buffer with 1.5 mM MgCl2, 0.2 μL of 25 mM MgCl2, 0.2 μL of
10 mM each dNTP mix, 0.4 μL of 5 μM forward primers labeled with dye (CJt020762_ms1-1_F and
CJt020762_ms1-2_F), 0.2 μL 5 μM reverse primers (CJt020762_ms1-1_R and CJt020762_ms1-2_R), 5 ng
template DNA, and 0.5 U KAPA2G Fast PCR enzyme (KAPA2G Fast PCR kit; KAPA Biosystems,
Wilmington, USA). Amplification was performed on the Takara PCR Thermal Cycler (Takara) under
the following conditions: initial denaturation for 3 min at 95 ◦C, followed by 35 cycles of denaturation
for 15 s at 95 ◦C, annealing for 15 s at 60 ◦C, extension for 1 s at 72 ◦C, and a final extension for
1 min at 72 ◦C. The PCR products and the DNA size marker (LIZ600; Thermo Fisher Scientific) were
separated by capillary electrophoresis on the ABI 3130 Genetic Analyzer (Applied Biosystems, Tokyo,
Japan). The DNA fragments were detected using the GeneMarker software (ver. 2.4.0; SoftGenetics,
State College, PA, USA).
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3. Results and Discussion

3.1. Linkage Maps of the MS1 Region

Of the 130 progenies in S11-S family produced by artificial crossing between ‘Shindai11’ and
‘Suzu-2’, 75 were male-fertile and 55 male-sterile. On the other hand, of the 138 progenies in S12-S
family produced by artificial crossing between ‘Shindai12’ and ‘Suzu-2’, 65 were male-fertile and
73 male-sterile. The segregation ratio between the male-sterile and male-fertile trees in the S11-S and
S12-S progenies did not deviate significantly from the expected ratios of 1:1 (X2 = 0.31 (p = 0.08) and
0.46 (p = 0.50), respectively). These results clearly suggested that the male-sterile gene of ‘Shindai11’
and ‘Shindai12’ was MS1. Based on observations using a microscope, Miura et al. [32] reported that
the male-sterile phenotype of ‘Shindai11’ and ‘Shindai12’ was similar to those of ‘Fukushima-funen1’,
‘Fukushima-funen2’, and ‘Shindai3’, which are regulated by the MS1 gene [6,9]. These previous
observational results obtained by microscopy were consistent with the results in this study.

The 19 and 18 markers were mapped onto the partial linkage maps of the region encompassing
MS1 for the S11-S and S12-S families, respectively (Figure 1). There was collinearity (conserved gene
order) among the two partial linkage maps. Two markers (CJt020762_ms1-1 and reCj19250_2335)
were mapped to the same position as the MS1 locus in both maps. Of these markers, reCj19250_2335
could not be selected ‘Ooi-7’ heterozygous for MS1 (ms1-2/Ms1), suggesting that reCj19250 was
not the causative gene of MS1; the marker did not select trees with ms1 with 100% accuracy [7,23].
As genome sequencing has now been completed in C. japonica, the question of whether these markers
are located close to each other within the genome will probably be investigated in the near future.
The gene CJt020762 was found to code for a lipid transfer protein, and the loss of protein function
was predicted in breeding materials with ms1 due to the 4-bp and the 30-bp deletions in the coding
region [7]. CJt020762 also showed functional and structural similarity with wheat male-sterile genes;
the mRNA sequence from CJt020762 showed a two-fold higher expression in male-fertile strobili than
in male-sterile strobili [7]. Therefore, we used CJt020762 for the MAS in this study.

Figure 1. Partial linkage maps of the region encompassing MS1 in the S11-S and S12-S C. japonica families.
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3.2. MAS of Trees with ms1

In the MAS results of this study, we found that five trees in Niigata Prefecture (‘Kashiwazakishi-1’,
‘Setsugai Niigata-6’, ‘Setsugai Murakami-2’, ‘Setsugai Aikawa-8’, and ‘Kamikiri Niigata-55’) and
one tree in Yamagata Prefecture (‘Taisetsu Yamagata-8’) had heterozygous ms1-1, and three trees in
Miyagi Prefecture (‘Kurihara-4’ and two trees in the natural population) had heterozygous ms1-2. Two
male-sterile trees in Niigata Prefecture (‘Shindai11’ and ‘Shinadai-12’) used as the mother trees of
the mapping families had homozygous ms1-1. The two trees with ms1-2 in the Ishinomaki natural
forest (Ishinomaki_J284 and Ishinomaki_J278) were considered to have a parent–child relationship
according to their genotypes. Because Hasegawa et al. [7] also found trees with ms1-2 in this forest,
trees with ms1-2 may be distributed at a high frequency in this forest. Through further selections from
this natural forest, it may be possible to obtain more breeding materials for male sterility.

Because half of the offspring in the mapping family ‘Fukushima-funen1’ (ms1-1/ms1-1) × ‘Ooi-7’
(Ms1/ms1-2) [23] showed male sterility, both of the trees with ms1-1 and ms1-2 can be used in a breeding
program. Therefore, MAS should target both the ms1-1 and ms1-2 alleles. In Niigata Prefecture, where
three male-sterile trees (‘Shindai3’ (ms1-1/ms1-1), ‘Shindai11’ (ms1-1/ms1-1), ‘Shindai12’ (ms1-1/ms1-1))
have been found thus far [6,7,32], five trees heterozygous for MS1 (Ms1/ms1-1) were newly found
among the 238 trees. This higher number of trees with ms1 may be due to the large number of samples
analyzed in this study. However, considering the achievements attained in the past selection, the
rate of trees with ms1 in Niigata Prefecture appears to be higher than the rates of other prefectures.
In Miyagi Prefecture, where one tree heterozygous for MS1 (‘Kurihara-4’, Ms1/ms1-2) was found thus
far [Konno, personal communication], two trees with ms1-2 (they have a parent–child relationship)
were newly found among the 77 trees. Thus, the deletion mutations detected in Niigata Prefecture
(ms1-1) and Miyagi Prefecture (ms1-2) were different. These results suggest that ms1-1 and ms1-2
may have different geographical distributions. Among the four breeding regions in C. japonica, the
Tohoku breeding region has a relatively large amount of breeding materials for male sterility (Figure 2).
However, the breeding materials for male sterility in the Kanto and Kansai breeding regions are still
fewer than those in the Tohoku breeding region, and there are no breeding materials for male sterility
in the Kyushu breeding region.

In this study, 650 trees were examined for male-sterile alleles. The precise selection of trees
heterozygous for MS1 using a magnifying glass or a microscope requires considerable labor, time
(approximately 5 years: 1 year to promote flowering, 1 year for seed production, and 3 years to confirm
male sterility), and space (approximately 56 seedlings per 1 m2). Labor includes gibberellin treatment,
artificial crossing (i.e., pollen collection, male strobilus removal, pollination bag setting and pollen
application), seed collection, field plowing, seed sowing, watering, fertilizer application, weeding,
pesticide application, gibberellin treatment, and the observation of male strobili. For the examination of
650 trees using this method, firstly, we have to prepare 19,500 F1 seedlings (age, 3 years) by 650 artificial
crossings (30 F1 seedlings per clone); in contrast, the MAS performed in this study (consisting of
fragment analysis using a sequencer) requires approximately two weeks to complete, including DNA
extraction (approximately 100 samples per day) and genotyping (approximately 200 samples per day).
Since MAS is effective for reducing the amount of labor and time required to select trees with the
male-sterile allele, the research should help ensure that the quantity of breeding materials will increase
to assist future tree-breeding efforts. Hasegawa et al. [26] developed allele specific PCR (ASP) and
amplified length polymorphism (ALP) markers to analyze ms1-1 and ms1-2, respectively, without
a sequencer. In a laboratory without a sequencer, these markers are effective for performing MAS.
If both ms1-1 and ms1-2 must be analyzed, the total estimated cost of fragment analysis by sequencer
(approximately 236.7 US$ for 96 samples) is very similar to that of the ASP and ALP marker-based
analysis (approximately 241.6 US$ for 96 samples) (Table S3). These estimates may be further reduced
through the development of DNA extraction methods with greater efficiency and lower cost.
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Figure 2. Breeding materials with MALE STERILITY 1 in four C. japonica breeding regions. The bold font
shows the selected trees in this study. Roman numerals indicate the prefectures where marker-assisted
selection (MAS) was performed (I: Miyagi, II: Yamagata, III: Niigata, IV: Shizuoka, V: Tottori,
VI: Kumamoto). Numbers in parentheses indicate the sample size.

4. Conclusions

In this study, we performed MAS for 650 trees from six prefectures of Japan using CJt020762_ms1-1
markers and found that five trees in Niigata Prefecture (‘Kashiwazakishi-1’, ‘Setsugai Niigata-6’,
‘Setsugai Murakami-2’, ‘Setsugai Aikawa-8’, and ‘Kamikiri Niigata-55’) and one tree in Yamagata
Prefecture (‘Taisetsu Yamagata-8’) had heterozygous ms1-1, and three trees in Miyagi Prefecture
(‘Kurihara-4’ and two trees in the natural population) had heterozygous ms1-2. The results obtained
in this study suggested that a difference in geographical distribution between ms1-1 and ms1-2.
In this study, we selected trees with ms1 among 650 trees, without producing 19,500 F1 seedlings by
650 artificial crossing (30 F1 seedlings per clone). This MAS is able to complete within approximately
two weeks. Because MAS can effectively reduce the labor and time for the selection of trees with the
male-sterile gene, research should help ensure that the quantity of breeding materials will increase to
assist future tree-breeding efforts.
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Abstract: Along with progress in sequencing technology and accumulating knowledge of genome
and gene sequences, molecular breeding techniques have been developed for predicting the genetic
potential of individual genotypes and for selecting superior individuals. For Japanese cedar
(Cryptomeria japonica (L.f.) D.Don), which is the most common coniferous species in Japanese forestry,
we constructed a custom primer panel for target amplicon sequencing in order to simultaneously
determine 3034 informative single nucleotide polymorphisms (SNPs). We performed primary
evaluation of the custom primer panel with actual sequencing and in silico PCR. Genotyped SNPs
had a distribution over almost the entire region of the C. japonica linkage map and verified the high
reproducibility of genotype calls compared to SNPs obtained by genotyping arrays. Genotyping was
performed for 576 individuals of the F1 population, and genomic prediction models were constructed
for growth and wood property-related traits using the genotypes. Amplicon sequencing with the
custom primer panel enables efficient obtaining genotype data in order to perform genomic prediction,
manage clones, and advance forest tree breeding.

Keywords: amplicon sequencing; AmpliSeq; genomic selection; Japanese cedar (Cryptomeria japonica);
multiplexed SNP genotyping; spatial autocorrelation error

1. Introduction

Molecular breeding techniques for plants that predict phenotypes from individual genotypes have
been developed to shorten the breeding period compared to conventional methods [1,2]. With advances
using a large number of genome-wide DNA markers to predict genomic estimated breeding values [3],
genomic selection (GS) has been performed in many plant species (reviewed by Lin et al. [4] and Desta
and Ortiz [5]) since it has become possible to construct genomic and transcriptomic information with
next-generation DNA sequencing (NGS) and to prepare genome-wide DNA markers with various
genotyping techniques [6].

Forests 2020, 11, 898; doi:10.3390/f11090898 www.mdpi.com/journal/forests299
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Forest trees are a plant group for which breeding can be accelerated by using molecular breeding
techniques [7–9]. The timespan required for genetic improvement is generally longer in forest
trees than in agricultural cultivars because forest trees require a longer period for evaluating their
economically important traits and reaching reproductive maturity. For forest trees with large genomic
sequences that are rich in repetitive segments, it is not easy to obtain the genomic information that
is necessary for molecular breeding. In particular, conifers have large genome sizes [10,11] and low
linkage disequilibrium (LD) due to being undomesticated [11–14], which hinders genome-wide studies.
Both the identification of genome-wide DNA markers and using these markers in trials of genomic
predictions are essential for implementing GS in conifers.

Despite these disadvantages, various genotyping platforms and genetic mapping methods have
been developed and applied to conifers, as summarized by Ritland et al. [15]. For example, the most
widespread electrophoresis-based methods, simple sequence repeat (SSR) markers, which are also
called microsatellites, have been developed for many species such as pine (Pinus strobus L., [16]; P.
sylvestris L., [17]; P. teada L., [18]; P. pinaster Aiton, [19]) and spruce Picea abies (L.) H. Karst., [20,21]).
Kompetitive allele specific PCR (KASP) assays utilizing fluorescence detection, which is suitable
for detecting a few to several hundred single nucleotide polymorphisms (SNPs) in large numbers
of samples, have been developed for Abies alba Mill. [22]. These markers can be applied to genetic
mapping, population genetics, or lineage management. In addition, for large numbers of SNPs
identified through genomic and transcriptomic sequencing, microarray-based genotyping platforms
have been developed, including GoldenGate (Illumina; e.g., for Japanese black pine, [23]), Infinium
(Illumina; e.g., for white spruce, [24]), and Axiom (Applied Biosystems; e.g., for Douglas fir, [25]). The
advantages of these microarray platforms are the larger number (3 to 1000 K) of loci and the cost per
marker per assay, but the initial cost to design a custom array and the cost per sample are relatively high.
Genotyping by sequencing (GBS), such as with restriction site-associated DNA sequencing (RAD-seq,
reviewed by Parchman et al. [26]) or multiplexed inter-simple sequence repeat (ISSR) genotyping by
sequencing (MIG-seq, [27]), is available to accomplish high-throughput SNP genotyping with NGS,
although its limited marker density and linkage disequilibrium often compromise its utility [26], and
genotype numbers among genotyping assays are not sufficiently reproducible to apply GS, which
requires high marker density to cover the entire genome. It is necessary to select suitable genotyping
methods that offer an appropriate yield of genotypes for the intended research purpose from various
available analysis platforms.

Japanese cedar, Cryptomeria japonica (L.f.) D.Don, is the most common coniferous tree species in
Japanese forestry, and various molecular information and markers have been prepared to evaluate
its genetic diversity, to perform reliable lineage management, and to examine genetic demography
in natural populations. Marker development in allozymes [28] and cleaved amplified polymorphic
sequence (CAPS, [29]) drove early studies of population genetics in C. japonica. SSR markers have
been developed [30–33] and used in various studies of genetic diversity [32], gene flow [34], and core
collection [35]. The GoldenGate SNP genotyping platform (Illumina, San Diego, CA, USA) was used to
detect over 1000 SNPs and conduct a genome-wide association study (GWAS) for wood properties and
the quantity of male strobili [9]. Using even larger numbers of SNPs, Mishima et al. [36] constructed a
comprehensive expressed sequence tag (EST) collection from multiple tissues and developed custom
Axiom arrays that enabled the simultaneous genotyping of more than 70K SNPs. With Axiom arrays,
they constructed a linkage map for the F1 population that was capable of detecting significant male
sterility-related SNPs [36]. By applying the genotypes acquired by the Axiom arrays, Hiraoka et al. [37]
performed GWAS and made genomic predictions for economically and socially important traits in
unrelated first-generation C. japonica plus trees; many SNPs detected in the arrays were significantly
correlated with economically and socially important traits. They also clarified that the accuracies of
genomic predictions were dependent on the traits and populations reflecting the genetic architecture
and on the background of the traits [37]. Although massive numbers of SNPs provide greater analytical
capabilities, the authors noted the high cost of genotyping and suggested reducing the SNP number
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as an effective way of cutting genotyping cost [37]. In particular, analysis cost per individual is an
important consideration when performing genotyping on large numbers of individuals. Prediction
accuracies using SNPs selected based on the results of GWAS were similar to those using all SNPs for
several combinations of traits and populations [37]. Pre-selection SNPs could be crucial for improving
the quality of genomic predictions [38]. An efficient SNP genotyping system is required to verify the
practicality of these SNPs and to apply them to actual breeding populations.

However, there are not many choices for medium-scale (up to several thousand loci) genotyping
methods that can be redesigned flexibly and applied to GS in conifers. It is necessary to construct
a platform for medium-scale high reproducibility genotyping to perform genomic prediction in C.
japonica with high reliability. AmpliSeq (Thermo Fisher Scientific Inc., Waltham, MA, USA), which is an
NGS-based genotyping method using multiplexed primer solutions for targeted amplicon sequencing,
can enable amplification of up to 6000 amplicons simultaneously with ultra-high multiplex PCR and
the construction of a targeted amplicon sequencing library in 10 h. This method has been used for
studying inherited cancer in humans (e.g., [39]) and flowering time in soybean [40].

In this study, we constructed a medium-scale SNP genotyping system for C. japonica. We adopted
an AmpliSeq custom primer panel (Thermo Fisher Scientific Inc.) as the platform and performed
primary evaluation of the custom primer panel with actual sequencing and variant calling and with in
silico PCR. We also examined the applicability of the custom primer panel for genomic prediction in a
F1 population of C. japonica plus trees.

2. Materials and Methods

2.1. Primer Panel Design

Here, we selected 3034 target SNPs based on allelic effects of the SNPs on growth- (height and
diameter at breast height, or DBH), wood property- (wood stiffness and wood density), and reproductive-
(male fecundity) related traits as suggested by GWAS results [37] and their comprehensive distribution
on the linkage map [36]. Primers for targeted amplicon sequencing on Ion Torrent platforms were
designed with the online application program, AmpliSeq designer (https://www.ampliseq.com/login/
login.action) with EST sequences containing target SNPs in C. japonica as reported by Mishima et al. [36]
and bed files describing the position of target SNPs on contigs. A total of 3031 EST sequences and 3034
target SNPs (four SNPs were located in one sequence) were analyzed. A total of 3004 primer pairs for
99.0% of the target SNPs were designed in a multiplexed 2 × Ion AmpliSeq Primer Pool (Table S1).
Primer pairs to amplify target sequences for the remaining 30 SNPs could not be designed.

2.2. Panel Evaluation Via Actual Genotyping

We used a total of 16 clones of C. japonica for primary evaluation of the custom primer panel; 11
of the 16 clones were genotyped with the Axiom custom genotyping array (Thermo Fisher Scientific
Inc.) designed by Mishima et al. [36], and five clones had an unknown SNP genotype. Current year
needles were collected and stored at −20 ◦C until DNA extraction. For DNA extraction, about 50 mg of
frozen needles were transferred into 2.0 mL microtubes and ground with liquid nitrogen and beads in
a Shake Master Auto Ver. 2.0 (Bio Medical Science, Tokyo, Japan). DNA was extracted from the pellet
with a plant DNA extraction kit (Qiagen Inc., Hilden, Germany), and DNA was quantified with the
Qubit 3.0 Fluorometer and the Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific Inc.), according to
the manufacturer’s instructions.

Libraries for amplicon sequencing were constructed with the AmpliSeq Library Kit v2.0 (Thermo
Fisher Scientific Inc.) using the following protocol. For multiplex-PCR amplification, 5 ng DNA of each
sample was amplified with the custom primer pool (3004 primer pairs) per reaction. Each reaction
mix contained 2 μL of 5 × Ion AmpliSeq HiFi Master Mix, 5 μL of 2 × Ion AmpliSeq Primer Pool,
and 5 ng of DNA, and it was brought to a volume of 10 μL with nuclease-free water. The reaction
mix was heated for 2 min at 99 ◦C for enzyme activation, followed by 13 two-step cycles at 99 ◦C for
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15 s and at 60 ◦C for 8 min, and ending with a holding period at 10 ◦C. Following the PCR, 1 μL of
FuPa enzyme regents per sample was added to the reaction mix, the reaction mix was incubated at
50 ◦C for 10 min and at 55 ◦C for 10 min to digest the primers of the amplicons, and the mixture was
incubated at 60 ◦C for 20 min to inactivate the enzyme. To enable library multiplexing on a single
semiconductor chip, 2 μL of Switch Solution, 1 μL of diluted unique barcode adapter mix containing
Ion Xpress Barcode and Ion P1 Adapters at standard volumes, and 1 μL of DNA ligase were added to
the digested reaction mix, and the reaction mix was incubated at 22 ◦C for 30 min, followed by ligase
inactivation for 5 min at 68 ◦C and 5 min at 72 ◦C. The adapter-ligated AmpliSeq library was purified
using 22.5 μL of Agencourt AMPure XP Reagent (Beckman Coulter Inc., Brea, CA, USA), followed by
washing with 75 μL of 70% ethanol twice. After the magnetic beads were dry, the AmpliSeq library
was dissolved in 20 μL of Tris-EDTA (TE) buffer.

AmpliSeq libraries were evaluated for size distribution with a Bioanalyzer 2100 and High
Sensitivity DNA Kit (Agilent Technologies Inc., Santa Clara, CA, USA), and the quantity was evaluated
with a Qubit 3.0 Fluorometer and Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific Inc.). The
libraries identified by Ion Xpress Barcodes (Thermo Fisher Scientific Inc.) were multiplexed into a
group of 16 samples for sequencing with an Ion Gene Studio S5 semiconductor sequencer and an
Ion 520 semiconductor chip (Thermo Fisher Scientific Inc.). Emulsion PCR, emulsion breaking, and
enrichment for the template preparation of ion sphere particles were performed with the Ion Chef
and the Ion 520 and 530 Kit Chef (Thermo Fisher Scientific Inc.), according to the manufacturer’s
instructions. Following preparation of the semiconductor tip, sequencing was performed with an
Ion Gene Studio S5 semiconductor sequencer using the Ion 520 Chip (Thermo Fisher Scientific Inc.),
according to the manufacturer’s instructions. The sequenced data were mapped to the reference gene
sequence of C. japonica on a Torrent Server. Plugins, variantCaller v5.10.0.18 (Thermo Fisher Scientific
Inc.) and reformatGBSCov v3.1 (Thermo Fisher Scientific Inc.) were used to construct a genotype table
for the sequencing.

2.3. Data Processing and Visualization

Read depth per amplicon, read quality score, number of variants per site, GC ratio, and marker
position within the genotyping with the AmpliSeq custom primer panel were summarized for each
amplicon and drawn with the linkage position of the published C. japonica linkage map.

Genotyping efficiency for the primer panel was calculated for the 16 clones of C. japonica. Linkage
positions of the SNPs on the published SNP linkage map [36] were drawn with R 3.6.0 [41]. The
SNPs were distinguished by color on the linkage map at an 80% genotype call rate threshold. In
addition, the SNP genotypes of the 11 of 16 clones were genotyped with the Axiom custom array
(Axiom_Cj_70K_ver. 1.0; 73,274 SNPs; Gene Expression Omnibus Dataset (GEO): GSE95616; [36]) and
compared with the genotyped results. The reproducibility of alleles was summarized and graphed on
the R platform [41].

2.4. In Silico Panel Evaluation

The designed custom primer panel was tested with an in silico PCR program, Simulate_PCR
version 1.2 ([42], https://sourceforge.net/projects/simulatepcr/) under a Perl 5.16.3 environment. The
fasta files containing the 3031 EST sequences used to design the AmpliSeq custom primer panel, and
the 34,731 EST sequences for the reference gene [36] of C. japonica were used for the input template
reference file. The default settings and the options regarding included amplicon sizes were as follows:
-minlen 50 and -maxlen 1000. The numbers of expected PCR products were summarized as follows:
(a) amplified products in in silico PCR, (b) amplicon size ≤300 bp in in silico PCR, (c) correct pairing
(intended pair of forward and reverse primers), (d) correct amplicon (annealing to correct contig with
expected amplicon size), (e) off-target amplification (unintended primers annealing to the wrong
contig), (f) unintended amplicon size (shorter or longer than expected amplicon), (g) mismatched
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pairing (unintended pair of forward and reverse primers), and (h) others (possible missing detection;
amplicon size ≤300 bp and off target, unintended amplicon size, or mismatched pairing primers).

2.5. Genotyping a F1 Population

We used a total of 576 individuals of a F1 population, consisting of 547 individuals from eight
half-diallelic F1 populations constructed with outcrossing between 32 plus trees originating from
the Tokai breeding area (Table S2) and 29 individuals from open pollinated four maternal plus trees
originating from the North-Kanto breeding area. The F1 population were planted in the Forest Tree
Breeding Center (36◦69′ N, 140◦69′ E, 49.5 m above sea level), Hitachi, Ibaraki, Japan in 1995 with a
plantation density of 3000 individuals per ha in a random block design with 6 replicates. At the timing
of thinning in 2015, the materials for genotyping and phenotyping were collected. For genotyping,
needles were placed in a plastic bag and stored at −20 ◦C until DNA extraction as described above.
DNA concentration was measured with the QuantStudio 5 Real-Time PCR System and the Qubit
dsDNA BR Assay Kit, according to the manufacturer instructions.

AmpliSeq libraries were constructed with an AmpliSeq Library Kit v2.0 (Thermo Fisher Scientific
Inc.) as described above. Then, 22.5 μL of Agencourt AMPure XP Reagent (Beckman Coulter Inc.) was
added with epMotion 96 (Eppendorf, Hamburg, Germany), and the magnetic beads were washed with
50 μL ethanol three times using HydroFlex (Tecan Group Ltd., Männedorf, Zürich, Switzerland) to
purify the adapter-ligated AmpliSeq library. After the magnetic beads were dry, the AmpliSeq library
was dissolved in 20 μL of TE buffer.

The purified AmpliSeq libraries were evaluated for size distribution with the Bioanalyzer 2100
and the High Sensitivity DNA Kit (Agilent Technologies Inc.) with quantification with the Qubit 3.0
fluorometer (Thermo Fisher Scientific Inc.). The libraries were distinguished by Ion Xpress Barcodes
(Thermo Fisher Scientific Inc.), and 96 samples were multiplexed for sequencing with the Ion Gene
Studio S5 semiconductor sequencer and a total of six Ion 540 semiconductor chips (Thermo Fisher
Scientific Inc.). The sequenced data were mapped to the reference gene sequence of C. japonica on the
Torrent Server. Plugins, variantCaller v5.10.0.18 and reformatGBSCov v3.1 were used to construct
genotype tables for each run. All six sets of genotype data were collected in one genotype table.

2.6. Phenotypic Data

Phenotypic data of growth- and wood property-related traits were obtained by the following
methods. Tree height, diameter at breast height (DBH), stress wave velocity (SWV), and pilodyn
penetration depth (PP) were measured on trees that were 18 years old before harvesting. Tree height
was measured with a Vertex III ultrasound instrument system (Haglöf, Västernorrland, Sweden), and
DBH was measured at 1.3 m above ground with diameter calipers. The stress-wave propagation time
of the stem was measured using a stress-wave timer (TreeSonic; Fakopp, Agfalva, Hungary). Briefly,
the start sensor and the stop sensor were set on the stem from 0.7 to 1.7 m above the ground, and
the stress-wave propagation time was measured five times from two directions at right angles to the
direction of the slope, and SWV was determined by dividing the distance between the sensors by the
mean value of the stress-wave propagation time. PP was measured using a Pilodyn 6J Forest (PROCEQ,
Zurich, Switzerland) with a 2.5 mm diameter pin without removing the bark from the same directions
used to obtain the stress-wave propagation time. After cutting the trees, logs from 1.0 to 2.5 m above the
ground were collected for measuring the dynamic Young’s modulus (DMOE). DMOE was measured
using a portable FFT analyzer AD-3527 (A&D, Tokyo, Japan), following the tapping methods described
by Sobue et al. [43]. After measuring DMOE, discs (about 40 mm in thickness) and short logs (about
400 mm in length) were collected from the butt end of the logs used to measure DMOE.

Square specimens were prepared for determining basic density (BD) at every fifth annual ring
from the pith. The BD calculated from oven-dried weight was divided by the green volume, which
was measured by the water displacement method [44]. BD_1, BD_2, and BD_3 were defined as the
BD of the segments containing the 1st to 5th annual rings, 6th to 10th annual rings, and 11th to 15th
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annual rings, respectively. BD was not measured outside the 16th annual ring. The average BD of the
whole disc (BD_means) was estimated by the weighted average method using the area of segments
BD_1, BD_2, and BD_3.

The heart wood color was measured using a color meter CR-300 (Minolta, Tokyo, Japan). Bark to
bark radial boards (30 mm thickness) were prepared from the short logs. The surface was previously
smoothed by a belt sander under air-dried conditions. Measurements were expressed in the L*a*b*
color space. L* indicates lightness, a* indicates the red–green axis, and b* indicates the yellow–blue axis.
The average values for five scattered points within each heartwood sample were used for analysis.

To determine the modulus of elasticity (MOE) and modulus of rupture (MOR), static bending tests
were conducted according to the Japanese Industrial Standard (JIS) Z 2101-2009 [45] using bark-to-bark
radial boards (30 mm thickness) prepared from the short logs. The boards were air-dried under
laboratory conditions. A small clear specimen (20 (R) × 20 (T) × 320 (L) mm) was prepared from each
board. All specimens were prepared at the same radial position: cross-section centered on the 4th
annual ring from the pith. Static bending tests were conducted using a universal testing machine
MSC-5/500-2 (Tokyo Testing Machine, Tokyo, Japan). Load was applied to the center of the radial
surface of the specimen at 5 mm/min over a span of 280 mm. Data regarding load and deflection were
recorded using a personal computer. After static bending tests, a small block was collected from each
specimen for measuring the air-dried density and moisture content of the small clear specimen.

The microfibril angle of the S2 layer in latewood tracheid (MFA) was measured as the angle of
the slit-like pit aperture of boarded pits in latewood tracheids [46–48]. Using a sliding microtome
(ROM-710, Yamatokohki, Saitama, Japan) and small clear specimens after the static bending test,
tangential sections of 20 μm in thickness containing latewood of the 4th annual ring from the pith were
obtained. These sections were stained with 1% safranine and then dehydrated using graded ethanol.
The dehydrated sections were dipped into xylene and mounted on slides with bioleit (Okenshoji, Tokyo,
Japan). Photomicrographs of tangential sections were taken using a light microscope CX-41 (Olympus
Corporation, Tokyo, Japan) equipped with a digital camera E-300 (Olympus Corporation, Tokyo,
Japan). The angle of the slit-pit aperture in the bordered pits of latewood tracheids to longitudinal
direction was measured as MFA using ImageJ (National Institute of Health, Bethesda, MD, USA).
Thirty tracheids were measured in each tree.

For the phenotypic data of each individual, a spatial autocorrelation error was adjusted with the
breedR package [49] of the R platform [41]. Coordinates of individuals in the plantation site and values
for each trait were used to calculate the spatial autocorrelation error, and each error was subtracted
from the raw value to calculate the adjusted value (Figure S1).

2.7. Genomic Prediction Within the F1 Population

We performed the genomic prediction for the F1 population and each trait using two methods:
genomic best linear unbiased prediction (GBLUP) and Random Forest (RF). GBLUP and RF were
performed using the “kin.BLUP” function of the rrBLUP package v 4.6.1 [50] and “randomForest”
function of the randomForest package v 4.6-14 [51] of the R platform [41], respectively. For the methods
of GBLUP and RF, raw trait and adjusted trait values with special autocorrelation errors were used
independently to construct the genomic prediction model. Prediction accuracy was estimated using
Pearson’s correlation coefficient between the phenotypic value and the genomic prediction value
obtained from the validation dataset in the 10-fold cross-validation. The correlation coefficients from
the 10-time replications in the 10-fold cross-validations were summarized.

3. Results

3.1. Primary Evaluation of the Multiplex Primer Panel

In the primary Ion S5 sequence run with an Ion 520 tip, a total of 1.32 Gb corresponding to 6.30 M
reads was generated. The mean, median, and mode of the total sequence reads were 210, 228, and
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235 bp, respectively, and 95.3% of obtained reads (6.00 out of 6.30 M reads) were successfully aligned
to the reference sequence (Figure S2).

SNPs with a call rate of more than 80% were distributed over 11 linkage groups covering the
entire previously constructed linkage map of C. japonica [36] (Figure 1). SNPs with a call rate of less
than 80% were scattered over the linkage map (Figure 1), and there were some open areas where SNP
markers were not originally designed because of the low degree of polymorphism among clones.

Figure 1. Linkage map of single nucleotide polymorphisms (SNP) distribution on the 11 linkage groups
for Cryptomeria japonica (L.f.) D.Don published by Mishima et al. [36]. SNPs that are 80% or more
genotyped, less than 80% genotyped, and ungenotyped with the custom primer panel are shown in
deep green, light green, and gray, respectively.

Read depth on the mapped loci and relative read quality for amplicon sequencing varied among
the loci (Figure 2a). Alignment of amplicons to the reference sequence with variant calls shows that
novel variants aside from the targeted SNPs were detected with more than one variant per amplicon
(Figure 2c) and with 18 variants per locus in the upper part of linkage group (LG) 1, 20 at the lower
part of LG5, and 19 at the intermediate part of LG9 (Figure 2c). GC ratios of the sequenced amplicons
were not largely biased (Figure 2d). The GC ratio and read depth were not correlated in this analysis.

The average number of called SNPs was 1990, corresponding to 68.5% of the SNP call rate through
the genotyping for 16 clones of C. japonica. The obtained SNPs covered the linkage map (total of
1492.8 cm covering 11 linkage groups) of a previous study [36] with a mean distance between adjacent
SNPs of 0.75 cm per SNP. For 11 clones, which were also previously genotyped with the Axiom arrays
in a previous study [36] out of 16 clones, there were variations in the SNP call rate (Figure 3a) that are
probably due to the low read depth (Table S3). The average SNP call rate of the 11 clones was 99.4%
when genotyped with the Axiom arrays (Figure 3b). The comparison between the two genotyping
platforms, i.e., Axiom and AmpliSeq, shows a genotype call rate of target SNPs with a custom primer
panel for AmpliSeq that was less than that with Axiom (Figure 3c), although the average for the ratio
consensus per genotyped SNP reached 94.9% (Figure 3d). Therefore, most of the called SNPs with the
custom primer panel of AmpliSeq were consistent with results obtained with the custom genotyping
array of Axiom, indicating the high reproducibility of these two genotyping systems.
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Figure 2. Parameters determined through genotyping for primary evaluation with the custom primer
panel: (a) read depth; (b) read quality score; (c) number of variants per site; (d) GC ratio; and (e)
marker position. The linkage positions of the amplicons on the linkage map in C. japonica published by
Mishima et al. [36] are shown.

Of the set of 3031 EST sequences that were used to design the custom primer panel and were used
as the template reference for in silico panel evaluations, 3004 amplicons were synthesized by in silico
PCR (Table 1), and all of the intended SNP genotyping was obtained. The total number of amplified
products by in silico PCR was 3157, as some unintended additional amplicons were produced. Out of
3157 amplicons, 3052 amplicons were intended PCR products generated with the correct primer pairs,
and 105 amplicons were unintended PCR products generated with wrong primer pairings (Table 1).
Among the amplicons generated with correct primer pairings, six were off-target amplicons due to
unintended primers annealing to the wrong contigs, and 42 were of unexpected size. The remaining
63 PCR products had an amplicon size ≤300 bp due to the wrong annealing position, presumably
resulting in missing alleles in the process of genotyping (Table 1). In contrast, when all 34,731 EST
sequences [36] were used as a template reference for in silico PCR, 2747 out of 3004 targeted amplicons
were amplified with in silico PCR (Table 1). The total number of amplified products by in silico PCR was
3395, consisting of 3265 PCR products amplified by the intended primer pairs and 130 amplified by the
wrong primer pairs (Table 1). Among the PCR products with correct primer pairing, 340 products
were off target amplicons and 178 were of unintended amplicon size (Table 1). The remaining 504 PCR
products had an amplicon size ≤300 bp (Table 1). When sequence data used for designing the custom
primer panel were used for the template reference of the in silico PCR, all the targeted SNPs were
genotyped, although some additional unintended amplification occurred. When different sequence
data (in this case, 34,731 contigs) were applied to the template reference for in silico PCR, the proportion
of the targeted amplification decreased to 2747 amplicons (80.9%), suggesting the redundancy of gene
sequences in the C. japonica genome.
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Figure 3. Genotyping summary and comparison between the AmpliSeq custom primer panel and
Axiom custom genotyping array: (a) number of the SNPs detected with AmpliSeq; (b) number of SNPs
detected with Axiom; (c) number of SNPs in consensus in a comparison between AmpliSeq and Axiom;
(d) ratio consensus per genotyped SNP by AmpliSeq. Of a total of 16 clones of C. japonica, 16 were
genotyped with AmpliSeq and 11 were genotyped with Axiom.

Table 1. Summary of in silico PCR evaluations of the custom primer panel for Cryptomeria japonica (L.f.)
D.Don.

Reference Templates Used for In Silico PCR
Amplification

3031 Contigs 1 34,731 Contigs 2

Number of designed primer pairs 3004
Amplified products in in silico PCR 3 (a; a = d + e + f + g) 3157 3395

Amplicon size ≤ 300 bp in in silico PCR (b; b = d + h) 3067 (97.1) 3251 (95.8)
Correct pairing (intended pair of forward and reverse

primers) (c; c = d + e + f) 3052 (96.7) 3265 (96.2)

Correct amplicon
(annealing to correct contig with expected amplicon size) (d) 3004 (95.2) 2747 (80.9)

Off target amplification
(unintended primers annealing to the wrong contig) (e) 6 (0.2) 340 (10.0)

Unintended amplicon size
(shorter or longer than expected amplicon) (f) 42 (1.3) 178 (5.2)

Mismatched paring
(unintended pair of forward and reverse primers) (g) 105 (3.3) 130 (3.8)

Others (possible missing detection)4 (h) 63 (2.0) 504 (14.8)
1 Contigs used for the custom amplicon panel design, which were selected from the total of the 34,731 contigs.,
2 Cj_454_34731EST.fasta, reported by Mishima et al. [36], 3 Number of amplicons and percentage in brackets are
shown., 4 Amplicon size ≤ 300 bp and off target, unintended amplicon size, or mismatched paring primers.

3.2. Genotyping of the F1 Population

Ion S5 sequencing runs with the six Ion 540 tips generated a total of 62.2 Gb corresponding to
347.73 M reads. The mean, median, and mode of the total sequence reads were 178, 202, and 233 bp,
respectively. Of these, 321.91 M reads (92.6%) were aligned to the reference sequence. Alignment
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accuracy of the reads to the reference sequence was high as well as the results of the primary evaluation
of the custom primer panel.

Through genotyping 576 individuals of the F1 population, the average number of read counts per
sample was 563,800 ± 242,311 (mean ± SD) and the average number of called SNPs was 1963 ± 153,
giving an average SNP call rate of 64.7% (Figure 4a). The remaining SNPs (34.3%) were not genotyped.
The relationship between the acquired read count per sample and the proportion of genotype call rate
per sample was examined, and the proportion of the SNP call rate was saturated when the read count
per sample reached more than 250,000 reads (Figure 4b), suggesting that a sufficient number of reads
was obtained for most genotyping samples.

Figure 4. For genotyping the F1 population, (a) number of SNPs detected by AmpliSeq; and (b)
relationships between read count per sample and genotype call rate.

3.3. Construction of the Genomic Prediction Models with the F1 Population

The prediction accuracy ranged from 0.166 to 0.555 depending on the type of data applied to
the prediction, examined traits, and the models used for the genomic prediction (Table 2). Prediction
accuracy was improved for all traits when the data were adjusted with spatial autocorrelation (Table 2,
Figure 5 and Figure S3). In the models constructed with GBLUP, the prediction accuracy ranged from
0.166 to 0.454 when using raw trait values, but it was 0.185 to 0.544 for the adjusted trait values (Figure
S3). In models constructed with RF, the prediction accuracy ranged from 0.176 to 0.450 for the raw trait
values and from 0.195 to 0.555 for the adjusted trait values (Table 2, Figure 5). The prediction accuracy
for traits related to wood properties (e.g., PP) was higher than for growth-related traits (e.g., height)
(Table 2, Figure 5). The prediction accuracy showed a greater range of variation for the growth-related
traits (0.197–0.418 for height and 0.236–0.408 for DBH) than for those of wood properties (0.445–0.487
for SWV, 0.456–0.555 for PP, and 0.409–0.544 for BD_means). For many wood properties (SWV, PP,
DMOE, BD_2, BD_3, and BD_means), the prediction accuracies were higher than 0.40 regardless of the
applied models (Table 2), although prediction accuracies for heart wood color (L*, a*, and b*) were
lower than 0.30 (Table 2). For DBH, DMOE, MOE, MOR, MFA, BD_1, BD_2, BD_3, and BD_means, the
prediction accuracies were higher for the model with GBLUP than in the model with RF, but for tree
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height, L*, a*, b*, SWV, and PP, prediction accuracy was higher in the model with RF than in the model
with GBLUP (Table 2).

Table 2. Correlation coefficients for the genomic prediction models in the F1 population. BD: basic
density, DBH: diameter at breast height, DMOE: dynamic Young’s modulus, GBLUP: genomic best
linear unbiased prediction, MFA: microfibril angle, MOE: modulus of elasticity, MOR: modulus of
rupture, PP: pilodyn penetration depth, SWV: stress wave velocity.

Model GBLUP Random Forest

Trait Raw Data Adjusted Data Raw Data Adjusted Data

Height 0.197 ± 0.006 0.392 ± 0.003 0.302 ± 0.005 0.418 ± 0.004
DBH 0.236 ± 0.005 0.408 ± 0.004 0.255 ± 0.005 0.383 ± 0.004

L* 0.225 ± 0.004 0.241 ± 0.006 0.251 ± 0.006 0.251 ± 0.007
a* 0.212 ± 0.005 0.236 ± 0.003 0.232 ± 0.007 0.252 ± 0.006
b* 0.166 ± 0.005 0.185 ± 0.005 0.189 ± 0.005 0.195 ± 0.004

SWV 0.445 ± 0.004 0.481 ± 0.002 0.449 ± 0.003 0.487 ± 0.004
PP 0.436 ± 0.004 0.542 ± 0.002 0.450 ± 0.003 0.555 ± 0.001

DMOE 0.410 ± 0.004 0.445 ± 0.004 0.408 ± 0.003 0.436 ± 0.003
MOE 0.283 ± 0.007 0.372 ± 0.006 0.252 ± 0.010 0.324 ± 0.008
MOR 0.248 ± 0.008 0.358 ± 0.006 0.228 ± 0.007 0.299 ± 0.007
MFA 0.192 ± 0.015 0.246 ± 0.007 0.176 ± 0.008 0.226 ± 0.008
BD_1 0.395 ± 0.004 0.521 ± 0.003 0.388 ± 0.004 0.515 ± 0.002
BD_2 0.437 ± 0.003 0.516 ± 0.003 0.437 ± 0.004 0.507 ± 0.004
BD_3 0.423 ± 0.003 0.505 ± 0.004 0.407 ± 0.002 0.487 ± 0.002

BD_means 0.454 ± 0.009 0.544 ± 0.004 0.409 ± 0.004 0.506 ± 0.004

n = 10, Mean ± SE are shown. Highest averaged value in each of the traits is in bold.

Figure 5. Relationships between actual and predicted trait values for tree height (H) for (a) raw data
and (b) adjusted data, and for pyridine penetration depth (PP) for (c) raw data and (d) adjusted data.
Genomic predictions within the F1 population are shown. Predicted values were estimated by the
genomic prediction model with data from random forest (RF). The relationships with the highest
correlation efficient (r) were estimated by a round of 10-fold cross-validation, as shown for each trait
without or with adjustment.
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4. Discussion

In this study, we constructed and evaluated a multiplexed custom primer panel for amplicon
sequencing in order to perform genomic prediction in C. japonica. We verified the high reproducibility
of genotype calls by comparing results for two different methods: the custom genotyping array (Axiom)
and the massive amplicon sequencing based genotyping (AmpliSeq). Genotyped SNPs by these two
methods were in consensus for almost 2000 of the 3034 targeted SNPs (94.9%). Genotyped SNPs were
distributed over the entire linkage map (1492.8 cm covering 11 LGs) of C. japonica without regional bias,
as presented in a previous study [36] with a mean distance between adjacent SNPs of 0.75 cm per SNP.
An unbiased distribution of the dense marker is essential for performing an accurate estimation of
breeding value [3]. We also conducted genomic prediction with the F1 population using the genotypes
acquired with the custom primer panel, and we therefore created the first platform for middle-scale
genotyping with amplicon sequencing to archive genomic prediction in C. japonica.

A comparison with other genotyping platforms indicates the usefulness and availability of the
custom primer panel for targeted amplicon sequencing. Amplicon sequencing with a custom primer
panel is characterized by the high reproducibility of genotype calls and short processing time. In routine
genotyping for breeding, NGS-based techniques need to meet several criteria, e.g., short processing
time until interpretation of genotyping results for selection, limited requirements for DNA, sufficient
read depth to accurately detect variants [40], and completeness of the genotype call. In lodgepole
pine (Pinus contorta Douglas) and white spruce (Picea glauca (Moench) Voss), 17,765 and 17,845 SNPs
were obtained for the pine and spruce, respectively, through GBS [52], and those were greater than the
currently targeted SNP numbers by AmpliSeq. However, other crops have shown that genotyping with
GBS shows a low completeness of SNPs called in those experiments, especially regarding low read
depth [53]. Low completion rates of the total detected variants among samples leads to an increase
in the number of genotypes that are treated as dominant markers rather than co-dominant markers.
Stochastic molecular reactions at the condensation stage of genomic DNA at the step of constructing the
sequencing library, such as cleavage by restriction enzymes in RAD-seq or binding less specific primers
on short SSR sequences in PCR in MIG-seq, may produce different null alleles between experiments.
These genotyping methods are suitable for mutation extraction, e.g., SNP discovery and/or experiments
that do not assume repetition. In fact, Ueno et al. [54] detected hundreds of thousands of candidate
SNPs in SNP discovery with RNA-Seq and RAD-Seq in C. japonica, although when analyzing the
mapping population using them, they used the Fluidigm (South San Francisco, CA, USA) SNPType
assay with 129 candidate SNPs and showed that 75 SNPs, representing 58.1%, were available as
markers [54]. On the other hand, genotyping with AmpliSeq is suitable for breeding applications such
as genomic selection with effective SNPs, owing to its high reproducibility among experiments.

In amplicon sequencing with the custom primer panels used in this study, around 34.3% of 3034
target SNPs were not detected (Figure 3a), even though primers for the target amplicon were designed
and included in the custom primer panel. The relationship between acquired read count per sample
and genotype call rate per sample shows a saturation curve (Figure 4), and it is suggested that a
sufficient number of reads is obtained from most of the samples for genotyping. The most likely
cause of why more than 30% of the target SNPs were not genotyped is that the amplicons were not
synthesized as designed in the first PCR step of library construction. One of the following may prevent
the successful synthesis of amplicons: (1) interception of the primers by other homologous gene loci,
(2) synthesis of chimerical products, and (3) insertion of large introns in the genomic sequence. In the
present study, we employed partial sequences of expressed genes [36] as a reference to design the
custom primer panel. For the first scenario, duplicated gene loci, which were not included among
the applied 3031 sequences, may interrupt binding to the specific loci of the designed amplicons. An
in silico-based evaluation of the custom primer panel suggests the possibility that designed primers
would anneal to off-targeted gene sequences (Table 1). For the second scenario, chimeric PCR products
synthesized between different pairs of forward and reverse primers also consumed primers and seemed
to have a low alignment ratio to the reference, although the primary evaluation of the custom primer
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panel showed a high alignment ratio against the reference (Figure S2). The third scenario is also likely
to be an obstacle to sequencing and sequence alignments when designing a custom primer panel
that does not target genome sequencing, because the expressed gene sequence after RNA splicing by
spliceosomes does not include introns in the genomic sequence. However, the size distribution of
the product lengths of the synthesized library was matched to the requirements of sequencing, and
excess product length was not observed in the synthesized library. Therefore, the first scenario is the
most likely cause to prevent the successful synthesis of amplicons. These considerations suggest that
re-designing the custom primer panel would be necessary to improve the genotyping efficiency. Using
redundant gene sequences or, if possible, genome sequences as a reference, it would be possible to
construct a more accurate panel for genotyping in C. japonica.

In the F1 population of C. japonica, although results depend on traits and applied models, we
confirmed that moderate accuracies (>0.5) were obtained for some wood properties in the genomic
prediction modeling with the SNP genotypes (Table 2). Among the traits, genomic prediction accuracies
for wood properties (e.g., SWV, PP, and basic densities) were higher than for growth traits (height and
DBH). The ranges of prediction accuracies were more variable in growth traits (0.197–0.418 for height,
and 0.236–0.408 for DBH) than in the wood property-related traits (0.445–0.487 for SWV, 0.456–0.555
for PP, and 0.409–0.544 for BD_means). Previous studies suggest that trait heritability is an important
factor for the accuracy of genomic prediction [6]. The ranges of broad-sense heritability, which were
previously reported for the associated traits in this study, were as follows: 0.37–0.72 for height [55,56],
0.21–0.52 for DBH [55–57], 0.65 for wood stiffness [57], and 0.78–0.88 for wood density [55,56]. In
addition, higher prediction accuracies were observed for each trait when the trait values were adjusted
by the spatial autocorrelation residuals that were employed for genomic predictions. This suggests that
the F1 individuals at the plantation site are affected by local micro-environmental factors for both growth
traits and wood properties; the growth traits were more sensitive to environmental heterogeneity than
the wood property-related traits. Furthermore, this suggests that accurate individual phenotyping is
important for accurate genomic prediction modeling.

In previous genomic prediction studies performed by Hiraoka et al. [37], prediction accuracy
differed among populations and unrelated plus trees of C. japonica; the prediction accuracies in the
Kyushu population were generally the highest, followed in order by those in North Kanto and South
Kanto populations [37]. For example, prediction accuracies in DBH were 0.523, 0.299, and 0.033 in
Kyushu, North Kanto, and South Kanto populations, respectively, when the prediction model was
constructed based on all 32,036 SNPs [37]. In this study, the F1 population was mostly constructed
by artificial crossings between the plus trees originating from the South Kanto population. Although
the prediction model was constructed based on around 2000 SNPs, prediction accuracies in the F1

population were higher than the results of trait prediction modeling in unrelated plus trees in the
South Kanto population. Genomic relationships arising from population structures could influence
the prediction accuracy as well as linkage disequilibrium [58], and the genetic structure of the F1

population may show improved prediction accuracies compared to unrelated plus trees. Extended
linkage disequilibrium in C. japonica [59] may have a positive effect on increased prediction accuracies.
In addition, large numbers of individuals (n = 576) may positively affect prediction accuracies because
the number of F1 individuals used in modeling was greater than that of the unrelated plus trees (n =
159 in the South Kanto population [37]). In a genomic prediction study in Pinus pinaster Aiton using
661 individuals and 2500 markers [14], the prediction accuracy for tree height and DBH was 0.47 and
0.43, respectively, which was comparable to the prediction accuracy in the present study. In Eucalyptus,
the prediction accuracy for basic wood density was 0.67 in genomic prediction with 768 individuals
and 24,806 SNPs [60]. Therefore, the population structure and the number of individuals may affect
prediction accuracy. Assuming that the medium-scale genotyping is a prerequisite, it is necessary to
increase the number of individuals in order to improve the prediction accuracies.

In this study, we performed genomic prediction for the F1 population, which was mostly
constructed by artificial crossing between plus trees originating from the South Kanto population with
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AmpliSeq, a medium-scale genotyping platform. Genomic estimated breeding values generated by
prediction models with moderate accuracies may be usable as a threshold for selecting individuals that
have not been virtually phenotyped as candidate or superior trees. We consider that the GS procedure
with the medium-scale genotyping applied in this study is more practical than a large-scale genotyping
such as Axiom when adapted to a large number of individuals. In a simulation study of GS in C. japonica,
Iwata et al. [8] showed that GS breeding with model updating based on a realistic number of markers
(e.g., one in every 1 cm) outperformed phenotypic selection breeding over 60-year periods, even for a
low-heritability polygenic trait. In the present study, we developed and used a comparable number
of markers (0.75 cm intervals) as that assumed by Iwata et al. [8] for the genomic prediction. This
indicates that the breeding scheme proposed by Iwata et al. [8] is one option for future genome-based
breeding in this species. GS breeding with model updating particularly for traits with high heritability
such as wood properties may obtain higher genetic gain than for a low-heritability polygenic trait.
In-house genotyping using the custom primer panel allows for flexible model improvement.

Further trials of genomic prediction in progenies of other populations, e.g., North Kanto and
Kyusyu populations, would make it possible to verify the effectiveness of these prediction models. In
addition, an application of models constructed for first-generation plus trees would be required and
useful for predictions in subsequent generations and further applications of GS in C. japonica breeding.

5. Conclusions

In this study, we constructed a custom primer panel for amplicon sequencing for C. japonica,
and we evaluated the custom primer panel with actual sequencing and with in silico PCR. Although
genotyping efficiency could be improved through redesign of the custom panel, based on the trials for
the genotyping and the genomic prediction modeling in the F1 population, we demonstrated that the
custom panel is useful for genomic prediction in C. japonica. In addition, we showed that prediction
accuracy was improved when considering special autocorrelation errors arising from environmental
heterogeneities. Since models are considered to be constructed for the first-generation plus trees and
would also be useful for predictions in subsequent generations, further considerations are necessary
for applying genomic prediction to C. japonica. Amplicon sequencing with the custom panel enables us
to obtain genotype data efficiently in order to perform genomic prediction, to manage clones, and to
advance forest tree breeding.
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