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Preface

Since the original inception of DNA barcoding by Paul Hebert in 2003, the methodologies

involving these standardized genes have become common in all studies dealing with our planet’s

biodiversity. However, the development of studies for aquatic animals, except for fishes, has been

slower due to difficulties with amplification. This Special Issue was developed to promote and

visualize the advances in DNA barcoding for all aquatic life and demonstrate the relevance of the

construction of baselines for future studies, such as species description, biomonitoring, and other

essential analyses of natural aquatic environments. This book will be helpful for all people dealing

with biodiversity in any region of the world, from algae to invertebrates and vertebrates. I hope it will

be interesting and inspire others to continue using these powerful tools that will help taxonomists and

other scientists interested in biodiversity. These results will be beneficial now that aquatic biodiversity

is under intense pressure from human activities, especially in hotspots such as the Caribbean and the

Indian Ocean, and in freshwater habitats such as the Amazon basin and all tropical and subtropical

lakes, due to a lack of interest from local governments and society.

Manuel Elias-Gutierrez

Editor
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Abstract: Since their inception, DNA barcodes have become a powerful tool for understanding the
biodiversity and biology of aquatic species, with multiple applications in diverse fields such as food
security, fisheries, environmental DNA, conservation, and exotic species detection. Nevertheless,
most aquatic ecosystems, from marine to freshwater, are understudied, with many species disappear-
ing due to environmental stress, mostly caused by human activities. Here we highlight the progress
that has been made in studying aquatic organisms with DNA barcodes, and encourage its further
development in assisting sustainable use of aquatic resources and conservation.

Keywords: aquatic life; biodiversity; freshwater; marine; brackish; invertebrate; fish; crustacea; insecta

1. Introduction

Since its inception as an ambitious global bioidentification system [1], DNA barcoding—
the use of a standardized gene fragment as an internal tag for species identification—
has established itself as an important method in biodiversity sciences, with more than
12,000 papers published (Web of Science search “DNA” and “barcod*”, 10 June 2021). The
initial proposal by Hebert and collaborators recommended the mitochondrial cytochrome
c oxidase I (COI) marker for animals. However, in the case of plants and fungi, other
more effective markers have been proposed, such as the maturaseK (matK) and ribulose
biphosphate carboxylase large subunit (rbcL) choloroplast markers for flowering plants [2].
Several markers have been suggested as DNA barcodes for diatoms, for example, from
5.8S + ITS-2 [3] to rbcL [4], but studies on these taxa have been limited. For fungi, the ITS
has been broadly accepted [5]; however, its implementation also has several problems,
particularly in some aquatic species [6], and despite its importance, we found only six
papers for DNA barcoding aquatic fungi.

DNA barcoding has been repeatedly demonstrated as a fit-for-purpose method of
biodiversity surveying, showing high rates of congruence with traditional taxonomy
in well-known groups such as fishes and birds [7–10], while its power as a predictive
tool in biodiversity sciences also quickly became apparent, spearheading new molecular
frameworks for de novo species discovery [11–13]. Here, some striking examples of
overlooked diversity have been observed [14,15], and similar trends have been depicted
in numerous aquatic ecosystems. Currently, DNA barcoding can accelerate biodiversity
inventories and assist the work of dwindling numbers of taxonomists in many countries.
The importance of data sharing and potential for collaborative research was recognized
early on, resulting in the creation of the Barcode of Life Data System (BOLD) [16]. Sequence
data could be associated with detailed specimen metadata and photographs, supporting
trace files, and most importantly vouchered specimens in museum collections [16]. The

Diversity 2021, 13, 306. https://doi.org/10.3390/d13070306 https://www.mdpi.com/journal/diversity
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online workbench also provides the Barcode Index Number (BIN) system, equivalent to a
Molecular Operational Taxonomic Unit (MOTU) for all specimens that cover minimal data
standards [12], creating a standardized referencing tool for unidentified organisms.

In this overview, we will cover recent trends in the study of aquatic life with DNA
barcodes and highlight examples illustrating its utility.

2. Progress in Aquatic DNA Barcoding Studies

General assessments of the use of DNA barcodes in the marine realm were provided in
2011 [17] and 2016 [18], when the number of DNA barcoding studies on aquatic biotas was
somewhat less than around 160 per year (Figure 1A). Since then, that number has increased.
As such, there is a clear upward trend of DNA barcoding studies, with more than 2500 hits
during the last two years (Figure 1A). The words “barcod*” and “DNA” are becoming
increasingly used, from zero to more than 1400 hits per year in 2019 and 2020 in the Web
of Science database (consulted 10 June 2021) (Figure 1A). However, when we restrict the
search to aquatic environments, this figure lowers to 320, with an increment since 2014
(Figure 1B), in comparison with the other trends (Figure 1A) (search “DNA” and “barcod*”
and “marin*” or “aquat*” or “freshwat*” or “estuar*” or “fish*” in the Web of Science).
Considering that more than 75% of our planet is represented by aquatic environments,
this is a modest increment of DNA barcoding studies on aquatic organisms. This modest
increment has had mostly the fishes as focal group, where the use of DNA barcoding has
been more widespread than invertebrates or aquatic plants (Figure 1A).

The majority of studies included marine and freshwater environments (Figure 1B).
It is evident that estuarine systems are almost lacking in analyses with DNA barcoding
(Figure 1B).

A good account of the barcoding progress in crustaceans was made in 2015 by Raupach
and Radulovici [19], who reported a total of 164 studies, with most studies focusing on
Decapoda. Progress in understanding the biodiversity of crustaceans is more advanced for
marine environments than in freshwater [19].

Barcoding of aquatic insects has seen most progress in Europe, with Germany the
most advanced country, although the diversity there is not high [20,21] compared with
the neotropics or the tropics. Here, new species are regularly discovered [22], for example
in Cameroon [23]. However, currently DNA barcoding in these and other regions is
limited [24,25]. Between North America and Mexico, where the transition between the
Nearctic and Neotropics is found, important studies of aquatic insect diversity have been
conducted [24,26]. In China, aquatic insects are now being studied in greater depth [27],
where 176 species from four rivers in the northwest were analyzed.

Possibly due to their relevance, charismatic nature, and more advanced taxonomic
coverage, 37 DNA barcoding studies of Odonata have been published. Among the most
recent, the development of reference libraries, mostly in Europe, have been the focus [28–31].
These studies have been started in other regions of the world as well, such as the Andes [32]
and Philippines [33].

Another complex group with aquatic immature stages, the chironomids, are starting
to be studied with DNA barcodes, where the focus has been in different speciose genera.
such as Tanytarsus, found almost everywhere [34,35], and other speciose groups [36–38].

In some invertebrate groups such as Polychaeta, with more than 10,000 species de-
scribed, a total of 65 barcoding studies have been published prior to 2020. Copepoda, which
are some of the most abundant organisms in our planet [39], encompassing 14,300 species
(World Association of Copepoda; @copepodology), have been targeted by only 87 studies
so far, with eight and ten in 2019 and 2020, respectively (Figure 1C), despite the semi-
nal study from Bucklin et al. comparing DNA barcodes to the Rosetta stone of marine
biodiversity [40].

2
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Figure 1. Studies on DNA barcoding on aquatic life. (A) Total studies, including all types of aquatic environments and
fishes; (B) Studies in three different aquatic environments; (C) Studies with focus on two of the major groups of aquatic
invertebrates.
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This trend likely arises from an assortment of shortcomings hindering the develop-
ment of DNA barcode as a routine survey tool for several groups. In many specialist
groups, there are likely issues obtaining funding and taxonomic expertise required to
identify the voucher specimens. In others, there are problems with availability of universal
primers for amplifying COI. In copepods, for instance, the target marker has been difficult
to amplify reliably, and some researchers proposed to adopt the nuclear 28S gene as an
alternative marker for COI barcoding [41]. However, 28S fails to distinguish between the
species of several groups of crustaceans, such as ostracods, and therefore is of limited use
as a species diagnostic [42]. Preservation methods also negatively impacted the acquisition
of COI sequences in some cases, such as the shift from liquid nitrogen, which damages
voucher specimens, to ethanol, which resulted in a lower yield of mitochondrial DNA,
as with the cladoceran Holopedium [43]. However, sequencing based on frozen samples
with liquid nitrogen proved to increase sequencing success in this case [44]. Due to these
problems, new protocols involving cold ethanol were developed with good success in
many freshwater zooplankton species, using only a single pair of primers [45].

3. Species Discovery

Discovery of unknown biodiversity has been one of the most important contributions
of DNA barcoding studies, including in regions hosting seemingly well-known faunas.
In Europe, for instance, DNA barcoding revealed that the gammarid Gammarus fossarum
encompasses at least 84 MOTUs distributed in 19 European countries [46]. Such levels of
cryptic diversity have also been suggested in European odonats [47]. In freshwater fishes,
DNA barcodes helped resolve taxonomy of overlooked groups, including some emblematic
species such as pike, Esox lucius, which has been split into three distinct species [48],
minnows from the genus Phoxinus, with six species now recognized in France [49], as well
as putative new species in Telestes pleurobipunctatus [50] and other cypriniformes [51].

The situation is more complicated in the tropics, where biodiversity knowledge gaps
are larger and DNA barcoding studies have been conducted in a more piecemeal fashion.
Two exceptions are Mexico [52–62] and Brazil [63–72], although both countries are megadi-
verse hotspots and require much additional effort. Most DNA barcoding studies of tropical
aquatic ecosystems have focused on fishes, and frequently report high levels of cryptic
and overlooked diversity. These findings include freshwaters of South America [65,73–78],
Asia [79–92], and to some extent Africa [93–95]. Similar trends have been observed for
tropical marine fishes, particularly in the Indo-Pacific Ocean [96–104]. Overall, efforts
to DNA barcode aquatic biotas have been mixed, and the situation in Africa is of most
concern. Here, some authors have highlighted that impoverished local scientific capacities
curb conservation efforts [105], at the same time as worrying extinction predictions have
been observed in some cyprinid fishes [106].

Regarding aquatic invertebrates, studies indicated similar trends. In freshwater mites
of Yucatan Peninsula (Mexico), a single DNA barcoding campaign across 24 karstic envi-
ronments yielded 77 MOTUs, most of them new to science [107]. Similarly, in Panama, a
study of invertebrate communities in four streams, with an effort of two hours sampling,
yielded ~100–106 MOTUs [108]. Similarly, García-Morales et al. [109] detected a complex of
13 species within the rotifera Lecane bulla across 25 localities from south of the United States
to Mexico. Elías-Gutiérrez et al. [45] detected a total of 325 BINs among zooplanktonic inver-
tebrates from lakes of Canada and Mexico, with only three BINs (two cladocerans and one
copepod) shared between these two countries, suggesting much narrower species distribu-
tion ranges in North America freshwater zooplankton than previously thought. Moreover,
in an important oligotrophic lake hosting the largest stromatolites in the world [110], the
number of possible species increased from about 20 to more than 80, with a projection near
to 120 [45]. The closeness (about 100 m) of this lake to a nearby deep sinkhole (64 m) shows
almost an entirely different zooplanktonic fauna, explained by a different chemistry of the
water [111–113].

4
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In Asia, multiple cases of cryptic diversity have been detected among freshwater
shrimps [114–117], other crustaceans and invertebrates [118–123], and parasites [124,125]
with implications in conservation and phylogeny [126,127]. Some cases of species under
high fishing pressure have been discovered to be complexes of species [128] or unexpected
species [129], with important implications for fisheries management. Among African
invertebrates, studies are much more limited, mostly focusing on fish parasite communi-
ties [124,130,131]. Other parasites studied are helminths, which use aquatic invertebrates
as intermediate hosts and are of medical importance [23,132–134], and the use of DNA
barcoding to identify larval phases has been explored with success [135]. Due to their
medical or invasive importance, some studies focused on molluscs [136,137], highlighting
three cryptic species in Etheria, for instance [138].

4. Integrative Taxonomy

Numerous taxonomic revisions have been conducted using DNA barcodes [139], guid-
ing the detection of diagnostic characters in new species descriptions for marine [140–144]
and freshwater organisms [145–150], or assisting in understanding species range distribu-
tions [88,90,118]. Some important complexes of species-groups, which have been used as
indicators of toxicants or live food, have also been explored by integrating DNA barcodes
with other source of information such as morphology, biogeography and ecology as part of
integrative taxonomy [151,152]. Such studies have focused on widely used organisms as
biological indicators such as Moina micrura, one of the most ubiquitous freshwater clado-
cera of the world. Widely used in ecotoxicological studies, DNA barcoding indicated that
it constitutes a complex of species, with the nominal species being limited to Eurasia [152].
Species descriptions based on integrative taxonomy of freshwater zooplankton provide
an enriched framework, allowing not only the delimitation of species, but also access to a
wealth of information guiding the acquisition of additional knowledge about their distri-
butions and biology [44,119,145–148,153–155]. Some other groups of marine invertebrates,
such as polychaetes, have also been described in an integrative framework [140,142], but a
substantial amount of work remains in uncovering the full diversity.

5. Applications

Once DNA barcode libraries are available, several applications have been readily
demonstrated. In terms of aquatic ecology, DNA barcoding has been used to identify fish
larvae [52,56,156–163] and eggs [54] to the species level, with important implications for
fisheries or breeding areas’ management. In case of invertebrates, DNA barcoding enabled
linking early life stages and adults in aquatic insects [25,164,165]. Along the same line of
application, DNA barcoding has been used for food security [166]. Species substitution of
food products has been one of the most studied applications, with more than 50 papers
devoted to this topic (search: “food mislabel*” and “coi”, Web of Science as of 3 March
2021).

The first study of market substitution was published in 2008, focusing on North Amer-
ican seafood, which evidenced 25% of mislabelling [167], this frequency of replacement
being lower in Mexico [168]. Papers dealing with this topic have come from Taiwan [169]
and Europe [145–148], mostly devoted to fraud in seafood, and also including some other
Latin American countries such as Argentina [149].

Detection and impacts of exotic species has been another promising application, such
as the invasion of the lion fish (Pterois volitans) in the Caribbean [55,150], or the Amazon
suckermouth catfish Pterygoplichthys in Mexico [151].

6. Future Trends

High throughput sequencing (HTS) methods have had a significant impact in DNA
barcoding. DNA barcode reference libraries can now be assembled at larger scale and at
lower cost [152] and can even be generated on the lab bench or in the field without the
requirement for expensive sequencing equipment [153,154]. However, the main advances
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have been in DNA metabarcoding; combining HTS with the principals of DNA barcoding
has opened a diverse array of applications in terms of species detection and biodiversity
monitoring. Of particular relevance in aquatic ecosystems are studies investigating diet
ecology and trophic interactions between organisms [155], where in short time passed
from Sanger sequencing to study this topic [150] to metabarcoding [170], the structuring
and dynamics of plankton communities [156,157], marine benthic biomonitoring [158],
and freshwater invertebrate water quality assessment [159]. As well, gut contents can
lead to the discovery of unknown biodiversity, as demonstrated in marine and freshwater
fishes [150,171]. COI barcode reference libraries for animals have now become standard re-
sources for DNA metabarcoding applications, and have been recommended as the standard
metabarcode for metazoans [160]. Environmental DNA (eDNA) metabarcoding techniques
have also further transformed biodiversity research by extending metabarcoding to include
indirect sequencing of animal communities via their trace DNA [161]. These advances
have opened up numerous novel applications in aquatic sciences and ecological monitor-
ing [162,163], but further work is required to optimize the use of the COI barcode for these
applications [164].

Automation and big data scientific initiatives also have the potential to provide deep
insights into aquatic biodiversity and environmental functioning over extended spatial
and temporal scales. Here, DNA metabarcoding methods can be combined with machine
learning to predict ecological quality [165], or as an automated plankton recorder [156]. In
situations where taxonomic information is not available, such as in many understudied
invertebrate groups, taxonomy-free MOTUs can be generated and standardized across stud-
ies [166]. New developments in public platforms are under development (e.g., mbrave.net),
offering solutions in scalability and standardization for HTS-based approaches to biodi-
versity, biomonitoring, and biosecurity science. The need to expand publicly available
databases applies not only to biodiversity discovery, but is also an essential tool in monitor-
ing traded animals [167,168], exotic species, parasites, pathogens, and almost any species
present in our planet [169].

Undoubtedly, most aquatic ecosystems on our planet are tragically understudied,
particularly in the tropics, and efforts to understand interactions between anthropogenic
pressures and global climate change will be only partial, if not flawed, without accurate
biodiversity knowledge. With the use of the new bioinformatic tools and DNA barcoding
workflows, important contributions to the conservation of marine, brackish and freshwater
organisms will be achieved.

Finally, we must clarify that DNA barcodes should never replace the need for tax-
onomists. On the contrary, DNA barcodes are an additional suite of characters that can be
used in taxonomy, and can also assist in the identification of species by non-specialists that
require accurate identification of their specimens.
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Abstract: Two diatom species, Ulnaria acus and Fragilaria radians, are morphologically very similar
and often coexist, which makes it difficult to compare their abundances. However, they are easily
separated by molecular data; thus, in this work, we attempted to estimate the differences in their
spatial and temporal distribution from existing metabarcoding datasets. Reanalyzing published
sequences with an ASV-based pipeline and ad hoc classification routine allowed us to estimate the
relative abundances of the two species, increasing the precision compared to usual OTU-based analy-
ses. Existing data permit qualitative comparisons between two species that cannot be differentiated
by other methods, detecting the distinct seasonal peaks and spatial distributions of F. radians and
U. acus.

Keywords: metabarcoding; hidden diversity; diatoms; phytoplankton

1. Introduction

In Lake Baikal, like in other freshwater ecosystems, diatoms play a significant role
in primary production, sediment deposition and biogeochemical cycles. Among the phy-
toplanktonic species of the lake, one of the dominant species was originally identified
as Synedra acus subsp. radians Skabitsch. and later renamed Fragilaria radians (Kützing)
D.M.Williams and Round [1]. This diatom (referred to as F. radians in the Introduction, re-
gardless of the name used in other papers) is not only a major player in the lake ecosystem,
but also a model object for multiple studies. In particular, it was successfully axenized [2],
which allowed it to become the first freshwater diatom to have its nuclear genome se-
quenced [3].

Since F. radians is a key element in the Lake Baikal ecosystem, its dynamics and ecology
have been thoroughly studied. This alga blooms under ice, both in littoral and pelagic
areas, dominating the eukaryotic phytoplankton community associated with the lower
ice surface [4,5]. After the ice-breaking period (April to May), the F. radians population
decreases; however, it still remains a significant member of the phytoplankton community
until mid-summer [6–8]. Many correlations were found between F. radians abundance (as
estimated by either microscopy or metabarcoding studies) and various biotic and abiotic
factors at different times and sampling stations [8–10]. Usually, its abundance and biomass
correlate negatively with Si availability and positively with abundances of other common
Baikalian diatoms, although there are exceptions [11].

In a recent study, this population, previously thought to consist of a single Fragilaria
species, was found to include members of two species from different genera: Fragilaria
radians sensu stricto and Ulnaria acus (Kützing) Aboal. The morphology of these two
species is nearly identical: F. radians has a cell length of 105–239 μm, cell width of 2.5–5.2
and 12–22 rows of areolae per 10 μm; U. acus has a cell length of 60–251 μm, cell width
2.2–5.4 μm and 12–14 rows of areolae per 10 μm. They can also be cultured under identical
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conditions and have been isolated together from natural samples. This makes separating
them in routine microscopy-based phytoplankton monitoring next to impossible, since
it requires either sophisticated EM-based analyses or DNA sequencing [12]. All of the
ecological studies listed above were also based on the assumption of a single species, using
either light microscopy or wider Synedra sp./Fragilaria sp. OTUs that may have included a
mixture of reads from U. acus, F. radians or other related species. Further, the taxonomy of
these OTUs was typically not identified below the genus.

These similarities explain why the two species have not been separated until recently.
However, similar morphology and overlapping ranges of acceptable conditions do not
imply exactly identical autecological features of the two species. It is possible that, although
overlapping, the optimal temperatures or other factors are somewhat different for the two
species. On the other hand, freshwater benthic Fragilaria and Ulnaria strains identified from
molecular data in various streams and lakes in Europe showed considerable overlap in
geographical distribution, habitat and ecological preferences [13]. Although multiple OTUs
of Fragilaria sp. and Ulnaria sp. were observed in most studies on Lake Baikal, the issues
outlined above render them unsuitable for discussing the ecology of these two species.

Thus, a goal of this work was to develop a method to separately estimate the relative
abundances of U. acus and F. radians based on metabarcoding data, and to apply this method
to the existing sequences from Lake Baikal.

2. Materials and Methods

2.1. Selecting Amplicons for Distinguishing F. radians and U. acus

In order to study whether 18S rRNA or rbcL metabarcoding analysis can distinguish all
groups within Ulnaria/Fragilaria species complex, metabarcoding libraries were produced
from two samples of phytoplankton taken near the settlement of Bolshiye Koty in March
2020, as well as a mock community consisting of four strains isolated from Lake Baikal.
In order to extract DNA, integral water samples of 20 L (equal volumes of samples from
different depths) were collected. Samples were first pre-filtered using a 27 μm sieve and
then were filtered through 0.2 μm analytical track membranes (Reatrack, Obninsk City,
Russia). Biomass was washed off the filters into sterile TE buffer (10 mM Tris–HCl, 1 mM
EDTA, pH 8.0) and stored at −80 ◦C until analysis. DNA was extracted using lysozyme
(1 mg mL−1), proteinase K, 10% SDS and phenol:chloroform:isoamyl alcohol mixture
(25:24:1) according to the protocol based on Rusch et al. [14].

The mixture included strains L150 (F. radians), MM244 (U. acus), BZ264 (U. ulna) and
ChZ411 (Aulacoseira islandica) from Lake Baikal. In order to isolate the Fragilaria and Ulnaria
monoclones, phytoplankton samples were collected in different parts of Lake Baikal during
2017 and 2018. The latter two strains were included because U. ulna and A. islandica
commonly coexist with our species of interest; therefore, any practically useful method
should be able to distinguish them from U. acus and F. radians. Cultures of diatoms were
obtained via isolation of individual cells. The isolated strains were grown in 96-well plates
with Diatom Medium (DM) in a mini-incubator at 8 ◦C and illuminated with 16 μL Einstein
m–2 s–1 at a photoperiod of 12:12 h light:darkness, and then transferred into Erlenmeyer
flasks with a volume of 100 mL for further growth. The strains were grown for three months
to obtain sufficient biomass for DNA extraction.

Approximately 300,000 cells were taken for each of the three Ulnaria and Fragilaria
strains. The cell number for the colonial species A. islandica was not known precisely;
however, a roughly similar number of cells was taken. DNA was isolated as described
above and amplified using two primer pairs for each target gene. V3-V4 18S rRNA (418 bp)
was amplified with TAReuk454FWD1 5′-CCAGCASCYGCGGTAATTCC and TAReukREV3
5′-ACTTTCGTTCTTGAT [15] primers. For V8-V9 18S rRNA (368 bp), we used V8F 5′-
ATAACAGGTCTGTGATGCCCT and 1510R 5′-CCTTCYGCAGGTTCACCTAC [16]. Both
18S rRNA fragments were amplified with Phusion Hot Start II High-Fidelity DNA poly-
merase (Thermo Fisher Scientific, Waltham, MA, USA). PCR mix consisted of 1× Phusion
buffer HF, 1 unit of DNA polymerase, 0.2 mM dNTP mixture, 1.5 mM free Mg2+, 0.2 μM
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primers and 10 ng of DNA. Temperature profile was as follows: 98 ◦C for 1 min, 29 cycles
of (98 ◦C for 30 s, 50 ◦C for 30 s, 72 ◦C for 30 s) and 72 ◦C for 3 min. PCR product was
purified by AMPure XP magnetic beads (Beckman Coulter, Brea, CA, USA) according to
the manufacturer’s protocol.

A 312 bp rbcL fragment amplified by pairDiat_rbcL_708F 5′-AGGTGAAGTTAAAGGT
TCATACTTDAA [17] and R3 5′-CCTTCTAATTTACCAACAACTG [18] primers was previ-
ously proposed for diatom metabarcoding [19]. Since this primer pair has some mismatches
with rbcL sequences produced in previous work [12], we designed an additional primer
pair (bar_S_rbcL_665F 5′-GCAACAGGTGAAGTTAAAGGTTCT and bar_S_rbcL_867R 5′-
GAGTTACCTGCACGGTGTAAGT) to amplify the Baikalian Fragilaria and Ulnaria. These
two primer pairs are referred to as rbcL606 and rbcL708, respectively, in the remaining
text. PCR with both rbcL primer pairs was performed using Tersus polymerase (Evrogen,
Russia). PCR mix consisted of one Tersus Red buffer, 1 unit of DNA polymerase, 0.2 mM
dNTP mixture, 0.2 μM of both primers and 100 ng of DNA. Temperature profile was as
follows: 95 ◦C for 3 min, 30 cycles of (95 ◦C for 30 s, 60 ◦C for 30 s, 72 ◦C for 30 s), 72 ◦C for
5 min. PCR product was analyzed by electrophoresis in 1.5% agarose gel and purified with
Monarch Gel Extraction Kit (NEB, USA) according to the manufacturer’s protocol.

Libraries were sequenced on Illumina Miseq with MiSeq® Reagent Kit v3 (2 × 300 bp)
in the Core Centrum “Genomic Technologies, Proteomics and Cell Biology” in ARRIAM
(All-Russia Research Institute for Agricultural Microbiology, Russia). Thus, 18S rRNA
amplicon libraries were analyzed in mothur 1.44.11 [20] to produce 97% identity OTUs and
ASVs, as well as in Usearch 11.0.667 to produce ASVs using the unoise3 algorithm. In both
cases, ASVs were generated at a cutoff of 4 substitutions. In mothur-based analysis, the Silva
nr v138.1 database was used as a reference for alignment and taxonomic classifications.
Since this database does not offer taxonomic resolution below genus, all OTUs/ASVs
assigned to genera Ulnaria and Fragilaria were BLASTed against 18S rRNA sequences
sequenced from Baikalian diatoms [12] using blastn 2.2.31+ [21]. Those with sequence
identities exceeding 97% with all sequences from one clade, but not others, were classified
as belonging to corresponding groups. OTUs and ASVs, which had high-quality hits
with both Ulnaria clades, were classified as Ulnaria sp.; any other combination of hits
was considered unclassified. For the purposes of this classification, U. ulna and U. danica
reference sequences were treated as a single group, since these two species are hard to
distinguish from either morphological or genetic data and elucidation of their relationship
is beyond the scope of this paper.

The rbcL amplicon libraries were analyzed with Usearch only; Fragilaria/Ulnaria ASVs
were classified in a similar way using 98% identity cutoff. All sequencing data are available
at NCBI SRA (project ID PRJNA666300).

2.2. Analysis of Published Metabarcoding Data

Raw reads and sample metadata were downloaded from the public databases (ENA
Project ID PRJEB24415 for 2013 spatial dataset [22], NCBI SRA project IDs PRJNA657482
and PRJNA662681 for 2013 spatial dataset [23] and 2017 time series [8]). Only V4 amplicons
were selected from the latter dataset; otherwise, all available data were used. Usearch and
vsearch [24] were used to filter reads (maximum expected error 1.0, minimum assembled
length 400 bp), produce ASVs with usearch UNOISE algorithm and remove the chimerae
with vsearch UCHIME. To estimate the abundances of these ASVs, filtered reads were
mapped to them at 99% identity cutoff using usearch. Preliminary taxonomic annotation
was produced by kmer-based naive Bayesian classifier implemented in mothur [20] with
SILVA v138.1 reference alignment and taxonomy [25]. These analyses were performed
separately for each dataset; the pipeline was identical to that described above for test-
ing datasets.
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All ASVs identified as Ulnaria or Fragilaria were classified as described above.
Data processing and plotting were performed in Python3 using matplotlib [26] and
Basemap packages.

3. Results

3.1. Amplicon Selection and Testing

Clustering the reads from a mock community into OTUs produced a questionable
result, with multiple OTUs per species. These OTUs were absent from natural samples. We
assumed that these are clustering artifacts. Further, the total abundance of classified OTUs
was very low in the mock sample. Because of this, as well as the conceptual arguments
in favor of ASVs/zOTUs over OTUs (28), further analysis was carried out in terms of
ASVs. Usearch-produced ASVs were classified with more precision than mothur-produced
ones (no Usearch mock community ASVs were assigned to “Ulnaria sp.” and “unknown”);
therefore, only the results of the Usearch ASV pipeline are documented below (all ASVs
and abundances are available in Supplementary Table S1).

Complete taxonomies for all 18S rRNA amplicons are available in Supplementary
Table S2. In a mock community and in natural samples, V8-V9 variable regions of the 18S
rRNA gene were not able to distinguish between the Ulnaria acus and Ulnaria ulna/danica
clades. Proportions of studied groups in the libraries of V3-V4 18S rRNA and both rbcL
amplicons are shown in Figure 1. Analysis of a mock community does not recover all three
groups at equal abundances; Aulacoseira islandica is also strongly overrepresented in V3-V4
and V8-V9 libraries (Supplementary Table S2). The four tested marker/pipeline combina-
tions also do not produce exactly identical results. However, all tested markers—except
V8-V9 18S rRNA regions—appear to be applicable for studying the relative abundance of
U. acus and F. radians, and they do not wildly contradict each other.

Figure 1. Relative abundances of F. radians, U. acus and U. ulna/U. danica in the sample from Lake
Baikal, near Bolshiye Koty settlement, and culture mixture, as revealed by V3-V4 18S rRNA and rbcL
606 amplicons. Although the mock community contains only U. ulna, the classification pipeline does
not distinguish it from U. danica; therefore, the ASVs of this species are marked as U. ulna/U. danica.
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3.2. Analysis of Existing V4 Datasets

As shown above, V8-V9 variable regions of 18S rRNA are not suitable for studying
Baikalian populations of U. acus and F. radians. rbcL could potentially be useful, but no
sequencing data for this amplicon in Lake Baikal samples are publicly available. As for V4
18S rRNA amplicons, three relatively large datasets exist for Lake Baikal: a time series of
water column samples from 0–25 m depths during March–September 2017 taken in the
pelagic zone of the Southern Basin of Lake Baikal [8], and two datasets from multiple sites
and depths within the lake sampled in July 2013 [22] and in the summer of 2017 [23].

Although all three datasets consist of Illumina MiSeq reads, they were amplified with
three different primer pairs targeting slightly different 18S rRNA fragments. The amplicon
used in [23] failed to produce ASVs that map with 99%+ identity to Fragilaria radians.
Although there is a number of ASVs that align to F. radians better than they do to the two
Ulnaria species (at roughly 97.5% identity), these sequences could potentially belong to
Fragilaria species other than F. radians, which are known to be present in Lake Baikal [27,28].
Therefore, this dataset was excluded from further analysis, leaving us with one time series
from 2017 and one geographical series from 2013.

As Figure 2 shows, the seasonal dynamics of both species follow the general pattern
previously documented for Fragilaria radians sensu lato (see Introduction), with a spring
bloom followed by a decrease in summer, and the near-complete absence of these diatoms
in autumn. However, U. acus lags behind F. radians sensu stricto by roughly a month.
Figure 3 shows that the peaks of both populations are positioned very close to the end of
the ice season. There are no samples available for the melting period itself (late April to
mid-May), but the highest relative abundance of F. radians sensu stricto predates this period,
while the U. acus population peaks in open water.

Figure 2. The relative abundance of U. acus and F. radians in the 2017 time series. Relative abundances
of both species (the number of reads identified as one or the other, divided by library size) are plotted
on separate Y axes against the time.

Distribution in the lake, as recovered from the 2013 dataset [22] (Figure 3), is also not
identical. The highest abundance of both species is identified at the edge of Southern and
Central Baikal, near the estuary of Selenga River. Both are also present, although in lower
numbers, between Olkhon Island and Svyatoy Nos Peninsula; however, neither has been
identified in the Southern Basin. The species distribution differs in the North: while U. acus
is barely present in this area, F. radians populations are similar in size to most of those in
Central Baikal. There is no clear pattern for their distribution along depth; however, this
distribution is also not identical for most sampling sites.

19



Diversity 2023, 15, 280

Figure 3. The relative abundance of U. acus and F. radians in the spatial distribution series; sampling
depths are marked. Relative abundances of two species are not to scale with each other.

4. Discussion

4.1. Identifying the Target Species in Existing Data: Methodological Discussion

We estimated the relative abundances of two otherwise nearly indistinguishable
species using available metabarcoding data. In addition to the result itself, the study may
also be relevant because we encountered several pitfalls that may appear in similar works
in the future.

First of all, a commonly used V8-V9 18S rRNA amplicon failed to separate U. acus
from related U. ulna and U. danica species usually coexisting with it in Lake Baikal. This is
unsurprising, because primer design in metabarcoding studies involves a tradeoff between
taxonomic coverage (amplifying the barcode from as many taxa as possible), which requires
a conservative sequence region, and precision (ability to separate closely related species),
which benefits from having as many substitutions as possible. Commonly used primer
pairs are designed to hit the sweet spot of amplifying the majority of eukaryotes while
still being able to identify at least some genera [19]. OTU-based bioinformatics pipelines
also usually target this kind of resolution, using 97% or 99% identity cutoffs that roughly
correspond to species or genus but may also include several taxa (which is, in fact, where
the term “Operational Taxonomic Unit” comes from—there is no guarantee that all OTUs
generated at a given identity threshold correspond to taxa of a certain taxonomic rank).

This framework is useful for describing the overall composition of communities
because ecological differences within genera are usually considered less important, while
missing some large distant group altogether will heavily affect the conclusions. However,
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the requirements of our study are exactly the opposite; we are interested only in a small
group of taxa, but with as high a resolution as possible. Practically, this difference in
requirements means two things. First, any given amplicon may or may not work, regardless
of how useful it was for previous studies of the same ecosystem. Second, the bioinformatics
pipeline needs to be optimized for precision.

The obvious first step in this optimization is to use ASVs/zOTUs rather than larger
OTUs [29]. Although they do not directly correspond to the taxa as well, ASVs are intended
to be as small as possible, which means that any given ASV will correspond to some
genotype or strain within species, rather than a group of species. Even with ASVs, the
identification procedure has to involve an ad hoc pipeline with a custom reference database,
because existing wide-range taxonomic databases do not have resolution below a genus
level [25].

Even if relative abundances of the taxa in question have been estimated, it is well
known, both from the literature [29] and from the mock community test in this work, that
read counts correlate poorly with the actual biomass or cell count of the corresponding
species. Further, the different datasets (even with the same marker gene) are produced with
somewhat different methods and, therefore, are poorly compatible. On the other hand, it
should be noted that although these differences are likely to be smaller in magnitude than
those between different taxonomists using microscopy [30], they are not guaranteed to be
small enough for quantitative comparison. Although it is tempting to call for the unification
of methods that would allow for seamless co-analysis of datasets, this unification may have
an unexpected downside if a universally accepted amplicon is unsuitable for some narrow
problem (as V8-V9 18S rRNA was in our work). Diversity of methods, on the other hand,
provides the chance that at least some part of the existing data would fit the requirements
of any study.

4.2. Autecology of U. acus and F. radians

U. acus and F. radians were shown to exhibit both temporal and spatial differences
in distribution. In 2017, in Lake Baikal, they follow a similar annual trend (Figure 2),
but F. radians passes each stage of this trend before U. acus. Both under-ice blooms and
post-melting populations are probably formed by a mixture of both species, but it appears
that F. radians numbers start decreasing approximately when the ice starts melting. U.
acus, on the other hand, continues the bloom and peaks in open water. In summer, both
populations continue to decline, with U. acus lagging behind F. radians.

Spatial distribution is only observed in July, which is a period of decline for both
species (as can be seen both in published data [9] and from the 2017 time series). However,
both this decline and the lag identified from the time series fail to explain the observed
spatial distribution in July 2013. Neither species monotonously decreases along the north–
south axis, as would be predicted by a simple model where the Northern Basin lags
behind Central and Southern Baikal in seasonal changes. There is also a difference in
their distribution along the depth of the water column, but it is not similar across stations.
Further, all samples are taken within the photic layer, ignoring the sub-photic zone, which
makes it difficult to discuss the possible vertical migration.

In both datasets, the ASV abundance ratio is skewed towards U. acus by one or
two orders of magnitude (Figure 4). Although analysis of 18S amplicons from the mock
community was shown to overestimate U. acus abundance (or, equivalently, underestimate
F. radians abundance), this overestimate was below an order of magnitude. Analysis of
natural samples from the Bolshiye Koty settlement has shown a similar bias, although
without a better estimate of real abundances, this bias could not be quantified. Further
biases could be introduced by the ad hoc classification procedure used in this work. If, for
example, some subpopulation of either species is sufficiently divergent for its 18S sequence
to be less than 99% identical to reference strains, this would also lead to underestimating
the abundance of the species in question.
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Figure 4. The ratio of F. radians and U. acus relative abundances in all studied samples. Both axes are
in log scale; a pseudocount of 10−5% was added to all values to make zeroes visible in log axes. Black
line shows the 1:1 ratio.

Another reason to believe that the difference in abundance is an overestimate of orders
of magnitude comes from the fact that the number of strains of both species in the laboratory
collection of Limnological Institute is roughly similar [12]. At the time that these strains
were isolated, the object of study was considered a single species, so no specific measures
were taken to preferentially cultivate F. radians. However, it is possible that U. acus is
significantly less viable in culture, leading to an unintentional enrichment in F. radians.

Between the unknown biases introduced by amplicon sequencing, ASV identification
and culturing, our amplicon testing data cannot be directly used to calibrate the point
estimates of a Fragilaria/Ulnaria relative abundance ratio. Even if such a calibration was
possible, its results would only apply to the tested amplicon (identical to the one in the 2017
dataset [8]), not necessarily extending to the amplicon used in the 2013 data [22]. Thus, we
cannot produce quantitative estimates of the two species’ abundances, or even their ratio,
from metabarcoding data. We can only qualitatively conclude that U. acus is likely more
abundant than F. radians, but we cannot make claims about the magnitude of this difference.

However, we can at least assume that the same species within the same analysis is
subject to roughly the same artifacts in all samples. Using this assumption, it is possible to
compare the distribution of the species throughout space and time. In other words, one
can use the 2017 time series to see whether the seasonal dynamics of the two species were
similar in 2017 at the Listvyanka–Tankhoy transect, while the 2013 spatial dataset can be
used to see whether they were distributed similarly between various sampling sites and
depths across Lake Baikal in July 2013.

Using this assumption, we can observe that the two species exhibit differences in
distribution, which, in turn, implies autecological differences. It is tempting to suggest
that F. radians, which blooms earlier and remains abundant for a longer time in Northern
Baikal, is more psychrophilic (or at least psychrotolerant, considering that both are cultured
successfully at higher temperatures).

However, any ecological conclusions made from the two relatively small datasets used in
this work would be speculative at best, and they may be compromised by the methodological
concerns discussed above. In addition, metabarcoding data do not distinguish active and
resting cells, and there is a precedent of inactive F. radians cells observed in near-surface water
in July 2019. These cells have probably finished their bloom and sunk below the photic layer,
only to be returned via upwelling [11]. Although such events are thought to be rare, there is
no guarantee that something similar did not happen in Northern Baikal in 2017.
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A more detailed investigation of these species’ distribution requires larger volumes of
data than are currently available. Further, the existing data only focus on a small number
of abiotic factors, while the difference between species may be something obscure such as:
a resistance to an unevenly distributed pathogen or grazer; different light requirements; or
sensitivity to minor changes in water chemistry. Similar conclusions were reached in [13],
which also used existing metabarcoding datasets to study the abundances of Fragilaria and
Ulnaria, so that they may be generalized at least to all freshwater diatoms, and likely to the
majority of non-model unicellular life.

In conclusion, we showed that V3-V4 or V4 18S rRNA amplicons can be reliably used
for in situ distinguishing between closely related diatoms, although not quantitatively.
Qualitative comparison shows that Baikalian populations of Ulnaria acus and Fragilaria
radians differ in their distribution in both space and time.
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Abstract: Marine macroalgae are foundation species that play a critical ecological role in coastal
communities as primary producers. The macroalgal genus Ulva is vital in intertidal communities,
serving as a food source and shelter for organisms, but these species also form environment-damaging
nuisance blooms. This project aimed to demonstrate the utility of DNA barcoding for determining
the diversity of Ulva species in the San Juan Islands (Washington, DC, USA). Blade-form Ulva
(Ulvophyceae) specimens were collected from the lower, mid, and upper intertidal zones at three sites
experiencing different levels of wave exposure. Sequences of plastid-encoded tufA were generated
for each specimen and cluster analyses revealed the presence of four species at the collection sites.
Two species were positively identified as Ulva expansa and Ulva fenestrata based on their sharing
identical tufA sequences with those of the holotype specimens. Sequences of plastid-encoded rbcL
and the nuclear-encoded ribosomal ITS regions of representative specimens were used to identify
the other two species as Ulva prolifera and Ulva californica based on their similarity to epitype and
topotype specimen sequences, respectively. Additional types of specimen sequencing efforts are
needed to increase the number of Ulva species that can be accurately identified and realize their
true biodiversity.

Keywords: ITS; macroalgae; rbcL; tufA; Ulva californica; Ulva expansa; Ulva fenestrata; Ulva prolifera

1. Introduction

The northeast Pacific Ocean, from the coasts of Southeast Alaska to Oregon, is charac-
terized by a diverse community of marine algae, including 671 taxa and 284 genera [1]. The
San Juan Islands within the Salish Sea are a particularly rich area within this region that
experience mixed semidiurnal tides that cause intense tidal flows with vigorous vertical
mixing, especially at sills [2,3]. The characteristics of channels through the islands are
highly influenced by the Fraser River from the Strait of Georgia [4], and the succession
of spring and neap tides modulates the mixing over the sills, regulating the estuarine
exchange of water [3]. The mixture of cold ocean waters of high salinity with brackish
surface waters, seasonality, and physical factors further supports the diversity of the marine
community and affect the interaction among resident organisms [5]. This is especially true
for marine macroalgae, which have highly diverse intertidal and subtidal communities
in this region. The diversity of these organisms can be masked by the high frequency of
cryptic and phenotypically plastic species [6,7].

Marine macroalgae are foundation species that play a critical ecological role in coastal
communities as primary producers and habitat-defining organisms [8]. Ulva Linnaeus

Diversity 2022, 14, 899. https://doi.org/10.3390/d14110899 https://www.mdpi.com/journal/diversity
25



Diversity 2022, 14, 899

species are important components of biodiversity and bioindicators [9] However, they
have also been associated with the majority of blooms of free-floating green algae responsi-
ble for ‘green tides’ because Ulva species can rapidly grow in nutrient-rich habitats and
have a high tolerance range for abiotic factors such as temperature and salinity [6,10–13].
Eutrophication-driven green tides in shallow waters have a direct economic impact on
coastal communities, making it essential to identify the species involved for bloom charac-
terization and control [10,14]. In addition, it is important to understand their potential uses
in pharmaceutical applications for drug development [12], as well as in biotechnological
and industrial processes as bioremediators, biofuels, and food sources [14]. However,
their simple morphology and phenotypic plasticity means that diversity assessments and
identifications of Ulva species based on morphological characters range from challenging
to impossible e.g., [15,16].

The genus Ulva is constituted of nearly 100 taxonomically accepted species [17] includ-
ing those species previously placed in Enteromorpha Link [18]. This green algal genus is
present in both freshwater and marine environments. In the latter, it is ubiquitous along
coasts, rocky shores, and protected bays and estuaries, growing attached to substrata
or found as drift. The morphological characterization of Ulva species has traditionally
included both macro- and microscopic features. Macroscopic features include having distro-
matic blade-form or monostromatic tubular thalli, thallus shape, size, extent of branching
and presence or absence of marginal dentation. Cellular features considered key to identifi-
cation include cellular shape and dimensions, number of pyrenoids, arrangement of the
cells in regular or irregular patterns, and thallus thickness e.g., [19–22]. Although previous
studies used these characters for identification, they have been found to vary within species
depending on thallus age, reproductive state, wave exposure, tidal factors, temperature,
salinity, light, life-history stage, and biological factors such as herbivory and associated
microbiome e.g., [9,23,24]. In addition, the morphological plasticity of Ulva species results
in a variety of forms and ecotypes. Therefore, the taxonomic status of species in this genus
remains uncertain and difficult to assess [9,11,16,24,25].

Molecular analysis of Ulva spp. is greatly expanding our understanding of their tax-
onomic and phylogenetic status [25]. Studies utilizing DNA sequence data have defined
many molecular-based species e.g., [11,16,26,27], but sequences from type specimens have
been generated for relatively few historical species [25,28–30] and only recently have type
sequences been included in new species descriptions [16,31,32]. The historical types that
have been sequenced demonstrate that very few of the specimen identifications for se-
quences in public databases are correct [30,33]. Accordingly, while Ulva species can be easily
delimited with DNA sequence data, the identification of most species remains problematic.

Up to 17 species and varieties of Ulva (including taxa formerly classified as Enteromor-
pha) have been reported in the northeast Pacific [34]. Hayden and Waaland [6] reported
12 species based on molecular and morphological analyses in the most recent treatment of
the genus from this region. Little is known about Ulva species in the San Juan Islands; how-
ever, multiple studies have focused on the surrounding Salish Sea ecosystem [6,35–38]. Ulva
species within this area proliferate into blooms comprised of multiple species in the inter-
tidal zone, similar to many other anthropogenically influenced coastal ecosystems [39–42].
They were found to outcompete other macroalgae within these zones, exhibiting harmful
characteristics that alter species interactions [42,43]. A better understanding of the species
involved is needed for these reasons.

DNA barcoding was originally envisioned as a utilitarian method that could be simply
applied for the identification of species by a non-specialist using a single universal marker,
the mitochondria-encoded cytochrome c oxidase subunit 1 gene 5′ region [44,45]. While
this vision has been realized for many groups of organisms, others have been found to
require different and multiple markers [46,47]. Ulva and other green algae are part of
the latter group, but studies have shown that plastid-encoded rbcL and tufA, as well as
nuclear-encoded ITS, are useful singly or in combination for barcoding these algae [48–50].
The objectives of this study were to demonstrate the utility of DNA barcoding in its
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simplest application to determine the number and, if possible, identity of Ulva species.
This was achieved by exploring the diversity of blade-form Ulva species present at three
environmentally different study sites in the San Juan Islands, Washington.

2. Materials and Methods

2.1. Sample Collection

Thirty-five blade-form Ulva specimens were collected from the intertidal zone at three
sites of differing relative wave exposure within the San Juan Islands, Washington (Table 1).
Collections were made within the low, mid, and high intertidal zones at each location. Spec-
imens were chosen at each location based on observed macromorphological variation, and
two algal specimens of representative morphologies identified in each intertidal zone were
collected at each sampled site. Specimens were only collected if attached and not as drift,
and transported on ice back to the lab, where they were placed into a running seawater table
until processed. Each specimen was morphologically identified using the Gabrielson and
Lindstrom [1] key and vouchers were made and deposited in the University of Washington
herbarium (WTU). All specimen data, including photographic images, are available from
the Barcode of Life Database system website (dx.doi.org/10.5883/DS-MASJI08).

Table 1. Ulva specimen collection site information.

Site Name Wave Exposure Level Latitude, Longitude Date

Iceberg Point, Lopez Is. High 48.42◦ N, 122.90◦ W 25 June 2021
Cattle Point, San Juan Is. Mid 48.45◦ N, 122.96◦ W 27 June 2021

Friday Harbor Lab, San Juan Is. Low 48.55◦ N, 123.01◦ W 29 June 2021

2.2. DNA Extraction, Amplification, and Sequencing

Total DNA was extracted from specimens using a Bioline Extract-PCR Kit (Bioline,
Taunton, MA, USA) following the protocol of Taylor et al. [50], with small modifications as
follows. Approximately 0.5 cm2 of healthy blade tissue was chopped into small pieces, and
incubated at 75 ◦C in 50 μL of Extract-PCR kit enzymatic solution for 1–20 h before enzyme
deactivation by heating at 95 ◦C for 10 min. Cellular debris was pelleted by centrifugation
and samples were diluted 1:10 and stored at −20 ◦C.

The plastid-encoded tufA locus was amplified for each Ulva specimen using MyTaq
HS Red Mix following the manufacturer’s protocol (Bioline) with primers described in
Fama et al. [51]. Cycling conditions were as follows: an initial denaturing step of 95 ◦C for
2:45 min, followed by 35 cycles of 95 ◦C for 15 s, 45 ◦C for 15 s, and 72 ◦C for 1 min, with a
final extension at 72 ◦C for an additional 4 min. PCR products were enzymatically cleaned
using Exo-Sap (Thermo Fisher Scientific, Waltham, MA, USA) and sent to Genewiz for DNA
sequencing (Azenta Life Sciences, South Plainfield, NJ, USA). Based on initial analyses of
tufA sequences, nuclear-encoded ITS and plastid-encoded rbcL sequences were generated
from representative specimens of the detected species. ITS and rbcL were amplified and
sequenced following the protocols of Freshwater et al. [52] but using a MyTaq HS Red DNA
Polymerase Kit (Bioline), and the ITS and rbcL primers described by Shimada et al. [53].
Individual sequence reactions were compiled and edited using Sequencher (v. 5.4, Gene
Codes Corporation, Ann Arbor, MI, USA).

2.3. DNA Sequence Analyses and Species Identifications

Alignments of DNA sequences were generated using MUSCLE [54] as implemented
in MEGA (v. 7.0.26, [55]) or Geneious (v. 9, Biomatters Limited, Aukland, New Zealand).
Species were molecularly delineated through barcode sequence clustering. Initially a
UPGMA cluster diagram was generated from an alignment of the 35 tufA sequences for
the newly collected San Juan Islands Ulva specimens to establish specimen clusters. Inter-
and intra-cluster sequence divergence values were then assessed to determine if there were
barcode gaps, as defined by Meier et al. [56] between clusters and whether these barcode
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gaps fit the tufA species divergence threshold ranges of Saunders and Kucera [49] and
Kirkendale et al. [57]. GenBank BLAST analyses [58] of the tufA and, where needed, ITS
and rbcL sequences were used to explore the identifications of the resulting molecularly
defined species.

3. Results

The 35 Ulva specimens were grouped into four species based on UPGMA cluster
analysis of tufA sequences (Figure 1). Intraspecific variation in tufA sequences was only
seen in Species-1 (0.0–0.7%; 3 haplotypes) and interspecific variation among the four species
ranged from 3.2–3.3% to 7.5% (Table 2). BLAST searches revealed that tufA sequences of
Species-3 and Species-4 were exact matches to those of the U. expansa (Setchell) Setchell
& N.L. Gardner (GenBank # MH731007) and U. fenestrata Postels & Ruprecht (GenBank #
MK456404) type specimens, respectively. BLAST searches of the Species-1 and Species-2
tufA sequences returned close matches to specimens within the U. linza-procera-prolifera
(LPP) complex clade for Species-1 and specimens predominantly identified as U. californica
Wille for Species-2.

Figure 1. UPGMA tufA cluster analysis for 35 blade-form Ulva specimens collected at different
intertidal zones from three sites in the San Juan Islands. Specimen labels include the collection
number (e.g., ‘03UA’) followed by the morphological identification of the specimen based on the
Gabrielson and Lindstrom [1] key. The 1% sequence divergence level is indicated by the grey vertical
line and example images of specimens are shown on the right.

28



Diversity 2022, 14, 899

Table 2. Intra- and interspecific divergences among tufA sequences from 35 specimens of four blade-
form Ulva species collected in the San Juan Islands, WA. Gray background = intraspecific divergences;
white background = interspecific divergences.

Species-1 Species-2 Species-3 Species-4
U. prolifera U. californica U. expansa U. fenestrata

n = 12 n = 6 n = 9 n = 8

Species-1
U. prolifera

n = 12
0.0–0.7%

Species-2
3.2–3.3%U. californica

n = 6
0.00%

Species-3
6.2–6.4% 6.2–6.3%U. expansa

n = 9
0.00%

Species-4
6.9–7.2% 7.50% 5.4–5.5%U. fenestrata

n = 8
0.00%

The ITS sequences of Species-1 specimens representative of tufA haplotype 1 (specimen
03UA) and haplotype 2 (specimen 20UA) were identical. There was only a single base-
pair difference between the ITS-2 region of this sequence and the ITS-2 sequences of
17 U. prolifera O.F. Müller topotype specimens (GenBank# AJ012276, but see discussion),
including the epitype designated by Cui et al. [59]. The ITS-2 region sequence of the
Species-1 specimen representative of tufA haplotype 3 (specimen 14UB) is two base pairs
different from that of the U. prolifera epitype.

The rbcL sequences of two representative specimens of Species-2 (09UB; 23UB) were
identical to each other and a topotype specimen identified by Hayden et al. [18] as U. cali-
fornica (GenBank #AY255866). Similarly, ITS sequences of specimens 09UB and 23UB were
identical and only 0.7% different from the ITS sequence of the Hayden et al. [18] topotype
specimen identified as U. californica (GenBank #AY260560).

4. Discussion

Distinguishing Ulva species is a well-known problem in phycology. They have a
very simple morphology and the few morphological characters that have been used to
describe species exhibit intraspecific variation e.g., [15,16,21,60,61]. Analyses of DNA
sequences are currently popular for delineating Ulva species e.g., [9,62,63]. However, as
clearly demonstrated in a series of papers by Hughey et al. [25,29,30], Ulva specimens
can only confidently be identified to species if DNA sequence data from those specimens
can be matched to that of type specimens. These papers, as well as the overall analysis
of Ulva sequences in GenBank by Fort et al. [33], demonstrated that many of the names
assigned to Ulva sequences in public databases are incorrect. As an extreme example, all
sequences in GenBank assigned to U. rigida were incorrectly identified [30]. Fort et al. [33]
identified accessions that could be used for species identifications when a query sequence
was homologous, and Hughey et al. [30] provide a table with all sequenced historical types
and sequence determined synonyms.

Analyses of tufA sequences for blade-form Ulva specimens from different tidal heights
at three different locations in the San Juan Islands revealed the presence of four species
(Figure 2). Two of these species could be positively identified through the homology of their
tufA sequences to that from type specimens. One was identified based on the holotype se-
quences published by Hughey et al. [28] as U. expansa (type locality: Monterey, CA, USA), a
species reported in an older floristic survey of nearby Whidbey Island [35] and by Scagel [34]
in his flora of British Columbia and northern Washington. Although reported as far north as
British Columbia in these and other treatments of Northeast Pacific macroalgae e.g., [64–66],
Tanner [36] synonymized U. expansa with U. fenestrata based on the morphological variation
observed in herbarium specimens, field collections and culture studies. This synonymy
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was followed in the recent keys to the marine algae from southeastern Alaska to Oregon
that have functioned as de facto floras for this region in recent years [1,67,68]. However,
Hughey et al. [25,28] demonstrated the distinction of these two species. and U. expansa was
once again recognized in the Northeast Pacific flora e.g., [69].

Figure 2. Map showing the distribution of blade-form Ulva species collected from different intertidal
heights at three San Juan Island sites that experience different wave exposures. Species are indicated
by color and intertidal zones by letters: L = low; M = middle; H = high. Locations: FHL = Friday
harbor Laboratory beach front; CP = Cattle Point; IP = Iceberg Point.

The second positively identified species was determined to be U. fenestrata (type
locality: Kamchatka, Russia) based on the tufA sequence for its holotype published by
Hughey et al. [25]. Similar to U. expansa, U. fenestrata was included in the Scagel [34]
flora and Tanner’s [36] treatment of Northeast Pacific Ulva, but not in the more recent
comprehensive keys [1,67,68]. Ulva fenestrata has generally been identified based upon the
presence of perforations in the blade e.g., [65,70], but whether the presence or absence of
perforations is a true developmental characteristic of species has been questioned, and
both perforated and non-perforated specimens have been included in this species [36,70].
Gabrielson et al. [68] included U. fenestrata-type perforated blades within an unidentified
Ulva species given the place-holder name U. “lactuca”. Further unpublished observations
of San Juan Islands Ulva specimens led to this species being considered to represent
U. fenestrata [71], and the current study verifies this identification.

The remaining two species revealed by the tufA analysis did not have close homology
to any currently available tufA sequences from an Ulva type or topotype specimen. The tufA
sequences from specimens of one of these species included three different haplotypes that
had close homology to GenBank sequences from specimens placed in the Ulva linza-procera-
prolifera (LPP) complex clade, a group composed of specimens variously identified as
U. linza Linnaeus, U. procera (K.Ahlner) H.S.Hayden, Blomster, Maggs, P.C.Silva, Stanhope
& Waaland, and U. prolifera O.F.Müller. Cui et al. [59] used morphological, molecular and
crossing studies to examine the status of LPP complex specimens collected from Lolland
Island, Denmark, the type locality of U. prolifera. Combining their results with those of
previous LPP-complex-related studies e.g., [62,72,73], it was determined that U. prolifera was
best represented by tubular branched specimens with sexual or asexual life histories [59].
The lectotype of U. prolifera is a drawing in Müller [74], thus an epitype was designated
and sequences for the ITS-2 and 5S rDNA spacer regions generated. The ITS-2 sequence
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of this specimen was not made publicly available, but was reported to be identical to a
previously published sequence with GenBank accession number AJ012276. The AJ012276
sequence includes not only ITS-2 but also the ITS-1 and 5.8S rRNA regions and, therefore,
the epitype ITS-2 sequence is only the 215 bp portion of the AJ012276 sequence between
the annealing sites of the two primers used by Cui et al. [59] to amplify and sequence this
region in their specimens. ITS-2 sequences for representative specimens of the LPP complex
species collected in the San Juan Islands were only 1–2 base pairs different (0.47–0.93%)
from that of the U. prolifera epitype. This divergence from the epitype ITS-2 sequence is less
than or equal to that of any LPP complex specimens included in the Cui et al. [59] study.

The San Juan Islands specimens were identified as U. prolifera based on these results.
However, an unquestioned identification will require an understanding of whether any
taxa within the LPP complex clade represent U. linza. Interestingly, the San Juan Islands
specimens molecularly identified in this study as U. prolifera, were not branched tubes, the
characteristic morphology of the species, but distromatic blades that became tubular where
they were basally narrow near the point of attachment. This latter morphology has been
identified as U. linza in the Northeast Pacific e.g., [1,64,68], and all these specimens were
morphologically identified as U. linza (Figure 1). Similar to U. prolifera the lectotype of
U. linza is an illustration [75] (pl. 9, Figure 6), but there is an epitype in OXF. Unfortunately,
requests for the minimal type specimen material needed for current DNA sequence genera-
tion techniques have not been fulfilled, and the status of U. linza remains unresolved [76].
Regardless, the findings herein indicate that the concept of U. prolifera needs to be expanded
to include blade-form thalli.

Representative specimens of the fourth species resolved in this study by the tufA
analysis had rbcL sequences that were identical to that generated by Hayden et al. [18]
from a La Jolla, California specimen of U. californica, the type locality for this species. The
ITS sequences of San Juan Island specimens and that of this topotype specimen were also
closely homologous and varied by only four base pairs (0.7%). The Hayden et al. [18]
topotype specimen (WTU 344798) agrees with the type specimen (US 57108) in being ca.
2 cm or less and having turfy blades, and provides a basis for molecularly identifying
specimens as U. californica in lieu of sequence data from the type specimen.

Tanner [60] conducted field, herbarium and culture studies of U. californica, U. angusta
Setchell & N.L. Gardner, and U. scagelii Chihara, three morphologically similar Northeast
Pacific species that differed in size, habit and distribution. The results of these studies led to
the synonymy of U. angusta and U. scagelii with U. californica, increasing the size range and
geographic distribution of U. californica. Specimens of U. californica sequenced in this study
were also variable in size and distribution (Figure 2; dx.doi.org/10.5883/DS-MASJI08).
The close homology of the topotype DNA sequences with those of specimens from this
and other studies, e.g., [6,49,77], verifies the wider Northeast Pacific distribution and the
environmentally determined morphological variation found in the study of Tanner [60].

As demonstrated in this study, simple analyses of DNA barcode sequences can be
a useful tool for quickly distinguishing Ulva species, and only with an understanding of
the number and extent of these species can applied questions concerning their diversity,
ecology and physiology be addressed. For example, determining the species composition
of blooms, or establishing monocultures or mixed cultures for industrial applications.
However, this in no way diminishes the importance of extensive specimen collection
combined with thorough phylogenetic and species delimitation analyses, e.g., [16,26], to
establish the species and sequence characteristics upon which utilitarian DNA barcoding
methods are based. The application of names to barcode-defined species, however, remains
problematic. Two of the four species included in this study could be positively identified
because DNA sequences were publicly available for their holotype specimens, and the best
current identifications were possible for the other two species based on DNA sequences of
epitype and topotype specimens. This fortuitous result is unusual because so few historical
Ulva types have been sequenced, and only additional type specimen sequencing efforts and
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cooperation of the herbaria housing Ulva types can ensure that the application of additional
species names is accurate.
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Abstract: Early detection of non-indigenous species is crucial to reduce, mitigate, and manage their
impacts on the ecosystems into which they were introduced. However, assessment frameworks for
identifying introduced species on the Pacific Coast of South America are scarce and even non-existent
for certain countries. In order to identify species’ boundaries and to determine the presence of
non-native species, through morphological examinations and the analysis of the plastid ribulose-1,5-
bisphosphate carboxylase/oxygenase large subunit (rbcL-5P) gene, we investigated the phylogenetic
relationships among species of the class Florideophyceae from the coast of Ancash, Peru. The rbcL-5P
dataset revealed 10 Florideophyceae species distributed in the following four orders: Gigartinales,
Ceramiales, Halymeniales, and Corallinales, among which the Asian species, Melanothamnus japonicus
(Harvey) Díaz-Tapia & Maggs was identified. M. japonicus showed a pairwise divergence of 0%
with sequences of M. japonicus from South Korea, the USA, and Italy, the latter two being countries
where M. japonicus has been reported as introduced species. Our data indicate a recent introduction
event of M. japonicus in Peru, and consequently, the extension of its distribution into South America.
These findings could help to adopt management strategies for reducing the spread and impact of
M. japonicus on the Pacific Coast of South America.

Keywords: DNA barcode; Florideophyceae; non-indigenous species; Melanothamnus japonicus; rbcL

1. Introduction

The deliberate or accidental introduction of non-indigenous species has been de-
scribed as one of the four greatest threats to marine ecosystems [1]. Even though diverse
international guidelines have been established to reduce the human-mediated exchange
of species [2–4], on a global scale, the rate of first records is increasing, with the highest
rates being observed in recent years [5]. For marine algae, the annual rate of introduced
species has rapidly increased as they are more difficult to regulate and are associated with
increasing trade [5–8]. Currently, macroalgae represent approximately 12.5% of the world’s
introduced species [9], a value that could be underestimated since different studies have
shown that many macroalgal introductions go unnoticed due to cryptic introductions, i.e.,
introduced species that are morphologically indistinguishable but genetically different
from native species [10–13]. Common cryptic introductions include those from the phylum
Rhodophyta, one of the phyla containing most introduced algae species reported world-
wide [11,12,14–19]. Within this phylum, the species Melanothamnus japonicus (Harvey)
Díaz-Tapia & Maggs causes great concern since it has been successfully established in
many non-native areas without being noticed due to its morphological similarity with
native Melanothamnus species [20–22]. Molecular evidence for the introduction of M. japon-
icus has been shown in Italy [18], the USA, Spain, Australia, and New Zealand [11,22],
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without reports for South American countries. Even though M. japonicus has not been
reported on the Pacific and Atlantic coasts of South America, ten Melanothamnus species
have been identified in these regions, with Peru and Chile being the countries with the
highest number of native species. The species reported in Peru and Chile are M. peruviensis
(D.E.Bustamante, B.Y.Won, M.E.Ramirez & T.O.Cho) Díaz-Tapia & Maggs, M. sphaerocarpus
(Børgesen) Díaz-Tapia & Maggs, M. savatieri (Hariot) Díaz-Tapia & Maggs, M. ramireziae
(D.E.Bustamante, B.Y.Won & T.O.Cho) Díaz-Tapia & Maggs (only reported for Peru), and
M. unilateralis (Levring) Díaz-Tapia & Maggs (only reported for Chile) [23–26]. It is note-
worthy to mention that the identification of many of these species, along with the newly
identified Rhodophyta species for South America [27–31], was performed thanks to the
use of molecular tools, highlighting the importance of molecular analysis for revealing the
hidden biodiversity in those regions where the phycological studies have recently begun
to increase [25].

Even though the introduction of non-indigenous Melanothamnus species such as
M. japonicus can directly affect native species [22], their presence has not been evaluated
in South America, a region where the determination of non-indigenous seaweed intro-
ductions has been hindered by insufficient knowledge of its endemic diversity [32]. The
lack of studies focused on monitoring the presence of non-indigenous species can strongly
affect this region since, except for Chile and Guyana, all South American countries show a
low proactive capacity to manage alien species. A proactive capacity demonstrates that
a country monitors the presence of non-indigenous species and establishes measures to
tackle them [33]. Therefore, if a South American country has an undetected non-indigenous
species, it is unlikely that it will be able to contain the emerging invasion. Indeed, Bar-
rios et al. [34] showed that the introduction of Kappaphycus alvarezii (Doty) L.M.Liao, a
native species from the Philippines, to Cubagua Island, Venezuela, was one of the main
causes of coral bleaching, an effect that could not be controlled using the current miti-
gating approaches, such as the manual removal of the invasive algae. Although studies
that have evaluated the negative impacts caused by non-indigenous algae species are
scarce for South America, globally, different authors have shown that the introduction of
non-native seaweed species negatively impacts local communities. For instance, Cebrian
et al. [35] showed that Womersleyella setacea (Hollenberg) R.E.Norris, an exotic species
in the Mediterranean, decreases the survival of coralligenous assemblages significantly.
Smith et al. [36] also showed that Acanthophora spicifera (M.Vahl) Børgesen, an alga intro-
duced in Hawaii, displaces most native species where it is abundant. Therefore, early
detection of non-indigenous species is crucial to control the potential negative impacts on
native communities.

In South America, besides a low proactive capacity, Peru is the only country that also
shows a low reactive capacity regarding the degree to which a national action plan exists
to reduce the impacts of non-indigenous species invasions [33]. Indeed, there is no current
Peruvian law regarding management actions to control marine species introductions or
prioritizes the studies focused on monitoring possible introduction events. For example,
even though the Peruvian port of Chimbote in Ancash is a potential hotspot for introduced
species: it receives many international ships [37] and has been the focus of illegal fishing
from Asian ships [38], studies to determine the presence of exotic species are non-existent.
The presence of Asian ships in Chimbote’s Port is especially worrisome since they have
been identified as the vectors driving the high degree of species exchange between Asian
and South American ports [39], increasing the likelihood of introducing unnoticed species
in this region.

To evaluate the presence of non-indigenous species along the coast of Ancash, Peru,
we examined species diversity by performing morphological examinations and analyzing
the phylogenetic relationships among the species of the class Florideophyceae using the
ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL-5P) genetic marker.
We report the introduction of the Asian species M. japonicus in Peru for the first time,
and consequently, the extension of its distribution into South America. Moreover, we
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provide further evidence regarding the phylogenetic relationships among native Florideo-
phyceae species, enriching our knowledge of the biodiversity of native aquatic species
from this country.

2. Materials and Methods

Forty-seven specimens of the class Florideophyceae collected along the coast of An-
cash, Peru (from 8◦59′23.64′′ S, 78◦39′12.60′′ W to 10◦1′42.96′′ S, 78◦11′8.88′′ W, Table S1),
were examined in the present study. The collected organisms were identified within the
currently recognized species using identification keys, original description, and species’
redescriptions [28,29,40–48]. Organisms that could not be identified at the species level
were reported as “Genus sp.” The microscopic observations were made in manual sections
stained with Orange G (Azer Scientific, Morgantown, PA, USA) as follows: The samples
were placed in the dye for 3 min, transferred to acid alcohol for 5 s (3% concentrated HCl),
and mounted in 100% glycerin. Photomicrographs were taken with a Canon PowerShot
G1X camera (Canon USA, Huntington, NY, USA). Voucher specimens were deposited in
the Herbarium Truxillense of the Universidad Nacional de Trujillo, Trujillo, Peru. The data
of the samples, vouchers, and GenBank accession numbers for the rbcL-5P gene sequences
are listed in Table S1.

2.1. Molecular Analysis

DNA extractions were performed on silica gel dried tissue. A small amount of
tissue (approximately 5 mg) was placed in a microcentrifuge tube containing 800 μL of
cetyltrimethylammonium bromide (CTAB) buffer (2% CTAB, 0.1 M Tris–HCl pH 8.0, 1.4 M
NaCl, and 20 mM EDTA) and 10 μL of proteinase K (Promega, Madison, WI, USA). The
procedure was carried out following the protocol of Zuccarello and Lokhorst [49]. The
primers for the amplification and sequencing of the rbcL-5P gene were F7-R753 [50]. The
PCR master mix reaction consisted of 7.99 μL water PCR grade, 1.88 μL KAPA Taq Buffer B
(10X), 3.6 μL MgCl2 (25 mM), 0.9 μL dNTPs (2.5 mM), 0.18 μL each primer (50 μM each),
3.6 μL TBT-PAR 5X (1 mg mL−1 BSA, 1% Tween 20, 8.5 mM Tris HCl pH 8 [51]), 0.18 μL
KAPA Taq DNA polymerase (5 U μL−1), and 1.8 μL genomic DNA. The PCR conditions
consisted of 4 min of initial denaturation at 95 ◦C and 28 cycles of denaturation at 94 ◦C
for 30 s, annealing at 50 ◦C for 30 s, and extension at 72 ◦C for 45 s. The PCR reaction
was finalized with a 5 min final extension at 72 ◦C. The success in the amplification was
determined by electrophoresis in 1% agarose gels. Successfully amplified samples were
cleaned using exonuclease I and FastAP Thermosensitive Alkaline Phosphatase (Thermo
Fisher Scientific, Waltham, MA, USA). The PCR products were sent to Macrogen, USA
for bidirectional sequencing reactions via capillary electrophoresis using the ABI3730XL
automated DNA sequencer (Applied Biosystems®, Foster, CA, USA). All forward and
reverse nucleotide sequences were edited and aligned using Sequencher 4.1.4 (Gene Codes
Corporation, Ann Arbor, MI, USA). The sequences were aligned using the default alignment
strategy (L-INS-i) of the multiple alignments program for nucleotide sequences (MAFFT
7.402) [52] and edited manually where required. The alignment was trimmed to 622 bp to
reduce missing data and erroneous base calls at the ends of the sequences [53].

To determine the identity of each species, we searched a representative sequence of
the rbcL-5P gene for each clade in the Barcode of Life Database (BOLD) Systems (https:
//www.boldsystems.org/, (accessed on 10 February 2021)) and the database of the National
Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/, (accessed
on 10 February 2021)), using the BOLD identification system (IDS) and the basic local
alignment search tool (BLAST), respectively. The final identification of species was only
accepted if they demonstrated more than a 99% similarity regarding the sequences available
in both databases. The data presented in this study are openly available in GenBank and
the dataset with code “DS-LGFYR” on BOLD systems (dx.doi.org/10.5883/DS-LGFYR,
(accessed on 10 February 2021).).

39



Diversity 2021, 13, 176

2.2. Phylogenetic Analysis

To determine phylogenic relationships, a dataset of 78 rbcL-5P sequences was con-
structed, including 47 own sequences and 23 sequences with the highest identity obtained
through the standard nucleotide BLAST search. For comparative purposes, six specimens
representing five species native to the North Pacific were also included. The final alignment
included 78 specimens with 622 nucleotide positions. The selection of the best model of
nucleotide substitution was based on the Bayesian information criterion (BIC) through
jModelTest 2 [54]. The chosen model was the general time-reversible model with a propor-
tion of invariable sites and a gamma distribution (GTR + Γ + G). The statistical support,
bootstraps, and subsequent Bayesian probabilities were calculated using maximum like-
lihood (ML) and Bayesian inference (BI) methods. Phylogenetic inference via ML was
performed with RAxML-HPC2 on XSEDE 8.2.12 [55] through the CIPRES Science Gateway
(http://www.phylo.org/, (accessed on 10 February 2021)) [56] using the GTRGAMMA
model. Branch support was evaluated using bootstrapping with 1000 replicates. BI was per-
formed using MrBayes 3.2.6 [57]. The BI analyses were run using the Metropolis coupled
Markov chain Monte Carlo (MCMC) algorithm. Two independent runs were performed
with four MCMC chains (three hot and one cold) for 50,000,000 generations. The trees
were sampled every 50,000 generations. The convergence of both runs was tested using
Tracer 1.6 [58] to see if the executions reached an effective sample size greater than 200. To
calculate the potential scale reduction factor and posterior probabilities, we established
a burn-in value to discard the first 25% of trees. The ML and BI trees were compared to
evaluate the consistency of the results.

3. Results

For accurate species identification, both a detailed morphological examination and
the use of molecular tools are necessary. Thus, we performed a preliminary survey to
examine species diversity of the class Florideophyceae from the coast of Ancash, Peru,
by performing microscopic observations and inferring their phylogenetic relationships
through ML and BI. Our morphological identification and rbcL-5P phylogenetic analysis
showed the presence of the Asian species M. japonicus in the port of Chimbote, Peru, for the
first time. The morphological observations and phylogenetic analysis are described below.

3.1. Morphological Observations

Epiphytic. Solitary or in aggregates. Thallus 2–6 cm height, reddish-brown to dark
brown. Tangled prostrated axes with a delicate texture, fixed to the substrate by rhizoids
from which erect axes arise with few side branchlets (Figure 1a). The main erect axes are
prominent and composed of four pericentral cells. Branching points occurred at intervals
of 5–12 axial cells in the main axes. Scar cells developed between distal terminations of
the pericentral cells (Figure 1b). Apices with a prominent apical cell of 8 × 5 μm average
size (Figure 1c). Apical cells were divided transversally (Figure 1c). Branches emerged in
connection with trichoblasts (Figure 1c,d). Trichoblasts were delicate, few, 20–30 μm long,
and emerged from adventitious branches (Figure 1c,d). Tetrasporangia spirally arranged
(Figure 1e), slightly bulky, 40–60 μm in diameter, and tripartitely divided (Figure 1f).
Female and carpogonial branches were not observed.
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Figure 1. Habit, vegetative, and male structures of Melanothamnus japonicus. Microscopic obser-
vations were made in manual sections stained with Orange G, Azer Scientific. (a) Male thallus,
scale bar = 1.5 mm; (b) Scar cells (arrows) on an erect axis, scale bar = 70 μm; (c) Adventitious lateral
arising from main axes with short trichoblasts (tb) and apical cell (ap); an apex with young tetraspo-
rangia surrounded by two presporangial cover cells, scale bar = 70 μm; (d) Apex of thallus with
short trichoblasts and apical cell, an apex with young tetrasporangia (arrow), scale bar = 70 μm; (e)
Lateral branch with young tetrasporangia (t) in irregular series, scale bar = 70 μm; (f) Surface view of
a segment with tetraspores tripartitely divided and surrounded by cover cells, scale bar = 70 μm.

3.2. Molecular Phylogeny

To analyze species diversity in the class Florideophyceae from Ancash, Peru, and sub-
sequently, to identify non-indigenous species from this region, we performed phylogenetic
analyses using rbcL-5P sequences from 78 Florideophyceae specimens. The phylogeny
resolved a monophyletic lineage corresponding to the class Florideophyceae with ML boot-
straps (MLB) of 100% and a Bayesian posterior probability (BPP) of 1.00 (Figure 2). Within
this class, we found the non-indigenous species M. japonicus, which showed a pairwise
divergence of 0% with sequences from South Korea (the native range of this species), the
USA, and Italy. The rbcL-5P phylogeny also showed that within the Melanothamnus group,
the clade containing M. japonicus was a sister taxon (100% MLB and 1.00 BPP) to the clade
containing native Melanothamnus species from Japan and South Korea, such as M. harlandii
(Harvey) Díaz-Tapia & Maggs, M. decumbens (T.Segi) Díaz-Tapia & Maggs, M. flavimarinus
(M.S.Kim & I.K.Lee) Díaz-Tapia & Maggs, and M. yendoi (T.Segi) Díaz-Tapia & Maggs. The
sequences of native Peruvian species, such as M. peruviensis and M. ramireziae, instead,
formed a distinct clade (87% MLB and 1.00 BPP), basal to the one containing M. japonicus.
Therefore, it is highly likely that M. japonicus has been introduced to Peru by Northeast
Pacific populations.

41



Diversity 2021, 13, 176

 
Figure 2. Bayesian inference tree of Florideophyceae species from Peru. The Bayesian inference analy-
sis was performed for 50,000,000 generations using ribulose-1,5-bisphosphate carboxylase/oxygenase
large subunit (rbcL-5P) sequences of Florideophyceae species collected along the coast of Ancash,
Peru, and phylogenetically close species with available rbcL-5P sequences. The phylogenetic tree
shows the sequences of Melanothamnus japonicus from Peru, the USA, and Italy in a strongly sup-
ported clade with sequences of Melanothamnus species native to Japan and South Korea, the native
range of this species. The clade containing M. japonicus is shown in red. Bayesian posterior proba-
bility (BPP) and maximum likelihood bootstrap (MLB) values are indicated above and below the
branches, respectively.
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The rbcL-5P phylogeny also revealed a non-identified species from the genus Corallina,
Corallina sp. This species showed high sequence similarity with sequences of C. vancouveriensis
Yendo from the USA (0.3% pairwise divergence). Despite the low sequence divergence
between Corallina sp. and C. vancouveriensis, an assignation to the species level could not be
made since Corallina sp. also showed 2.5% pairwise divergence with C. vancouveriensis from
Canada. Even though the sequence from Canada has the same species name as the sequence
from the USA, it formed a different clade that was phylogenetically closer to C. caespitosa
R.H.Walker, J.Brodie & L.M.Irvine from Peru. Corallina sp. also showed 1.8% and 2.1%
pairwise divergence with sequences of C. caespitosa and C. officinalis Linnaeus, respectively.
It is also important to note that even though C. officinalis has been reported for Peru, we
could not find DNA sequences of this species from Peru in either BOLD Systems or GenBank
databases, highlighting the absence of genetic studies for the identification of Corallina species
from Peru.

Overall, among the 47 Florideophyceae specimens examined, the morphological and
genetic information revealed the first report of a non-indigenous macroalgal introduction
in Peru, i.e., M. japonicus, which extends the current distribution of M. japonicus into the
Pacific coasts of South America.

4. Discussion

The morphological and phylogenetic analysis of this study showed the presence of
the Asian species M. japonicus on the Pacific coast of South America for the first time.
The morphological features of M. japonicus were in agreement with those described for
P. japonica, the lectotype of M. japonicus characterized by Masuda et al. [59] and Kudo
and Masuda [60]. M. japonicus was characterized by having four pericentral cells, few
trichoblasts being composed of uninucleate cells, with branching points occurring at
intervals of 5 to 12 axial cells in the main axes, and tripartitely divided tetrasporangia.
The morphological identification was further confirmed by the molecular analysis, which
showed a 100% similarity between the sequences of M. japonicus from Peru, South Korea,
the USA, and Italy; the latter two being regions where M. japonicus has been reported
as introduced [18,21,22]. It is important to note that to report a species as introduced,
it is necessary to verify its genetic variation, which in most cases represents a subset
of the genetic variation found in the native range of the species [61]. Even though the
rbcL-5P sequences of M. japonicus collected in Chimbote’s Port were identical, stating
the presence of this species corresponds to an introduction event, based solely on the
absence of intraspecific variation could not be performed, since this study has only three
collections for comparison and utilized a molecular marker that, despite its ability to
reconstruct phylogenetic relationships, is generally incapable of detecting intraspecific
genetic variation [62,63]. A sampling design including other Peruvian coastal regions and
the generation of supplementary molecular data using more variable markers, such as the
mitochondrial cytochrome oxidase subunit 1 (COI-5P) gene [50,64], are still needed in order
to determine whether there is intraspecific variation within the M. japonicus population
present in Peru and whether it represents a subset of the genetic variation found within
M. japonicus in its native range. Nevertheless, our phylogenetic analysis did show the
sequences of M. japonicus and species such as M. harlandii, M. decumbens, M. flavimarinus,
and M. yendoi, native to the Northeast Pacific, in a fully supported clade that diverged from
the clade containing Melanothamnus species native to Peru. Hence, this study shows the
introduction of M. japonicus into the Pacific coasts of South America and confirms the rapid
settlement of this species outside its native range.

Although additional studies are required to determine the introduction vector for
M. japonicus, this species was found in an important international port in Ancash, Peru.
Several studies have shown that global shipping is the primary source of non-indigenous
species [20,65]. For instance, using DNA metabarcoding on samples of ballast water taken
from ships arriving at the Bay of Biscay, Ardura et al. [66] showed that about 22% of the
total algae found in ballast waters were non-indigenous to that location. Importantly,
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it has also been shown that among the algal species found in ballast water, the species
from the genus Polysiphonia, a phylogenetically close genus to Melanothamnus, are able to
survive prolonged periods in the ships’ tanks and even increase in density [67]. Moreover,
most algal spores have the ability to germinate when they are exposed to long periods of
darkness (e.g., the conditions in the ships’ tanks), an ability that appears to be unrelated to
a particular taxonomic group or life-history style [68]. Like ballast water, ships’ hulls also
transport many sessile algal species between ports [69,70]. In fact, compared to ballast water
and ship sediments, most non-indigenous species tend to be found on ships’ hulls [71].
Because the oceanographic conditions of Chimbote are favorable for industrial vessels to
enter, both ballast water and hull fouling are the most likely vectors for the introduction of
M. japonicus. It is also important to note that using a species flow network based on ballast
water exchange, Xu et al. [39] showed that the ships coming from the Pacific cluster (from
Asian and Oceanian regions) are the most common vectors for the non-indigenous species
invading South American countries. Hence, and considering that several Asian ships
have been shown to arrive at the port of Chimbote [37], we hypothesize that M. japonicus
was likely introduced from ships coming from Asia rather than those coming from the
Mediterranean or the USA, regions where M. japonicus has also successfully settled.

We should also mention that species imported for aquaculture are known vectors for
non-indigenous species [72,73]. Nevertheless, the only imported species native to Asia
is the Japanese oyster Crassostrea gigas Thunberg, a species imported to Peru not from
Japan but Chile, a country that has not reported the presence of M. japonicus within their
biogeographic limits [74]. Hence, imported species for aquaculture can be excluded as an
introduction vector for M. japonicus. In light of these observations, ballast waters and hull
fouling from Asian ships are the most apparent sources of M. japonicus. It is very likely
that after a first introduction event, the presence of favorable environmental conditions
in Chimbote’s Port (a water temperature between 17.2 and 22.8 ◦C, a temperature range
in which M. japonicus can grow rapidly [60,75], and the minimal water current activity)
contributed to the rapid adaptation and successful settlement of M. japonicus in this port.

Although several studies have shown the introduction and successful establishment
of M. japonicus in different coastal regions [18,22], it is still unknown if its introduction will
negatively impact native communities. By simulating the global spreading dynamics of
marine non-indigenous species and comparing the predicted and observed species ranges,
Seebens et al. [76] observed that M. harveyi (Bailey) Díaz-Tapia & Maggs, a species morpho-
logically indistinguishable from M. japonicus, was placed within the top ten highly invasive
species. Even though not all species from the same genus will necessarily demonstrate in-
vasiveness [77], it has been shown that M. japonicus has rapidly spread through the regions
into which it was introduced. For instance, Rindi et al. [20] and Sfriso et al. [21] reported
that M. japonicus is nowadays one of the most common and widespread macroalgae in the
Conero Riviera and the Venice Lagoon, respectively, indicating the high invasive potential
of M. japonicus. Another important consequence of the establishment of M. japonicus in
Peru is DNA introgression from the introduced species into a native species, a phenomenon
already shown between M. japonicus and M. harveyi [22]. If this occurs, it could give rise
to a more vigorous individual with a higher spreading ability, which could displace the
parental species [78]. Future studies are still required to determine whether hybridization
between M. japonicus and native Peruvian species is possible.

Additionally, Dijkstra et al. [7] indicated that the introduction of non-indigenous algal
species leads to positive ecological effects, such as the generation of a more biogenetically
complex habitat that is able to support twice or three times the richness and abundance of
species from lower trophic levels as compared with native seaweed assemblages. Since
the introduction of non-indigenous species can have different consequences, Katsanevakis
et al. [79] stated that the “native good, alien bad” view is a misconception and that the role
of most non-indigenous species in marine ecosystems is rather complex. Because species
introductions can result in either good or bad consequences for the native community, it is
necessary to establish preventive and mitigating measures to avoid any potential negative
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impacts. On a global scale, Ficetola et al. [80] showed that climatic and land use information
are useful tools for creating environmental models that can delineate areas with the highest
risk of invasions. Considering that the databases containing the global distribution of algal
species, such as Algaebase [81] and the Global Biodiversity Information Facility [82], are
publicly available, and that from there, the climate tolerance range for each species can be
inferred, an approach similar to the one implemented by Ficetola et al. could be conducted
to identify probable introduction points for invasive algal species. If this were possible,
such data could accelerate the implementation of preventive methods in areas with the
highest risk of invasion.

In Peru, as a preventive measure, the law requires that all ships renew their ballast
waters outside 12 nautical miles from the coast before entering the ports (Supreme Decree
N◦ 009-2014-MINAM). However, this measure was not sufficient to stop the introduction
of M. japonicus to Peru, which may have been introduced through hull fouling. Thus, it
is also necessary to establish mitigating measures that take into account present intro-
ductions. This will require both studies focusing on detecting non-indigenous species
and studies on the ecology and genetics of current introductions being prioritized. For
the Peruvian government, these actions should be of utmost importance considering that
in November 2014, the National Peruvian Strategy for Biological Diversity established
as one of its goals to increase the regulatory mechanisms of invasive non-indigenous
species by 2021 [83]. Considering that there is no previous information related to the
study of marine non-indigenous species in Peru, studies concerning the presence of these
species are not only needed but are urgent for the effective management of non-indigenous
species introductions.

In conclusion, our phylogenetic analyses using the rbcL-5P gene dataset revealed
the introduction of the Asian species M. japonicus into a South American country. Fu-
ture research needs to focus on revealing the geographic extension of M. japonicus and
determining the principal risks of its presence on the coasts of Peru, which until 2008
were considered pristine in terms of non-indigenous marine species [84]. Because our
study showed the successful settlement of a non-native species likely transported into
Chimbote’s Port aboard international ships, our data could promote studies prioritizing the
biomonitoring of M. japonicus along the Pacific coasts of Peru and other South American
countries where this species might also have been introduced. Importantly, because the
source region and possible vectors for the introduced species can be identified by compar-
ing the introduced genotypes’ distribution in the native range [61], the studies focused
on biomonitoring exotic species should consider using markers able to detect genetic
variation within species. Supplementary molecular data generated from mitochondrial
DNA-derived markers provide an ideal approach for this purpose. Their high mutation
rate in red algae, approximately four times that of the plastid and nuclear DNA [63,85],
makes them the best markers to infer intraspecific genetic variation [50,64,86]. Finally, this
study could serve as the starting point to implement preventive and mitigating measures
against invasive species, especially in South American countries that adhere to the Interna-
tional Convention for the Control and Management of Ships’ Ballast Water and Sediments
(BWM) [87], whose primary goal is to eliminate the risk of modifying the oceans’ environ-
mental conditions through the transfer of non-native species. This is strongly encouraged
since although our survey did not constitute a comprehensive barcoding library of the
Peruvian Florideophyceae diversity, an exotic species was revealed, suggesting there are
more to be discovered.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d13050176/s1, Table S1: Sample information including locality, collectors name, collection
codes, and GenBank accession number. GenBank accession numbers of the sequences generated
during the present study are shown in bold.
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Abstract: The correct identification of species is an essential step before any study on biodiversity,
ecology or genetics. Keratella is a genus with a predominantly temperate distribution and with several
species being endemics or restricted geographically. Its diversity may be underestimated considering
the confusing taxonomy of species complexes such as K. cochlearis. In this study, we examined genetic
diversity and morphology among some Keratella populations from Mexico in order to determine
if these populations represent different species. We analyzed a dataset of previously published
and newly generated sequences of the mitochondrial COI gene and the nuclear ITS1 marker. We
conducted phylogenetic analyses and applied three methods of species delimitation (ABGD, PTP
and GMYC) to identify evolutionary significant units (ESUs) equivalent to species. Morphological
analyses were conducted through scanning electron microscope (SEM) and morphometry under a
compound microscope. In the present study, three new species Keratella cuitzeiensis sp. nov., Keratella
huapanguensis sp. nov., and Keratella albertae sp. nov., are formally described. These species were
collected in high-altitude water bodies located in the Central Plateau of Mexico. Combining DNA
results through COI and ITS1 molecular markers and morphology it was possible to confirm the
identity of the new species.

Keywords: integrative taxonomy; biodiversity; DNA taxonomy; ABGD; morphology; genetic entities

1. Introduction

Species are the fundamental unit of biodiversity; therefore, any biodiversity analyses,
as well as genetic, physiological and ecological studies, rely on the proper delimitation and
identification of species [1]. However, estimates of species richness are often hampered
by the presence of cryptic species, which are groups of species that are not confidently
distinguishable based only on morphology [2].

Rotifera is a phylum of microscopic animals (50–2000 μm) that are globally distributed
in aquatic ecosystems [3]. They play an essential role in aquatic food webs by transferring
energy to higher trophic levels [4,5]. Rotifera harbors a high level of cryptic diversity [6],
and this hidden diversity is expected due to the small size of rotifers, the scarcity of
rotifer taxonomists that can identify them reliably, the lack of taxonomically relevant
morphological features, little or no morphological variation between species, as well as
the high level of phenotypic plasticity present in several species [2,7]. Cryptic species
complexes have been described for taxa such as Brachionus plicatilis (Müller, 1786) [8,9],
B. calyciflorus Pallas, 1766 [10], Epiphanes senta (Müller, 1773) [11], Polyarthra dolichoptera
(Idelson, 1925) [12], Keratella cochlearis (Gosse, 1851) [13,14], Limnias melicerta (Weisse, 1848)
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and L. ceratophylli (Schrank, 1803) [15], and other such as Platyias quadricornis (Ehrenberg,
1832) and Testudinella patina (Hermann, 1783) [6].

Within Brachionidae, Keratella (Bory de St. Vincent, 1822) is the genus with the highest
degree of endemicity, mainly in temperate zones (e.g., Palearctic, Nearctic and Australian
regions), with some endemics from Neotropical and Oriental regions. The rest of the
Keratella species are cosmopolitan or widespread in some regions [16]. Currently, there are
approximately 53 Keratella taxa recognized as valid species [17]. It seems that diversity
in Keratella is low because of the number of the registered species; nevertheless, diversity
within this genus is underestimated due to the presence of cryptic species complexes,
for example as K. cochlearis s.l. [16]. Morphologically, Keratella species bear a stiff lorica,
which is split into two plates, one dorsal and a ventral one. This lorica can be rectangular,
trapezoidal or ovoid in shape. The dorsal part of the lorica can be smooth or covered
by different types of ornamentation such as granules, pustules, spinules or reticulation,
whereas the ventral part of the lorica is generally smooth, but may have ornamentation on
its anterior part [18].

Besides, the dorsal lorica presents several fields (also named plaques, polygones,
panels, facets) with symmetrical and asymmetrical polygonal shapes. The arrangement and
shape of these fields of the dorsal plate have taxonomic importance for the identification of
the species [18–20]. In Keratella, the anterodorsal margin of the lorica presents six curved
spines, being the anteromedian pair the most curved inward. Whereas, the posterior
margin of the lorica may have two posterolateral spines, a single spine or the posterior
spines can be absent [19,20]. The genus can be split roughly into two main groups: (1) the
“quadrata” group, which presents a row of median fields over the dorsal plate, and (2) the
“cochlearis” group, which has a median ridge over the dorsal plate with the fields arranged
on each side of the ridge [18].

On the other hand, Keratella tropica (Apstein, 1907) was described from Colombo Lake
in Ceylon (now Sri Lanka) by [21]. It is widely distributed in tropical and subtropical
regions of the world [22] and has also been reported in Netherlands and Siberia during
summer [23]. K. tropica is morphologically similar to K. valga (Ehrenberg, 1834), but differs
from this late by the presence of an additional field on the dorsal lorica: the postero-median
remnant [24,25]. In K. tropica, the dorsal lorica has a row of five median fields, four of
these are hexagonal, and the fifth (the postero-median remnant) is squared [18,19]. In this
species, the length of the posterior spines varies widely, as well as the size of the lorica [18].
Sometimes is difficult to observe the dorsal median fields and especially the small remnant,
resulting in confusion when examining different specimens within K. tropica s.l. Besides
the wide variation in the length of the posterior spines and size reported in K. tropica, this
indicates that some of these variants could be cryptic species.

The development of DNA-based taxonomic tools provides a means to study biodiver-
sity through the analysis of genetic variation in molecular markers to delimit species [26].
Markers such as the mitochondrial cytochrome c oxidase subunit 1 (COI) and the nuclear
internal transcribed spacer (ITS) were useful for the study of cryptic speciation, and genetic
differentiation in some rotifer taxa [2,27]. In addition, combining molecular, morphological,
ecological and crossmating analyses have proved to be a suitable approach to assess cryptic
diversity and to delimit species in rotifers [2,26]. This approach falls in the so-called inte-
grative taxonomy [28]. For example, in the well studied B. plicatilis complex, morphology
and molecular analyses and mating experiments have shown that this taxon contains at
least 14 possible cryptic species [2,29]. From these, only B. paranguensis Guerrero-Jiménez,
Vannucchi, Silva-Briano, Adabache-Ortiz, Rico-Martínez, Roberts, Neilson, Elías-Gutiérrez,
2019 was described [9]. Another study with the widespread Epiphanes senta demonstrated
that this taxon is a species complex and three new species were formally described based
on morphological and genetic evidence [10].

In the present study, we used integrative taxonomy tools to explore the diversity of
some Keratella populations from seven water bodies of Mexico. Specimens from these
populations resemble K. tropica morphologically.
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2. Materials and Methods

2.1. Sampling

We collected samples in seven high altitude (>1700 m above sea level, masl) water
bodies along the Trans-Mexican Volcanic Belt (TMVB): Santa Teresa dam, Cuitzeo lagoon,
Huapango dam, Yuriria dam, Tepatitlan-Yahualica pond, Ignacio Ramirez dam and Timil-
pan pond. One additional sample was taken near Kohunlich in the lowlands of the Yucatan
Peninsula (Figure 1, Table S1). TMVB is a morphotectonic province extended from Gulf
of Mexico to Pacific Ocean in central Mexico [30]. It is characterized to be a cold region
formed by complex mountains and volcanoes with average annual temperatures varying
between 12–22 ◦C and average annual precipitation between 300–2000 mm depending on
the zone [31]. We collected samples using a 50 μm mesh size plankton net. Posteriorly,
all samples were sieved to extract all water, and fixed with 96% ethanol. Samples were
transported on ice to the laboratory, and stored in a freezer.

 
Figure 1. Sample locations of the Keratella taxa from Mexico. Numbers on the map correspond to
the numbers in Table S1. Locations 1 to 5 were collected in this study. Samples for locations 6 to 8
were obtained from [6]. 1 = Cuitzeo lagoon, 2 = Santa Teresa dam, 3 = Yuriria dam, 4 = Tepatitlan-
Yahualica pond, 5 = Huapango dam, 6 = Timilpan pond, 7 = Ignacio Ramirez dam, 8 = Aguada
Kohunlich. JAL = Jalisco state, GTO = Guanajuato state, MICH = Michoacan state, MEX = Mexico
state, QROO = Quintana Roo state.

2.2. DNA Extraction and Amplification

We sorted Keratella specimens from the samples under a stereomicroscope, rinsed
them with distilled water to remove debris, and transferred them into PCR tubes for DNA
extraction. We conducted the DNA extraction and PCR amplification of the COI gene
according to [6], using the primers LCO1490 and HCO2198 [32]. Additionally, the ITS1
nuclear marker was amplified and the amplification profile is provided in Table S2. For
ITS1 we used the primers III 5′-CACACCGCCCGTCGCTACTACCGATTG-3′ and VIII
5′-GTGCGTTCGAAGTGTCGATGATCAA-3′ from [33]. We deposited all sequences from
COI and ITS markers in GenBank under accession numbers, COI: OL678378-OL678396 and
ITS1: OL664525-OL664561.

2.3. Alignment and Phylogenetic Analyses

We downloaded COI (mitochondrial) and ITS1 (nuclear) sequences of Keratella taxa
from different parts of the world available from GenBank and Barcode of Life Database
(BOLD, boldsystems.org) (398 for COI and 157 for ITS1), and included them in this study.
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Accession numbers for all the downloaded sequences are available in Table S3. In total,
we aligned 417 COI sequences (19 from this study and 398 obtained from GenBank and
BOLD), using MEGA 7.0 [34] through ClustalW with default settings. For ITS1, we aligned
194 sequences (37 from this study and 157 from GenBank) through MAFFT v.7 using the Q-
INS-I algorithm as the optimal strategy for ribosomal markers [35]. This last aligment was
carried out on the MAFFT webserver http://mafft.cbrc.jp/alignment/server/index.html
(accessed on 29 March 2021). Both final alignments were subsequently reviewed by us.

First, we ran JMODELTEST v.2.1.1 [36] to identify the model of molecular evolu-
tion that best fit the COI (TVM + I + G), and ITS1 (HKY + G) datasets, defined by the
Akaike Information Criterion. Posteriorly, all sequences for each dataset were collapsed
in haplotypes using DNASP v.5.10 [37]. We used Bayesian inference (BI) and maximum
likelihood (ML) analyses to infer phylogenetic relationships among the different Keratella
samples with mtDNA COI and nuclear ITS1 analyzed separately. We did not carry out
concatenated analyses because our sequences of the COI and ITS1 markers were obtained
from different individuals, except five individuals from whom we have their COI and ITS1
sequences (JX216635, JX216636, JX216637, JX216638 and JX216639). We conducted The BI
and ML analyses through MrBAYES v.3.2.7 [38] and RAXML v.1.5 [39], respectively. The
settings for the BI analysis for each molecular dataset were four simultaneous Markov
Chain Monte Carlo (MCMC) runs for six and five million generations for mitochondrial
and nuclear data, respectively, with trees sampled every 100 generations. We used TRACER
v.1.7 [40] to assess convergence between runs and monitor the standard deviation of split
frequencies and by using the effective sampling size (ESS) criterion (>200), discarding 25%
of generations as burn-in to construct the majority-rule consensus tree. For ML analysis
we used a GTR + I + G (mtDNA data), and GTR + G (nuclear data) models and we ran
both ML analyses with 5000 bootstrap replications. We used Plationus patulus (Müller,
1786) (accession number JX216784 for COI and KC431010 for ITS1) as outgroup for the
phylogenetic analyses.

2.4. Species Delimitation

We applied three methods of species delimitation for mtDNA and nrDNA datasets
and compared the results. Generalized Mixed Yule-Coalescent model (GMYC) [41], uses a
maximum likelihood approach to identifying the shift in the branching patterns between
species level (Yule model) and population level (Coalescent model) to delimit indepen-
dently evolving entities. For the GMYC method, we generated ultrametric trees from the
two datasets (COI and ITS1) using BEAST v.2.1.3 [42]. The settings comprised a GTR + G + I
(for COI) and HKY + G (for ITS1) substitution model, a relaxed lognormal clock, and a
birth–death prior [43]. Because of the absence of a molecular clock specific to Rotifera, we
used calibration clocks for COI of 1.76% sequence divergence per Myr [44] and 1.2% per
Myr for ITS1 [45,46] tested in aquatic invertebrates. We ran the analyses with 100 million
MCMC for COI and 70 million MCMC for ITS1, sampling every 1000 generations. We
checked the MCMC runs for convergence in TRACER v.1.7 [40]. We combined trees in
TREEANNOTATOR 2.1.2 using a maximum credibility tree, with the first 10% discarded
as burn-in. We ran the GMYC model through the GMYC webserver, using the single
threshold option (http://species.h-its.org/gmyc/) (accessed on 1 April 2021).

We conducted the Poisson Tree Processes method (PTP) [47] to search for evidence of
independently evolving entities considered to be species. This method uses a phylogenetic
tree as input, optimizing differences in branching events in terms of number of substitutions,
and adding support values to that branching events. We used the ML trees (from COI and
ITS1) generated in the phylogenetic analyses. We ran both analyses with 500,000 MCMC
generations on the PTP webserver http://species.h-its.org/ (accessed on 2 April 2021)
and using the two types of PTP: Maximum likelihood approach (PTP-ML) and Bayesian
approach (PTP-B). Before running the PTP analyses we discarded the outgroup. We also
applied the Automatic Barcode Gap Discovery method (ABGD) for COI and ITS1 markers.
This method clusters sequences based on the genetic distances by detecting the gaps
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(barcode gap) in the distribution of genetic pairwise distances. Thus, the genetic distance
among individuals belonging to the same species is smaller than the distance between
individuals from different species [48]. We carried out ABGD analyses through its online
webserver https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html (accessed on 2 April
2021), using default settings.

For this study purpose, we are going to consider the genetic entities discriminated
by all species delimitation methods as evolutionary significant units (ESUs), and we will
distinguish between COI-ESUs and ITS1-ESUs accordingly to [49].

2.5. Measurements of Specimens and Morphological Analyses

We identified specimens morphologically following the taxonomic keys of [18–20].
Specimens were identified using the features of the lorica, mainly its overall shape, shape
of the lorica plates, length of the caudal spines and shape of the median fields. Several
specimens from the seven populations sampled in this study were separated under a
stereomicroscope and measured on a compound microscope Olympus BX51 at 40× using
a micrometer.

Morphometric parameters considered for the study were: TL (total length), LL (lorica
length without considering anterior and posterior spines), LW (lorica width), RPS, LPS
(right and left posterior spines) and AMS, AIS, ALS (anteromedian, intermediate and
lateral spines), following [50] (See Figure 2). Body dimensions are in micrometers. We
also observed the five main median fields of the dorsal plate: FMF (frontomedian field),
AMF (anteromedian field), MMF (mesomedian field), PMF (posteromedian field) and PMR
(posteromedian remnant) (See Figure 2). For these analyses, some Keratella specimens
were gold-coated to be observed in the scanning electron microscope (SEM) JEOL-JSM6010
located in El Colegio de la Frontera Sur in Chetumal.

 

Figure 2. Lorica drawing of Keratella sp., with measured parameters. Total length (TL), lorica length
excluding anterior and posterior spines (LL), lorica width at its widest part (LW), right posterior
spine length (RPS), left posterior spine length (LPS), anteromedian dorsal spine length (AMS),
anterointermediate dorsal spine length (AIS), anterolateral dorsal spine length (ALS). Frontomedian
field (FMF), anteromedian field (AMF), mesomedian field (MMF), posteromedian field (PMF) and
posteromedian remnant (PMR).

55



Diversity 2021, 13, 676

Our specimens of Keratella from the seven sampling sites were compared with the
type material of K. tropica, which was deposited by [21] in the “Vermes” collection of the
Zoological Museum of Berlin with catalog number 10121, in order to determine if our
specimens morphologically correspond or not to the K. tropica species.

2.6. Statistical Analysis of Morphological Measurements

Morphometric measures transformed as the square root of a + ā of adult females
were examined with a Principal Component Analysis (PCA) performed with the Multi
Variate Statistical Package (MVSP 3.21). We performed a PCA analysis to investigate if the
populations examined in this study could be distinguished as separated entities based in
morphological measurements. To perform the PCA analysis we measured specimens from
the seven sampling sites (see above section).

3. Results

3.1. DNA Taxonomy

The COI alignment was 580 bp, defining 80 unique haplotypes from 417 sequences;
while, ITS1 alignment was 350 bp, with 57 haplotypes from 194 sequences. The trees
produced by the BI and ML methods for both markers retrieved the same topology. We
present only the ML trees (Figure 3 for COI and Figure 4 for ITS1). For the COI gene, nine
well-defined lineages were discriminated, while for the ITS1 marker, four lineages were
discriminated (See Figures 3 and 4). We consider two “Keratella tropica” groups in the COI
and ITS1 trees, because specimens grouped in these lineages, morphologically resemble
the K. tropica species (Figures 3 and 4).

In particular, within the “Keratella tropica 1 and 2” lineages for COI gene the three
delimitation methods discriminated the same six ESUs (ESU1-ESU6 in Figure 3). ESU1
corresponds to the Ignacio Ramirez and Timilpan populations and were identified as K. cf.
morenoi. ESU2 corresponds to the Cuitzeo population and it is Keratella cuitzeiensis sp. nov.,
ESU3 is from the Huapango population and was named Keratella huapanguensis sp. nov.
Whereas ESU4 from the Santa Teresa population and ESU5 from the Kohunlich population,
both considered as Keratella albertae sp. nov. ESU6 include the Yuriria and Tepatitlan-
Yahualica populations herein considered here as K. tropica s. str., (Figure 3). For the ITS1
marker, within the “Keratella tropica I and II” lineages the three species delimitation tests
delimited the same four ESUs, and we called these ESUI to ESUIV (Figure 4). With this
marker individuals from the Huapango population (ESU3 with COI) correspond to the
ESUI, and individuals from China and Mexico (ESU6 with COI) were nested forming
the ESUII. Cuitzeo, Ignacio Ramirez and Timilpan populations (ESU1 and ESU2 with
COI) were nested together within the ESUIII, whereas individuals from Santa Teresa and
Kohunlich populations (ESU4 and ESU5 with COI) were nested together within the ESUIV
(Figure 4). We must clarify that ITS1 sequences are not from the same individuals, except
for some specimens (See Methods Section).

The uncorrected p distances within the six COI-ESUs (ESU1 to ESU6) ranged from 0 to
0.9% (Table S4), whereas distances between these ESUs ranged from 4 to 20% (Table S4). In
the four ITS1-ESUs (ESUI to ESUIV), the uncorrected p distances within these ESUs ranged
from 0 to 0.5% (Table S5); whereas distances between these ESUs ranged from 3.8 to 10.8%
(Table S5). Most of the COI and ITS1 ESUs were formed by only a single haplotype (not a
singleton) which were present in a single location, except ESU6 which was formed by four
haplotypes as well ESUII and ESUIII with 12 and two haplotypes respectively.

According to the DNA results, and following a conservative approach, we propose the
existence of three new Keratella species based on the analysis of both markers, supported
also with the morphological analyses (see below). These three species are clearly genetically
different from the Keratella tropica species.
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Figure 3. Maximum likelihood phylogram of the COI gene showing the relationship of the Keratella taxa. Haplotypes are
accompanied by the number of individuals displaying that particular haplotype within parentheses and by the acronym of
the water body or country in which they were isolated (when the information is available). Numbers on major branches are
the percentages of branch support in the Maximum likelihood (bootstrap) and Bayesian (posterior probability) analyses
respectively. Dark bars indicate that haplotypes are part of a Keratella group. Dark circles over branches indicate a putative
species delimited by all the species delimitation methods.
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Figure 4. Maximum likelihood phylogram of the ITS1 nuclear marker showing the relationship of the Keratella taxa.
Haplotypes are accompanied by the number of individuals displaying that particular haplotype within parentheses and
by the acronym of the water body or country in which they were isolated (when the information is available). Numbers
on major branches are the percentages of branch support in the Maximum likelihood (bootstrap) and Bayesian (posterior
probability) analyses respectively. Dark bars indicate that haplotypes are part of a Keratella group. Dark circles over branches
indicate a putative species delimited by all the species delimitation methods.

3.2. Statistical Analysis of Morphometric Measurements

We obtained lorica measurements from 84 individuals of Keratella taxa from seven
populations of Mexico (Tables 1 and S6). From the biplot, a gradient was observed on
axis 1, representing the morphometric features in the specimens. Axis 1 explained 98%
of the variability. Populations formed a gradient without a well-defined grouping, but a
subtle separation can be observed in some populations. Specimens from Ignacio Ramirez
and Cuitzeo populations (ESU1 and ESU2 with COI, ESUIII with ITS1) formed a group
(Figure 5, see Table 1). Specimens from the Huapango population (ESU3 with COI and
ESUI with ITS1) formed another group a little more separated from the other populations
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(Figure 5, see Table 1). Specimens from Santa Teresa and Kohunlich populations (ESU4
and ESU5 with COI and ESUIV with ITS1) are mixed and together form a group. The
specimens in these two populations are similar in size and morphometric measurements,
besides several specimens from the Yuriria population (COI-ESU6 and ITS1-ESUII) are
grouped with these previous populations because of their similar size (Figure 5, Table 1).
Finally, specimens from the Tepatitlan-Yahualica population (COI-ESU6 and ITS1-ESUII)
formed another group separated from the other populations because specimens are small
in size compared with the other populations (Figure 5, Table 1). Specimens from Yuriria
are separated from specimens from Tepatitlan-Yahualica despite belonging to the same
ESU, due to the great morphometric variation in this ESU (which corresponds to K. tropica
s. str.).

Table 1. Length measurements of main lorica features based on 84 specimens of Keratella taxa. Measurements were obtained
by population, which match with the COI-ESUs. Total length (TL), lorica length excluding anterior and posterior spines
(LL), lorica width at its widest part (LW), right posterior spine (RPS), left posterior spine (LPS), anteromedian dorsal spine
(AMS), anterointermediate dorsal spine (AIS), anterolateral dorsal spine (ALS). Number of individuals measured is given
between brackets.

TL LL LW RPS LPS AMS AIS ALS

COI-ESU1
Mean 312.9 149.6 84.8 130.4 49.3 32.8 25.9 20.4

Median 314 150 86 131 51 32 25 20
Min 297 142 77 115 30 25 25 17
Max 322 157 87 147 57 37 30 25

Population = Ignacio Ramirez (12)

COI-ESU2
Mean 293.4 132.3 75.4 134.8 49.7 26.1 17.9 15.8

Median 301 132 75 142 50 26 18 16
Min 260 124 74 100 42 26 17 15
Max 314 140 80 152 62 27 18 16

Population = Cuitzeo (15)

COI-ESU3
Mean 201.3 113.3 65.9 56.1 45.9 31.8 19.6 17.6

Median 202 114 66 56 45 32 20 18
Min 194 108 64 52 40 30 19 17
Max 208 117 72 60 58 32 20 18

Population = Huapango (15)

COI-ESU4
Mean 265.6 128.4 80.6 101.4 63 35.6 21.8 19.8

Median 264 128 80 100 67 36 22 20
Min 260 126 74 96 48 34 21 19
Max 274 132 84 106 70 36 22 20

Population = Santa Teresa (10)

COI-ESU5
Mean 257.7 109.6 74.4 104.7 58.1 43.3 22.5 20.2

Median 259 107 75 105 57 43.5 22 20
Min 240 105 67 95 52 40 20 17
Max 275 125 77 122 65 47 25 22

Population = Kohunlich (12)

COI-ESU6
Mean 215.8 103.6 61.4 84.7 31.9 27.3 20.4 19.4

Median 206 99 63 80 30 26 20 20
Min 168 90 48 54 8 20 18 18
Max 264 120 70 118 50 36 24 20

Population = Yuriria (10), Tepatitlan (10)
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Figure 5. PCA biplot of Keratella populations analyzed. Symbols are as follow: A = ESU2, B = ESU3, C = ESU4, D = ESU1,
E = ESU5 and F = ESU6. LT = Total lenght, LL = Lorica lenght, LW = Lorica width, RPS = Right posterior spine, LPS = Left
posterior spine, AMS = Antero median spine.

3.3. Taxonomy

Keratella tropica species is diagnosed by a stiff lorica, bloated laterally. With six spines
over the anterior dorsal margin. The dorsal lorica has a row of five median fields, four of
these fields are hexagonal and the posteromedian remnant is smaller and square. Dorsal
lorica is ornamented by a granular pattern. Posterior end of lorica slightly rounded, with
two stiff posterior spines. In this species, the length of the posterior spines varies widely,
with the right one longer than the left one. Although there are specimens where the left
posterior spine is greatly reduced or absent.

The morphology of specimens from Yuriria and Tepatitlan-Yahualica populations com-
pared with the descriptions in taxonomic keys and a careful review of the type specimens
mounted in a permanent slide and deposited by [21] in the “Vermes” collection of the
Zoological Museum of Berlin with catalog number 10,121 allowed us the conclusion that
specimens ITS1-ESUII (ESU6 from COI) from Yuriria and Tepatitlan-Yahualica correspond
to Keratella tropica s. str (See Figures 6 and 7).

Below, we present the taxonomic description of the three new Keratella species. In
general these three new species present 19 fields over their dorsal plate: five median fields,
four pairs of large polygonal lateral fields and three pairs of triangular marginal fields, all
of them delimited by ridges. Moreover, we compared our specimens from these three new
species with the type specimens and we confirm that these new species are different from
K. tropica s. str.

Phylum Rotifera Cuvier, 1817
Class Eurotatoria De Ridder, 1957
Subclass Monogononta Plate, 1889
Order Ploima Hudson and Gosse, 1886
Family Brachionidae Ehrenberg, 1838
Genus Keratella Bory de St. Vincent, 1822
Keratella cuitzeiensis sp. nov.
Zoobank ID: urn:lsid:zoobank.org:act:7F194E23-7A36-46C4-90D9-EA38EB5F4380
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Figure 6. SEM photographs of Keratella tropica from Yuriria dam. (a). Dorsal view: arrows indicate the median fields, RPS
(Right Posterior Spine), LPS (Left Posterior Spine). (b). Ventral view showing ornamentation over anterior part of the lorica.
(c). Dorsal view: arrows indicate the lateral and the marginal fields, RPS (Right Posterior Spine), LPS (Left Posterior Spine).
(d). Ventral view of the anterior part of the lorica.

 

Figure 7. SEM photographs of Keratella tropica from Tepatitlan-Yahualica pond. (a). Dorsal view: arrows indicate the median
and the marginal fields. (b). Dorsal view: arrows indicate lateral fields. (c). Ventral view, RPS (Right Posterior Spine), LPS
(Left Posterior Spine). (d). Dorsal view closeup, arrows indicate a ridge.
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Figures 8a,b and 9a,b.

 

Figure 8. Morphology of Keratella cuitzeiensis sp. nov. (a). Dorsal view: arrows indicate the five median fields, RPS (Right
Posterior Spine), LPS (Left Posterior Spine). (b). Ventral view. Females from Cuitzeo lagoon.

 

Figure 9. Morphology of Keratella cuitzeiensis sp. nov. (a). Dorsal view: arrows indicate the lateral and the marginal fields.
(b). Anterior margin of the lorica in dorsal view, FMF (Frontomedian field), thin arrow indicate a ridge. Female from
Cuitzeo lagoon.

Type locality and types. Cuitzeo lagoon is located in Michoacan, Mexico (19.8894 N,
−100.9439 W). Sample collected on 25 February 2014. It is a shallow and saline water body,
located at 1836 masl. The surface of the lagoon is 42,000 ha, with a maximum depth of
2.2 m.

Holotype: A parthenogenetic female mounted on a permanent slide. Paratypes:
10 females in a tube with ethanol. Holotype and paratypes are deposited in the Zooplankton
Reference Collection of El Colegio de la Frontera Sur with accession numbers ECO-CH-Z-
10589 and ECO-CH-Z-10590, respectively.
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Differential diagnosis: Keratella cuitzeiensis sp. nov., most closely resembles the Keratella
tropica species, K. huapanguensis sp. nov., and K. albertae sp. nov. It is diagnosed by a
lorica that is a little bloated laterally. The anteromedian field is pentagonal. Mesomedian
and posteromedian fields are hexagonal and elongated. The posteromedian remnant is
conspicuous and slightly elongated. The dorsal plate is ornamented by a reticulate pattern.
With two stiff posterior spines, the right one is longer than the left one (Figure 8a,b).

Description: Lorica stiff, the posterior margin of the lorica is slightly wider than the
anterior margin. The posterior end of the lorica is almost straight, with two stiff and
unequal posterior spines (Figure 8a). With three pairs of anterior spines that are short
(Figure 9b). Anteromedian spines are recurved inward. Frontomedian field is an open short
pentagon with lateral ridges prolonged into anteromedian spines (Figure 9a,b). The ventral
plate is delicate, narrower and shorter than the dorsal plate. The ventral plate is bilobate,
smooth without ornamentation in its anterior part (Figure 8b). Average measurements:
293.4 μm of total length, 75.4 μm of lorica width, 132.3 μm of lorica length, 134.8 μm of the
right posterior spine, 49.7 μm of the left posterior spine (See Table 1).

Ecology and distribution: In Cuitzeo lagoon the new species coexists with Brachionus
quadridentatus Hermann, 1783, Cyclops (Müller, 178), Mastigodiaptomus patzcuarensis (Kiefer,
1938), fishes (e.g., Chirostoma Swainson, 1839; Xenotoca Hubbs and Turner, 1939; Zoogoneticus
Meek, 1902) and ostracods (Potamocypris Brady, 1870). The lagoon is a turbid environment
with an average conductivity of 6595 μS/cm, temperature of 22 ◦C and pH 8 to 11.5.
Cuitzeo is located in a region with a dry climate, with annual precipitation of between
6.0–150 mm. Specimens from this new species were also found in the Ignacio Ramirez dam
and Timilpan pond located in the state of Mexico.

Etymology: The species name refers to the type locality where it was collected.
G + C content: ITS1 marker 0.293; COI gene 0.365.
Keratella huapanguensis sp. nov.
Zoobank ID: urn:lsid:zoobank.org:act:FD30C7A8-C63E-435D-A1C6-99003007789B
Figure 10a–d.

 

Figure 10. Morphology of Keratella huapanguensis sp. nov. (a). Dorsal view: arrows indicate the
median and the marginal fields, RPS (Right Posterior Spine), LPS (Left Posterior Spine). (b). Dorsal
view: arrows indicate lateral fields. (c). Ventral view, RPS (Right Posterior Spine), LPS (Left Posterior
Spine). (d). Anterior margin of the lorica in dorsal view, arrows indicate a ridge. Females from
Huapango dam.
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Type locality and types: Huapango dam is located in the state of Mexico, Mexico
(19.9483 N, −99.7144 W). Sample collected on 17 August 2014. It is a freshwater system,
located at 2619 masl. The surface of the dam is 1000 ha, with a maximum depth of 14 m. It
belongs to the basin of the Lerma River that runs 708 km from the state of Mexico to Jalisco,
flowing out into Chapala Lake.

Holotype: A parthenogenetic female mounted on a permanent slide. Paratypes:
10 females in a tube with ethanol. Holotype and paratypes are deposited in the Zooplankton
Reference Collection of El Colegio de la Frontera Sur with accession numbers ECO-CH-Z-
10591 and ECO-CH-Z-10592, respectively.

Differential diagnosis: Keratella huapanguensis sp. nov. Most closely resembles the
Keratella tropica species, K. cuitzeiensis sp. nov., and K. albertae sp. nov. It is diagnosed by a
lorica almost rectangular in dorsal view. Anteromedian, mesomedian and posteromedian
fields are hexagonal with almost the same size (Figure 10a,b). The posteromedian remnant
is rounded and small (Figure 10a). It presents two short posterior spines (Figure 10a,c).
The dorsal plate is ornamented by a reticular-granular pattern (Figure 10d).

Description: Lorica stiff, the anterior margin of the lorica is slightly wider than the
posterior margin. The posterior end of the lorica is almost straight, with two stiff and
relatively short posterior spines, the right one slightly longer than the left one (Figure 10a,b).
With three pairs of anterior spines, which are elongated (Figure 10d). Anteromedian spines
are the longest and recurved. Frontomedian field is an open short hexagon with ridges
prolonged into anteromedian spines (Figure 10a,d). The ventral plate is delicate, narrower
and shorter than the dorsal plate. The ventral plate is bilobate, smooth with some granules
in its anterior part (Figure 10c). Average measurements: 201.3 μm of total length, 65.9 μm
of lorica width, 113.3 μm of lorica length, 56.1 μm of the right posterior spine, 45.9 μm of
the left posterior spine (See Table 1).

Ecology and distribution: In the Huapango dam the new species coexists with fish,
e.g., Girardinichthys multiradiatus (Meek, 1904), “ajolote” Ambystoma granulosum Taylor,
1944, and “acocil” Cambarellus montezumae (Saussure, 1857). The sample was taken in the
littoral zone among aquatic vegetation, and the water temperature and depth in that zone
were 26 ◦C and 0.3 m respectively. Huapango is located in a region with a temperate
sub-humid climate, with annual precipitation of between 700–1200 mm.

Etymology: The species name refers to the type locality where it was collected.
G + C content: ITS1 marker 0.296; COI gene 0.353.
Keratella albertae sp. nov.
Zoobank ID: urn:lsid:zoobank.org:act:DCA4000E-4B2B-4221-A15A-8CF15EF69B30
Figure 11a–d.
Type locality and types: Santa Teresa is a dam located in the state of Michoacan,

Mexico (19.8886 N, −100.1722 W). The sample was collected on 17 August 2014. It is
a freshwater system, located at 2307 masl. The surface of the lagoon is 149 ha, with a
maximum depth of 49 m.

Holotype: A parthenogenetic female mounted on a permanent slide. Paratypes:
10 females in a tube with ethanol. Holotype and paratypes are deposited in the Zooplankton
Reference Collection of El Colegio de la Frontera Sur with accession numbers ECO-CH-Z-
10593 and ECO-CH-Z-10594, respectively.

Differential diagnosis: Keratella albertae sp. nov. Most closely resembles the Keratella
tropica species, K. cuitzeiensis sp. nov., and K. huapanguensis sp. nov. It is diagnosed by a
lorica slightly bloated in dorsal view. Anteromedian, mesomedian and posteromedian
fields are hexagonal, of which posteromedian field is more elongated (Figure 11a,b). The
posteromedian remnant is a conspicuous and elongated field (Figure 11b). The dorsal plate
is ornamented by a granular pattern (Figure 11d). With two stiff posterior spines, the right
one is longer than the left one (Figure 11a).
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Figure 11. Morphology of Keratella albertae sp. nov. (a). Dorsal view: arrows indicate the lateral fields, RPS (Right Posterior
Spine), LPS (Left Posterior Spine). (b). Dorsal view: arrows indicate the median and the marginal fields. (c). Ventral view.
(d). Dorsal view closeup, arrows indicate a ridge. Females from Santa Teresa dam.

Description: Lorica stiff, the anterior margin of the lorica is slightly wider than the
posterior margin. The posterior end of the lorica is almost straight, with two stiff and
unequal posterior spines, the right one longer than the left one (Figure 11a,c). With three
pairs of anterior spines, which are elongated. Anteromedian spines are the longest and
recurved (Figure 11a,c). Frontomedian field is an open short hexagon with ridges prolonged
into anteromedian spines (Figure 11a,b). The ventral plate is delicate, narrower and shorter
than the dorsal plate. The ventral plate is bilobate, smooth with some ornamentation in
its anterior part (Figure 11c). Average measurements: 265.6 μm of total length, 80.6 μm of
lorica width, 128.4 μm of lorica length, 101.4 μm of the right posterior spine, 63 μm of left
posterior spine (See Table 1).

Ecology and distribution: In Santa Teresa dam the new species coexists with the
common carp (Cyprinus carpio Linnaeus, 1758). The sample was taken in the littoral zone,
and the water temperature in that zone was 26 ◦C. Santa Teresa is located in a region
with a temperate sub-humid climate, with annual precipitation of between 700–1000 mm.
Specimens from this new species were also found in the Kohunlich pond located in the
state of Quintana Roo.

Etymology: The species name refers to the name of the mother of AEGM.
G + C content: ITS1 marker 0.305; COI gene 0.349.
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4. Discussion

Cryptic species are by definition, a set of closely related species that share very similar
morphological features, and therefore are not readily distinguished [2]. Additionally,
the tiny size (50–2000 microns), and translucent body of the rotifers make sometimes
difficult to observe the morphological characteristics of the specimens under a compound
microscope. For all above the specimens can be confused with morphologically similar
species and be mistakenly identified. For example, due to the morphological stasis of
the external features that characterize the B. plicatilis species complex [8,29], the use of
molecular analysis was a fundamental basis to help unravel the cryptic diversity within
this group [2]. Our study demonstrates that taxonomy-based only on morphology is
not effective at providing an accurate assessment of the diversity of the Keratella taxa.
Combining morphology with other data as genetics and ecology has demonstrated to be a
more reliable approach to study diversity in rotifers and new species have been described
as is the case of Brachionus paranguensis from central Mexico [9]. In the present study, DNA
taxonomy through the use of the two markers COI and ITS1 represented an important tool
that helped to confer identity to the new entities, named here as Keratella cuitzeiensis sp.
nov., Keratella huapanguensis sp. nov., and Keratella albertae sp. nov.

Our results suggest that the divergence between the COI and ITS1 is ancient. The
sequence divergence between the three new species found in both mitochondrial and
nuclear markers (4–20% for COI and 3–10% for ITS1) exceeds the values usually found
between congeneric species, indicating that each of these species has an independent
evolutionary history. These genetic divergences are similar to the values found in species
complex as Brachionus plicatilis (11–23% for COI and 2.5–22% for ITS1, [2]) and B. calyciflorus
(9–13% for COI and 3–6% for ITS1, [11]).

However, we found mitonuclear discordance between the mitochondrial COI and the
nuclear ITS1, as the nuclear marker revealed four ESUs (ESUI-ESUIV) and mitochondrial six
ESUs (ESU1-ESU6). Mitonuclear discordance between COI and ITS1 in rotifers has already
been observed in previous studies with B. calyciflorus [51], K. cochlearis and Polyarthra
dolichoptera [49], and B. paranguensis by [9]. In fact, the discordance observed here is
similar to the latter species, where ITS1 did not split the species as COI. Mitonuclear
discrepancies were attributed to processes such as hybridization, incomplete lineage sorting
and horizontal gene transfer [7,49]. Nevertheless, other factors as concerted evolution of
the ribosomal nuclear markers can be considered to explain the incongruence between the
mitochondrial and nuclear phylogenies [52].

Concerted evolution is defined as the coordinate evolution of repetitive DNA se-
quences (such as rDNA) resulting in a sequence similarity of repeating units that are
greater within than among species [53]. Therefore, concerted evolution leads to sequence
homogeneity within a species, but also a divergence between species [54]. COI gene evolves
much faster than the nuclear ITS1 marker [9], therefore the rapid mutational rate of COI
explains the high genetic variation found for this gene within the examined Keratella taxa.
Nevertheless, it is hard to say what process is responsible for the mitonuclear discordance
found in our study. We speculate that incomplete lineage sorting can be the most likely
cause of the mitonuclear discordance observed in our work. This is because differentiation
has not been completed in the nuclear marker. However, other processes as concerted
evolution or hybridization can be operating. Further research will be needed to determine
which process is responsible for the mitonuclear discordance observed in the Keratella taxa
examined in the present study.

4.1. Morphology

Keratella tropica is a cosmopolitan species that shows morphological variation in
the length of the lorica and posterior spines [55,56]. However, with the morphological
and morphometric analyses, we could observe morphological differences between our K.
tropica specimens and specimens of the three new species that can allow us distinguishing
among them. Differences were observed in the shape of the median fields, length of the
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posterior and anterior spines, dorsal lorica ornamentation, body size and lorica shape.
Other differences were observed in the ecological preferences of the species (see next
section).

4.2. Distribution and Ecological Comments

Keratella tropica is distributed in tropical and subtropical regions of the world [23,56,57].
In America, it has been recorded in temperate zones from Mexico, USA and Argentina
(Patagonia) [58–60]. The three new species are distributed in central Mexico, which is a
temperate region with mountains.

Although we did not measure environmental parameters (except temperature), we
want to make some remarks about the environment of the water bodies of the three new
species based on published literature. This is important because differences in salinity
preference among Brachionus species, for example, is considering another factor that has
allowed discrimination between species [9]. The water bodies where these three new
species were found show some differences in their water chemistry [61–64]. Cuitzeo
lagoon is the most saline water body displaying salt levels up to 5 g L−1 [65], with pH
fluctuating between 9.8 and 10.4, and conductivity of 6595 μS cm−1 [61]. Santa Teresa dam
displays levels of conductivity between 200–280 μS cm−1, and alkalinity of 120 mg L−1 [63].
Whereas, Huapango dam displays levels of alkalinity between 24 to 49 mg L−1, with pH
fluctuating among 5.7 to 7.6 and dissolved oxygen among 5.6 to 9.4 mg L−1 [62]. Therefore,
the Cuitzeo lagoon is the system that has the most particular environmental conditions
from all systems.

Moreover, Cuitzeo lagoon is also an interesting case, because is an antique lagoon
originated during the upper Miocene and experimented several changes during the Pleis-
tocene [66]. Today Cuitzeo is a saline system affected by anthropogenic activities. How-
ever, it is an important water body due that harbors some native fish species, for exam-
ple, Chirostoma compressum de Buen, 1940; C. jordani Woolman, 1894 and Xenotoca variata
(Bean, 1887) [67], and recently a copepod species Mastigodiaptomus patzcuarensis was found
here [68]. Recently, another cryptic species belonging to the Brachionus quadridentatus
species complex was found in this lagoon [7].

In addition, it was shown that certain environmental parameters as salinity and
temperature of the water have important influences over the adaptation of the species
and eventually over their genetic differentiation [5,69]. Some sibling species within the B.
plicatilis species complex possess differential responses to salinity. For example, ref. [70]
found that B. plicatilis s. str. occurs at low to high salinities (3–45 g L−1), whereas B.
ibericus Ciros-Pérez, Gómez and Serra, 2001, and B. rotundiformis Tschugunoff, 1921 occur
in waters with medium to high salinities (8–50 and 10–57g L−1 respectively). However, B.
ibericus occurs at high temperatures (>15 ◦C) and B. rotundiformis at temperatures between
10–30 ◦C. A laboratory study with B. manjavacas Fontaneto, Giordani, Melone and Serra,
2007 presented similar results where the optimal salinity for this species was observed in the
range 10–30 g L−1 [71]. Whereas [72] reported levels of optimal salinity for B. asplanchnoides
Charin, 1947 between 3.8–8.5 g L−1. However, B. paranguensis a species recently described
seems to be adapted to high salinity (>25 g L−1), which allowed the species to colonize the
hypersaline volcanic maar lake Rincón de Parangueo [9]. Maar lake Rincón de Parangueo
is 66 km away from the Cuitzeo lagoon. According to the above, differences in salinity
tolerance can be considered as an additional parameter to discriminate the species in some
brachionids.

5. Conclusions

This is the first study conducted on several populations of Keratella from Mexico using
integrative taxonomy. A formal description was provided for Keratella cuitzeiensis sp. nov.,
Keratella huapanguensis sp. nov., and Keratella albertae sp. nov., combining morphology
and genetics. These three new species are related to K. tropica species. Comparison of
SEM images and morphometry among the three new species showed differences in body
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shape, the shape of median fields, length of the posterior and anterior spines, body size,
and dorsal lorica ornamentation. Therefore, DNA sequences along with morphological
data support the existence of the three new species. Results of genetic variation were
different among the two markers used, with a higher genetic divergence in the COI gene
(six ESUs) compared to the ITS1 marker (four ESUs), and thus, providing evidence of
mitonuclear discordance. This incongruence might be due to differences in mutation
rate between markers, probably because of incomplete lineage sorting. Environmental
conditions reported for the water systems of the three new species suggest different salinity
preferences of the species, with Keratella cuitzeiensis sp. nov., adapted to a more saline water
body than Keratella huapanguensis sp. nov., and Keratella albertae sp. nov.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13120676/s1, Table S1: Geographic coordinates of the sampling sites, Table S2: PCR profile for
ITS1 marker, Table S3: GenBank accessions of COI and ITS1 used in this study, Table S4: Percentages
of uncorrected genetic distances of COI-ESUs, Table S5: Percentages of uncorrected distances of
ITS1-ESUs, Table S6: Measurements of Keratella specimens.
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Abstract: Two Peruvian strains of the genus Brachionus were isolated from impacted coastal wet-
lands. With an integrative taxonomic view, we described their taxonomic status, morphological
characters, productive parameters, and phylogenetic position. In the case of both strains, the re-
lationship between biometrics and productive parameters obtained with Principal Components
Analysis indicated that the lorica length was associated with longevity, progeny, egg production, and
reproductive age, while the lorica width and aperture were associated with the maximum number
of eggs carried. Maximum Likelihood and Bayesian Inference analysis carried out with mtDNA
COI gene and rDNA ITS1 region showed that both strains were clustered in two clades with distinct
phylogenetic positioning from what is currently known for Brachionus plicatilis s.l. One of the strains,
Z010-VL, is proposed to be a subspecies of L4 (B. paranguensis), and the other strain, Z018-SD, is
proposed as a sub species of SM2 (B. koreanus). In addition, 33 and 31 aquaculture production lineages
are proposed, delimited by COI and concatenated COI+ITS1 sequences, respectively. Finally, this
study provides new tools that enhance the traceability of the origin of each sub-species throughout
the world.

Keywords: Brachionus plicatilis complex; integrative taxonomy; biometrics; lifespan; strain;
aquaculture production lineages

1. Introduction

The taxonomy of the Brachionus plicatilis species complex began with the first descrip-
tion performed by Müller in 1786, and then other reports went on to describe the species
as potentially cosmopolitan [1,2]. One of the first insights was the dominance of morpho-
types according to seasonal changes, postulated by Serra and Miracle [3]. Fifteen different
species have currently been postulated, but only seven formal delimited species have been
described [4,5], taking into consideration the analysis of the nuclear rDNA ITS1 region.
Thus, the current complex group (B. plicatilis sensu lato) is formed by B. plicatilis sensu stricto
(L1), Brachionus manjavacas (L2), Brachionus asplanchnoidis (L3), Brachionus paranguensis (L4),
Brachionus ibericus (SM1), Brachionus koreanus (SM2), and Brachionus rotundiformis (SS).

In Peru, studies on the taxonomy of B. plicatilis s.l. are scarce. Species records,
ecological and morphological descriptions [6,7], as well as applied aspects [8–12] have been
reported. Although there are important efforts to begin formal descriptions and to provide
useful information for those wishing to experiment with multidisciplinary research with
local strains, especially considering their high utility in the local aquaculture [13–16], the
current taxonomic status of Peruvian strains of B. plicatilis is still unclear.
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Biometrics is currently an instrument considered in the monitoring of resources such
as fish and mollusks, which guides towards selection criteria to improve production
and management. Therefore, the goal of this study is to investigate the possibility of its
functional application with rotifers. The rotifers of the B. plicatilis species complex are
the most widely cultured zooplankton used in aquaculture worldwide [17]. Hence, a
taxonomic record in addition to their individual productive characteristics could prove to
be a new tool to better use its potential.

In this sense, we present the results of an integrative taxonomic study of the lineage of
two Peruvian strains IMP-BG Z010-VL and IMP-BG Z018-SD, from species L4 and SM2,
respectively, in order to contribute to the description of the taxonomy and diversity of the
species. In addition, we evaluated the correlation between productivity and biometric pa-
rameters of these Brachionus isolated from impacted coastal wetlands, drawing attention to
this environmental issue based on individual descriptions of the life cycle of two strains and
the relationship of their production parameters against three morphometric measurements.

Finally, we strengthen the hypothesis of the existence of delimited lineages in produc-
tive terms, looking to improve their traceability back to the designation of origin. Therefore,
we suggest a subspecific classification to formally delimit them as aquaculture produc-
tion lineages, based on morphological and molecular (mitochondrial and nuclear DNA
markers) evidence.

2. Material and Methods

2.1. Sample Collection

Organisms were collected from 2 impacted coastal wetlands surrounded by desert,
located in the central south of Peru (Figure 1), using a 10 μm phytoplankton net. The
2 isolated strains were coded correlatively. Strain IMP-BG Z010-VL was collected in 2009
from the Municipal wetland of the Ventanilla district, Callao (WGS84 11◦52′16.11′′ S;
77◦08′17.88′′ W), which was used as a rubbish heap by a nearby human settlement, causing
it to be full of litter; while the strain IMP-BG Z018-SD was collected in 2014 from a very
shallow relictual wetland near a private club in Santo Domingo, located in the Paracas
district in Ica (13◦51′25′′ S; 76◦15′11′′ W). The areas of the sampling stations were registered
using a Garmin GPS, model GPSMAP 60CSx (Shijr, New Taipei City, Taiwan), and the
datum used in the mapping was WGS1984, displayed with the ArcGIS Desktop program,
version 10.5.

The isolation of the rotifers was carried out in the laboratory to avoid undesirable
protozoan. A modified pipetting technique was used for successive washes of organisms.
Washes among drops of filtered and sterile seawater were performed on a glass slide,
according to the protocol (unpublished) of the Instituto del Mar del Peru (IMARPE),
based on Andersen [18]. Both strains are conserved ex-situ in the Germplasm Bank of
Aquatic Organisms of IMARPE (http://www.imarpe.pe/imarpe/index2.php?id_seccion=
I0170050400000000000000, accessed on 10 December 2021), in batch culture. Samples
from different batches and from different years were selected for morphological and
molecular characterization.

2.2. Culture Conditions, Morphometry, and Parameter Evaluation

The isolated organisms were cultured in 100 mL beakers at a density of 5 rot/mL
with seawater filtered at 0.22 μm and sterilized in an autoclave. The experiments were
carried out in 2 plastic 48-well culture plates, with one rotifer of each strain per well. Then,
the F1 obtained the day after placing the F0 in each well was used to start the lifespan
experiment. Both cultures were performed under controlled conditions in a Torrey climate
chamber model R-14AI, with 14:10 h photoperiod, a temperature of 24 ± 1 ◦C, with water
changes every 7 to 10 days, dissolved oxygen from 6.2 to 3.5 mg/L and pH from 8 to 6. The
salinity was adapted in order to provide the best fit for each strain, which was observed a
priori, and hence was considered 35‰ for IMP-BG Z010-VL and 25‰ for IMP-BG Z018-SD.
Organisms were fed with Nannochloris sp.
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Figure 1. Map indicating (with black dots) the origin of the Peruvian strains, collected from Ventanilla-
Callao (IMP-BG Z010-VL) and Santo Domingo-Ica (IMP-BG18-SD).

Currently, worldwide, there are no taxonomic keys to describe all the species from
this species complex; consequently, 10 parthenogenetic females of each native strain were
obtained from cultures and fixed in 2% formalin. These organisms were then observed
under an optical microscope to describe the morphological characters used to compare and
classify the Brachionus complex, such as the presence of gastric glands, the shape of the
dorsal sinus, pores, lateral antennas, form of the eye, and the shape of the upper part of the
lorica. A group of organisms from each strain was sent to the University of Aguascalientes
in Mexico for the surface electronic microscopic (SEM) analysis. For this, trophi were
removed according to the methodology of Segers et al. [19] and mounted on glass slides.
Observations were made with SEM JEOL 5900 LV, and habit images were taken according
to Silva-Briano et al. [20].

Nine morphometric character measurements of the cultivated rotifers were performed
in the lapse of 3 years, using a microscope Leica DM1000 LED (Wetzlar, Hesse, Germany),
with a 3 Mpxs image capture CMOS DFC290 HD (Wetzlar, Hesse, Germany) and the Leica
Application Suite v. 4.10.0 software. Measurements of lorica length, distance between
lateral spines, lorica width, the distance between central spines and dorsal sinus depth, the
distance between central and medial spines, and medial spine length (indicated in Figure 2,
from “a” to “g”, respectively) were selected on the basis of Fu et al. [21]. Additionally,
the characters: head aperture (h), and lateral spine length (i), were selected according to
Ciros-Pérez et al. [22].

75



Diversity 2021, 13, 671

Figure 2. Morphometric measurements considered for the Peruvian strain descriptions. (a) lorica
length, (b) distance between lateral spines—DbLS or lorica aperture, (c) lorica width, (d) distance
between central spines, (e) dorsal sinus depth, (f) distance between central and medial spines,
(g) medial spine length, (h) head aperture, (i) lateral spine length. Characters from (a–g) were selected
based on Fu et al. [21], while (h,i) were selected considering Ciros-Pérez et al. [22] recommendations.

Initially, 5 morphometric characters (“a”, “b”, “c”, “d” and “e”) of 48 parthenogenetic
females were measured at the end of each rotifer’s lifespan. Moreover, from the small-
scale culture, the individual production parameters from each rotifer were registered by
removing the newly hatched rotifer from the plate with a small, very fine-tipped, heat-
treated Pasteur pipette and replenishing the removed aliquot. We registered longevity
(number of days until death), progeny (number of offspring), egg production (number of
viable and non-viable eggs), maximum load of eggs (the maximum number of eggs carried
by a female during her lifetime), pre-reproductive, reproductive, and post-reproductive
age (periods before, during and after the reproductive stage, respectively). This production
data were associated with the biometric parameters “a”, “b,” and “c”, by the Principal
Component Analysis (PCA) using the PRIMER-e version 5.0 (PRIMER-E Ltd., Plymouth,
UK; https://www.primer-e.com/, accessed on 10 December 2021) software. To describe
reliable size confidence intervals, we measured 5 morphometric characters (from “a” to
“e”) in 120 parthenogenetic females (including the previous 48 rotifers considered for
PCA) of IMP-BG Z010-VL (up to 48 measures for “d” and “e”), and in 125 rotifers of
IMP-BG Z018-SD.

In addition, the 9 parameters were randomly measured, regardless of age, in other
60 parthenogenetic females of both strains (IMP-BG Z010-VL and IMP-BG Z018-SD) iso-
lated in this study and compared against 60 rotifers of 2 reference strains maintained in
culture B. plicatilis s.s. L-size and B. rotundiformis SS-size. These last 240 measurements were
used to statistically compare their morphology by Canonical Discriminant Analysis (CDA)
using the IBM SPSS Statistics software for Windows Inc. version 22 (IBM Corp. Released,
2013 (Armonk, NY, USA); https://www.ibm.com/analytics/spss-statistics-software, ac-
cessed on 10 December 2021). The functions were obtained by stepwise discriminant
analysis performed on each lorica measurement from 4 strains, and the data were trans-
formed considering the natural logarithm (Ln).
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2.3. Molecular Analysis

For both strains, organisms from parthenogenetic-originated monocultures were
collected, and DNA extraction was conducted from each individual, as well as in pools,
in 0.2 mL microtubes, using the HotSHOT method based on Montero-Pau et al. [23], with
slight modifications in alkaline volume (25 μL) and neutralizing (25 μL) solutions, and
with incubation on an Eppendorf MixMate microplate shaker at 800 rpm, 95 ◦C for 40 min.
A small number of males was obtained randomly during the measurements of the females
and also considered for the molecular analysis.

For species identification, the mtDNA COI gene and the nuclear rDNA ITS1 region
were analyzed. The COI gene was amplified using primers ZplankF1_t1/ZplankR1_t1,
while ITS1 with primers III/VIII, indicated in Table 1. PCR reactions were performed using
the HotStartTaq Plus Master Mix kit (QIAGEN), with final concentrations of 0.2 μM of each
primer, 2 mM MgCl2, and 1.5–3 μL of template DNA, in 10 μL of final reaction volume. The
thermal cycling conditions considered were an initial denaturation of 95 ◦C for 5 min, fol-
lowed by 36 cycles of 95 ◦C for 40 s, 45 ◦C (COI) or 54 ◦C (ITS1) for 50 s, and 72 ◦C for 1 min
(COI) or 45 s (ITS1), with a final extension of 72 ◦C for 7 min. All reactions were evaluated
by electrophoresis in 1% agarose gels, amplified products with the expected size were
purified with the AccuPrepPCR Purification kit (Bioneer), and bidirectionally sequenced in
an ABI 3500 genetic analyzer (Applied Biosystems Inc. Foster City, CA, USA). Electrophero-
grams were manually edited using Chromas 2.6.6 (Technelysium Pty Ltd., South Brisbane,
QLD, Australia), sequences were aligned using MUSCLE [24] from MEGA 7.026 [25] and
trimmed to 683 bp for COI sequences and 557 bp (VL 543 bp plus indels) for ITS1. All con-
sensus sequences (n = 9 for each marker and strain) obtained in this study were registered
in GenBank, with accession numbers for strains IMP-BG-Z018-SD (COI: MK534737 and
MZ662909-MZ662916; ITS1: MZ569584 and MZ695037-MZ695044); and IMP-BG-Z010-VL
(COI: MK534738 and MZ662901-MZ662908; ITS1: MZ569507 and MZ695046-MZ695053)
detailed in Table S1. In addition, some isolates of reference strains used in this study were
selected, and the COI gene was sequenced for the confirmation of species B. plicatilis s.s.
L1-size (accession numbers OL700039–OL700040) and B. rotundiformis SS-size (accession
numbers OL700041-OL700042).

Table 1. Primers used for the amplification of mtDNA COI gene and rDNA ITS1 region of two Peruvian strains (IMP-BG-
Z018-SD and IMP-BG-Z018-VL) of genus Brachionus isolated from impacted coastal wetlands. (*) indicates primers used for
COI gene sequencing.

Marker Primer Sequence (5′-3′) Size (pb) Reference

COI ZplankF1_t1 TGTAAAACGACGGCCAGTTCTASWAATCATAARGATATTGG ~700
[26]ZplankR1_t1 CAGGAAACAGCTATGACTTCAGGRTGRCCRAARAATCA

* M13F TGTAAAACGACGGCCAGT
[27]* M13R CAGGAAACAGCTATGAC

ITS1 III CACACCGCCCGTCGCTACTACCGATTG ~560
[28]VIII GTGCGTTCGAAGTGTCGATGATCAA

For comparative purposes, all COI and ITS1 sequences of Brachionus plicatilis s.l.,
available in GenBank and BOLD databases were retrieved (avoiding the selection of
misidentified sequences, with a small number of bp, a high number of gaps, or ambiguous
nucleotide specifications) and aligned with those obtained in this study. A total of 256 of
COI (569 bp), 197 of ITS1 (370 bp) and 197 concatenated COI+ITS1 sequences (948 bp). were
analyzed. Each concatenated sequence was derived from the same organism. Parameters,
including nucleotide composition, the conserved, variable, and parsimony informative (PI)
sites, were calculated in MEGA 7.026 [25]. In addition, p-distances were calculated for all
pairwise comparisons of taxa, with 1000 bootstrap replicates.

The phylogenetic relationship was reconstructed using the Maximum Likelihood (ML)
and Bayesian Inference (BI) methods, with COI and COI+ITS1 sequences. Brachionus calyci-
florus (KC431011 for COI, and KC431009 for ITS1) from Brazil was included as an outgroup.
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For ML, the best substitution models were determined using the SMS algorithm [29] with
optimized frequency balance and 1000 permutations. The ML analysis was performed with
PHYML 3.0 [30], considering GTR + G (1.402) + I (0.555) for COI, and GTR + G (0.656) +
I (0.465) for COI+ITS1. The BI analysis was carried out with MrBayes v3.2.6 x86 [31]; the
Markov Chain Monte Carlo (MCMC) algorithm was run for COI, 16 million generations
and 10 million for COI+ITS, and trees were sampled at intervals of 1000 generations. The
first 25% of the generations (4000 trees for COI and 2500 for COI+ITS) were discarded
as the burn-in phase, and a consensus tree was constructed summarizing the branching
patterns of the remaining trees (12,000 for COI and 7500 for COI+ITS) and a majority rule
equal to 50%. The convergence diagnostic showed all effective sample size (ESS) values
greater than 1000 and the average potential scale reduction factor (PSRF+) parameters
equal to 1. For the COI-based tree, the average standard deviation of the split frequencies
was 0.005477, and the maximum was 0.063693. For the COI+ITS-based tree, the average
standard deviation of the split frequencies was 0.005832 and the maximum was 0.052696.

3. Results

3.1. Taxonomy

• Strain IMP-BG Z010-VL
• Class Eurotatoria De Ridder, 1957
• Subclass Monogononta Plate, 1889
• Superorder Pseudotrocha Kutikova, 1970
• Order Ploima Hudson & Gosse, 1886
• Family Brachionidae Ehrenberg, 1838
• Genus Brachionus Pallas, 1766
• Species Brachionus paranguensis Guerrero-Jiménez, 2019
• Sub species Brachionus paranguensis ventanillensis subsp. nov.

• Strain IMP-BG Z018-SD
• Class Eurotatoria De Ridder, 1957
• Subclass Monogononta Plate, 1889
• Superorder Pseudotrocha Kutikova, 1970
• Order Ploima Hudson & Gosse, 1886
• Family Brachionidae Ehrenberg, 1838
• Genus Brachionus Pallas, 1766
• Species Brachionus koreanus Hwang, 2013
• Sub species Brachionus koreanus santodomingensis subsp. nov.

3.2. Etymology

Based on morphological and molecular analysis, the species under study have been
nominated as subspecies; although it is a new category and not yet valid, it is neces-
sary for aquaculture traceability. Strains were Brachionus paranguensis ventanillensis subsp.
nov. (with holotype and paratypes record MUSM-PL 2021-0031) and Brachionus koreanus
santodomingensis subsp. nov. (with holotype and paratypes record MUSM-PL 2021-0032).
Both were proposed to highlight their origins since the urban sprawl growth is increas-
ing, and these water bodies may disappear in the next few decades. The holotypes and
paratypes were deposited in the Natural History Museum of the Universidad Nacional
Mayor de San Marcos.

3.3. Morphological Differences of Peruvian Strains

A total of 180 parthenogenetic females from IMP-BG Z010-VL and IMP-BG Z018-SD,
were examined and measured to describe their morphology.
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3.3.1. Strain IMP-BG Z010-VL
Description

Strain with morphology similar to B. paranguensis L4, according to Guerrero-Jiménez
et al. [5]. Organisms with ventral and dorsal plates fused dorsally and laterally, one trian-
gular reddish-brown cerebroid ocellus (Figure 3b), long sensory bristles, corona with two
typical concentric rings of cilia, first on the upper part trochus, formed by four bands sur-
rounded by cirrus and cingulum on the lower part near the dorsal antenna (Figure 3c). Dor-
sal margin of the lorica with three pairs of spines framing the U-shaped sinus (Figure 3a),
two gastric glands (Figure 3b), and two emerging lateral antennas from a lateral pore, each
one placed near the widest part of the lorica (Figure 3d). Biometric results (expressed in
μm) are detailed in Tables S2–S4; while productive parameters are in Table S5.

Type Locality

The parthenogenetic females were collected from the Ventanilla municipal wetland in
Callao, Perú (S. 11◦52′16.11′′; W. 77◦08′17.88′′).

Differential Diagnosis

Lorica were similar to B. plicatilis s.s. “L1”, however, statistically, the differences were
enough to place it in another group. Although it is genetically related to B. paranguensis,
one difference was found by its inconspicuous orange peel-like surface of the lorica. The
anterior ventral margin of the lorica with two pairs of rounded lobules was located on
both sides of the wide sinus (Figure 3a). The inner lobes with a wider base than the outer
one. The toes (spurs/pedal glands) emerged completely from the foot terminal (apical)
part (Figure 3e), which explains why these organisms were usually found attached to the
walls of beakers, particularly during any stress due to vessel changes. The egg presented a
diagonal incision on the bottom (Figure 3f). In contrast to other species such as B. plicatilis
s.s., B. rotundiformis and B. koreanus maintained in culture for morphometric measurements
in this essay, Z010-VL swam very superficially until many individuals perished, trapped
by the surface tension of the water.

Trophi

The basic archetype, also called “Mallei” or “Maleate type”, corresponded to the
genus Brachionus. Hollow fulcrum, short, and truncated pyramid shape. Satellites form an
irregular quadrilateral and anterior processes with rough edges in ventral view (Figure 3g).
Rami with two posterior asymmetrical projections, the left one ending in a point and
narrower than the right one. Basifenestras were circular and similar. Unci with four long
teeth and brush-shaped subuncus. Flattened manubrium in the form of hollowed planes,
each with projections towards the center and three tunnel-like cavities directed at the
distally and dorsally folded ends, articulation presented its processes with a half-elliptical
shape. The joints of the manubrium presented, in dorsal view, rougher ornamentation with
more marked lobular bifurcation than the Z018-SD strain (Figure 3g,h).

3.3.2. Strain IMP-BG Z018-SD
Description

Strain with morphology similar to B. koreanus SM2 [32]. Organisms with ventral and
dorsal plates fused dorsally and laterally, one brown cerebroid ocellus, two gastric glands
(Figure 4b), sensory bristles, corona with two typical concentric rings of cilia, the first one
being in the upper part trochus, formed by four bands surrounded by cirrus and cingulum
on the lower part near the dorsal antenna. Pear-shaped and smoothed surface of the
lorica, three pairs of spines that were triangular and dissimilar in length and width; the
lateral and central spines are longer than the medial one, lateral spines have sigmoid outer
margins (Figure 4a). U-shaped sinus was narrower than strain IMP-BG Z010-VL (Figure 4c).
Biometric results (in μm) and productive parameters are reported in Tables S2–S5.
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Figure 3. Description of the parthenogenetic female strain IMP-BG Z010-VL. Illustration of the
strain (a) and its habitus (b). SEM microphotographs of the dorsal spines (c), pore with lateral
antenna (d), foot (e), parthenogenetic egg (f), trophi dorsal view (g) and the trophi ventral view (h).
Arrows indicate gastric gland (gg) structures. Components of trophi are indicated in cursive letters:
membrane (m), manubrium (ma), manubrium middle crest (mmc), satellites (st), uncus (un), artic-
ulation of manubrium (ar), basifenestras (ba); fulcrum (fu), manubrium cavities (mc) and rami (ra).
n = 20 rotifers.

80



Diversity 2021, 13, 671

 

Figure 4. Description of the parthenogenetic female strain IMP-BG Z018-SD. Illustration of the
strain (a), and its habitus (b). SEM microphotographs of the dorsal spines (c), pore with lateral
antenna (d), foot (e), foot aperture (f), trophi dorsal view (g), and the trophi ventral view (h). Ar-
rows indicate gastric gland (gg) structures. Components of trophi are indicated in cursive letters:
membrane (m), manubrium (ma), manubrium middle crest (mmc), satellites (st), uncus (un), artic-
ulation of manubrium (ar), basifenestras (ba); fulcrum (fu), manubrium cavities (mc) and rami (ra).
n = 20 rotifers.
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Type Locality

The parthenogenetic females were collected from the Santo Domingo relict wetland,
in Paracas, Ica, Peru (S 13◦51′25′′; W 76◦15′11′′).

Differential Diagnosis

The anterior ventral margin of the lorica with two pairs of rounded lobules was located
on both sides of the slender sinus. Inner lobes showed a narrower base than the outer ones.
Two emerging lateral antennas from a lateral pore, each placed near the widest part of the
lorica (Figure 4d). The toes (spurs/pedal glands) did not emerge completely from the foot
terminal part, which explains why these organisms were not usually found stuck to the
wall of the beaker (Figure 4e,f).

Trophi

Trophi with Mallei archetype presented. Hollow fulcrum, short, and truncated
pyramid-shape. Satellites form irregular quadrilateral, anterior processes with rough
edges in ventral view. (Figure 4g). Rami with two posterior asymmetrical projections, the
left one ending in a point to the right one, this structure was similar but thinner as opposed
to IMP-BG Z010-VL. Basifenestras were irregular and oval. Uncus with four long teeth
and brush-shaped subuncus. Flattened manubrium in the form of hollowed planes, each
with projections towards the center and three tunnel-like cavities directed at the distally
and dorsally folded ends, articulation presented its processes with an irregular triangular
shape. The joints of the manubrium had, in dorsal view, smoother ornamentation with
softer lobular bifurcation than the IMP-BG Z010-VL strain (Figure 4g,h).

3.4. Relationship between Biometric and Production Parameters

The first two principal components (PC1 and PC2) explained the 88.3% and 94.6%
accumulated variation for strains IMP-BG Z010-VL and IMP-BG Z018-SD, respectively.
Both PCA determined that the lorica length was positively associated with longevity,
progeny, egg production, and reproductive age, while the width and aperture of the lorica
(DbLS) were slightly associated with the maximum load of eggs (Figures 5 and 6).

 
Figure 5. Representation of the studied production and biometric parameters of the Ventanilla Strain
(Z010-VL) along the first two axes (PC1 and PC2) of the PCA. (n = 48 rotifers).
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Figure 6. Representation of the studied production and biometric parameters of the Santo Domingo
Strain (Z018-SD) along the first two axes (PC1 and PC2) of the PCA. (n = 48 rotifers).

3.5. Canonical Discriminant Analysis

According to the 96.8% (Table 2) accumulated variance from the first two canonical
functions, statistical differences were reported on the four strains (B. rotundiformis SS-size,
B. plicatilis s.s. L1-size, and the two strains from this study) analyzed. Only one value of
B. plicatilis s.s. L1-size strain corresponded to IMP-BG Z010-VL. For this reason, 99.6% of
original grouped cases were correctly classified. Furthermore, it is interesting to mention
that strain Z010-VL was discriminated from B. plicatilis s.s. L1 when functions 1 and 2
were considered (Figure 7). Thus, the Brachionus strains were clearly grouped statistically
in four different clusters. The higher within-group correlation coefficient in function 1
was lorica length (a), approximately duplicating the correlation values of the distance
between lateral spines (b) and the head aperture (h); the same proportion of correlations
gradually decreasing with dorsal sinus depth (e), lorica width (c), and lateral spine length
(i), meanwhile within function 2 the distance between central spines (d), dorsal sinus depth
(e), the distance between central and medial spines (f), and medial spine length (g) had the
highest correlations (Table 3).

Table 2. Eigenvalues and variances of each function. The first two canonical discriminant functions
were used in the analysis.

Function Eigenvalues Variance (%) Accumulated Variance (%)

1 28.259 90.6 90.6
2 1.916 6.1 96.8
3 1.008 3.2 100.0

3.6. Molecular Taxonomy

The COI sequences obtained in this study showed a nucleotide frequency of T (42.2%),
C (17.7%), A (22.3%) and G (17.9%), while for ITS1 region was T (33.2), C (16.3%), A (30.2%)
and G (20.4%). Nucleotide frequencies of L4 and SM2 from different origins are detailed in
Tables S6 and S7.

Considering 61 mtDNA COI sequences (570 bp) of L4 group organisms from 3 lineages
of 8 countries (including those from the Peruvian strain Z010-VL), 108 PI sites were regis-
tered, and no singletons identified. In particular, 11 PI were recorded when we compared
sequences from Peru and Chile (Table S4), most being due to differences between Chile
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sequences. In addition, when we compared 30 sequences from the SM2 group (8 countries,
including those from the Peruvian strain Z018-SD), we registered 105 variable sites (89
PI). Sequences from VL and SD Peruvian strains showed 103 variable sites (PI) and no
differences within each group.

 

Figure 7. Scatter plot of each measured Brachionus defined by the first two canonical discrimi-
nant functions.

Table 3. Stepwise discriminant analyses of the body measurements for the first two canonical functions (Function 1 and
Function 2). Coefficient: represents the standardized coefficient for the canonical discriminant function. Correlation:
represents the pooled within-group correlation coefficient between the body measurements and the canonical discriminant
function. No lorica measurement was excluded in the stepwise analyses. Measurements are presented in natural log (Ln).

Measurement (in Ln)
Function 1 Function 2

Coefficient Correlation Coefficient Correlation

(a) Lorica length 1.236 0.857 0.092 0.195
(b) Lorica aperture −0.054 0.43 0.01 −0.08

(c) Lorica width −0.64 0.252 −0.452 0.079
(d) Distance between central spines 0.054 0.022 0.564 0.69

(e) Dorsal sinus depth −0.131 0.266 0.255 0.542
(f) Distance between central and medial spines 0.002 −0.015 −0.232 0.498

(g) Medial spine length −0.26 0.112 0.58 0.46
(h) Head aperture −0.122 0.432 0.28 −0.034

(i) Lateral spine length 0.539 0.237 −0.038 0.059

On the other hand, less variability was observed when we compared ITS1 sequences
from L4 and SM2 groups of different countries (along 334 positions including indels), Along
44 sequences of L4 group (from 6 countries), only one PI site (in position 328 nt, from Chile)
was observed, while along 30 sequences of SM2 group (8 countries), we recorded 7 variable
sites (5 PI). In addition, 51 PI sites were observed when we compared all sequences from
VL and SD from L4 and SM2, respectively; and no differences were observed comparing
sequences within each Peruvian strain.

Generally, higher values of uncorrected p-distances were registered using COI gene
sequences than with ITS1. Genetic distances between COI sequences of IMP-BG Z010-VL
and the L4 complex ranged from 0.9 to 13.1%, while no differences were observed with ITS1.
The lowest distances were observed when comparing this Peruvian strain with sequences
from Chile (0.9–1.1%), which also were grouped in the same clade after phylogenetic
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reconstruction; and above 10% distance was observed compared with North America,
Australasia, and Europe. IMP-BG Z010-VL and the Mexican holotype B. paranguensis
showed 10.3% of genetic distance (Table 4). On the other hand, comparing IMP-BG Z018-
SD against the other countries of complex SM2, p-distances ranged from 4.5 to 14.6% with
COI, and from 0.3 to 1.2% with ITS1. Less genetic distance was observed comparing
COI sequences of this Peruvian strain with Spain and USA (4.5–6%); whereas higher
p-distances (up to 12–14%) were observed with Asia, the Caribbean, and Europe. After
phylogenetic reconstruction, IMP-BG Z018-SD sequences showed high similarity with
those from Spain but ordered in an independent clade and disrupting with North America,
Asia, the Caribbean, and Europe. The IMP-BG Z018-SD strain and the Korean holotype B.
koreanus showed 6.2–12.2% (COI) and 0.9% (ITS1) of genetic distances (Table 5).

Table 4. Uncorrected p-distance between strain IMP-BG Z010-VL and other L4 haplotypes from different countries,
calculated using COI (569 bp) and ITS1 (371 bp) regions. * Corresponds to the holotype B. paranguensis.

Marker
Origin of Haplotypes

(This Study) Chile * Mexico China–USA Australia–Japan–USA France

COI Peru (Z010-VL) 0.009–0.011 0.103 0.103 0.131 0.131
ITS1 Peru (Z010-VL) 0 0 0 0 0

Table 5. Uncorrected p-distance between strain IMP-BG Z018-VL and other SM2 haplotypes from different countries,
calculated using COI (569 bp) and ITS1 (371 bp) regions. * Corresponds to the holotype B. koreanus.

Marker
Origin of Haplotypes

(This Study) Spain USA Philippines–* Korea Cayman Islands Turkey Italy

COI Peru (Z018-SD) 0.045–0.056 0.056–0.060 0.062–0.122 0.060–0.124 0.124 0.146
ITS1 Peru (Z018-SD) 0.003–0.009 0.009 0–0.003 0.009 0.003–0.009 0.012

It is important to mention that, based only on the mtDNA COI gene, one new lineage
was observed for B. rotundiformis (SS) from Hawaii, and another new one for Brachionus
sp. (SM3) from Iran; while with ML analysis, lineages were not clear in L1 for Brachionus
plicatilis s.s. (Figure 8). The BI tree (Figure 9) showed the presence of two additional
aquaculture production lineages, discriminating a total of 33 lineages.

The ML and BI phylogenetic analysis based on concatenated COI+ITS1 clearly showed
the presence of three clades related to the morphotypes L (L1 to L4), SS and SM (SM1 to
SM7). It was also possible to discriminate the presence of 31 new aquaculture production
lineages with a clear clustering related to origin in most cases. In this sense, L1 was
integrated by six lineages proposed for B. plicatilis s.s., L2 by three for B. manjavacas, L3
by four lineages for B. asplanchnoidis, L4 by three for B. paranguensis, SS by four lineages
for B. rotundiformis, SM1 by one for B. ibericus, SM2 by four for B. koreanus, SM3 by two for
Brachionus sp., SM4 by one for Brachionus sp., SM5 by one for Brachionus sp.; SM6 by one
for Brachionus sp. and SM7 integrated by one lineage for Brachionus sp. (Figures 10 and 11).

The Peruvian strain IMP-BG-Z010-VL Brachionus paranguensis ventanillensis subsp. nov.
was clustered in the L4 group, integrated by lineage from Peru-Chile (n = 36 sequences). In
addition, another lineage of L4 was formed by Mexico, USA, and China (n = 11), and a third
collapsed group by France, Australia, Japan, and the USA (n = 14). Meanwhile the strain
IMP-BG-Z018–SD Brachionus koreanus santodomingensis subsp. nov. was clustered in SM2
forming one lineage, discriminated from the other three lineages from SM2 formed by Spain
(n = 3), South Korea-Turkey-Italy (n = 5), and USA-South Korea-Spain-Philippines-Cayman
Islands (n = 14).
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Figure 8. Phylogenetic tree obtained with the Maximum likelihood method based on 256 COI gene sequences (569 bp). A
total of 28 production lineages were discriminated. The three morphotypes (L, SS, and SM) are indicated. Boxes in dotted
lines indicate the Peruvian strain sequences obtained in this study.
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Figure 9. Phylogenetic tree obtained with the Bayesian Inference method based on 256 COI gene sequences (569 bp). A total
of 33 production lineages are observed. The three morphotypes (L, SS, and SM) are indicated. Boxes in dotted lines indicate
the Peruvian strain sequences obtained in this study.
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Figure 10. Phylogenetic tree obtained with the Maximum likelihood method based on 197 concatenated COI + ITS1
sequences, observing the discrimination of 31 production lineages. The three morphotypes (L, SS and SM) are indicated.
Boxes in dotted lines indicate the Peruvian strain sequences obtained in this study.
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Figure 11. Phylogenetic tree obtained with the Bayesian Inference method based on 197 concatenated COI + ITS1 sequences
(948 bp), with 31 production lineages discriminated. The three morphotypes (L, SS, and SM) are indicated. Boxes in dotted
lines indicate the Peruvian strain sequences obtained in this study.
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A disadvantage when analyzing lineages using concatenated COI + ITS1 was that
59 were less used than when the analysis was conducted with COI sequences, and thus
samples from Hawaii (SS) and Iran (SM3) were absent, consequently showing a not well-
discriminated clade. However, six subspecies groups were observed for the species B.
plicatilis s.s.-L1.

4. Discussion

This study shows a morphological and molecular description of two Peruvian strains
proposed here as two new subspecies, Brachionus paranguensis ventanillensis subsp. nov.
and B. koreanus santodomingensis subsp. nov. These strains are considered with a potential
in aquaculture, particularly in larviculture, due to the production parameters and the
resilience in live food handling, also considering the habitat from which they were isolated
since desert environments tend to have high levels of contamination and desiccation. In
effect, taking into account a relationship between productivity and biometrics fosters
value-added economic prospects to local strains that could be promoted, as well as the
conservation of lineages in terms of productivity, traceability, and their intrinsic potential
as new resources. Thus, the hypothesis of a delimitation subspecies is complemented with
molecular (COI and COI + ITS1 regions) marker analysis. In this sense, it is important to
avoid the generalization of productive parameters for all the species or genus is avoided [33]
because those may be an exclusive evolutionary product by the parapatric divergence of
organisms isolated from remote water bodies [34].

Morphological variability throughout ontogenetic changes is important to be consid-
ered for the characterization and selection of parameters related to productivity. Thus,
contrary to different reported 72 h essays with measurements of juvenile forms in some
groups [5,22,32] and even in some Asian species where they reached their maximum size
after 40 h [35], here, following nine measurements recorded in four different strains of
Brachionus, it was possible to include descriptions. In addition, with ontogenetic changes
from gravid females, and also considered their standard deviation to obtain a 99% confi-
dence interval, bearing in mind that strain Z018-SD becomes gravid the fourth or fifth day
onwards (Table S5).

Due to the results obtained in this study, we propose the use of the lorica measurements
(“d” to “g”) as excellent parameters for successful morphometry discrimination within the
genus Brachionus. Thus, the selected measurements (among the nine evaluated) statistically
discerned four different groups (99.6% of these cases), mainly observing a taxonomic
discriminant value between L1 and L4. Although the data were previously transformed to
a natural logarithm to minimize the dispersion, similar differences were found without
any transformation (data not shown). In addition, another important aspect to mention is
that statistical differences were registered as the number of females measured randomly
(up to 60) increased. Some authors reported that the somatic maintenance of females is
independent of reproduction under food limitations (chronic caloric restrictions). Despite
the fact that individual growth may be altered, biometrics should not be biased towards the
first days of life in order to describe species but should ideally consider all measurements
throughout the lifespan [36].

Phylogenetic analysis demonstrated the existence of the two new putative Peruvian
subspecies, mainly based on the mtDNA COI gene analysis (p-distances > 3%), whilst rDNA
ITS1 (p-distances < 1.2%) rigidly grouped them together within SM2 or L4 species. These
results were consistent with previous studies, where a greater number of terminal taxa
were resolved with COI-based trees compared to ITS1-based within B. plicatilis s.l. [4,37,38]
and B. quadridentatus [39] and others monogonont rotifer species [40]. It has even been
suggested that COI would not be appropriate for species delimitation due to the risk of
an over-splitting [4], but in an intraspecific perspective, the greater variability hosted in
COI sequences could reveal evolutionarily important lineages, also supported by other
data and regarding economic perspectives. In fact, the biometric analysis conducted on the
Peruvian strains supported the presence of statistically discrete units due to the association
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of three morphological variables with production parameters. Thus, this confirmed the
existence of the COI-based lineages with productive importance.

It is also noteworthy that tree topology was certainly influenced and modified depend-
ing on the molecular markers (COI or ITS1) used for the phylogenetic analysis of genus
Brachionus, due to the low variability that ITS1 showed (variable and PI sites) compared to
COI gene diversity across different Brachionus strains analyzed from different countries.
Thus, for example, Brachionus rotundiformis was associated with SM group according to
the COI gene analysis but was associated with L group when based on COI+ITS1. In addi-
tion, differences in the relationship between L4 and L3 were observed, COI tree topology
showing them more related than with L1; while with COI+ITS1 were more related L4
and L1 than with L3. This discrepancy has also been previously reported in the phylo-
genetic reconstruction with ML [5], where, as in our study, higher node support values
were consistently observed in the COI and COI+ITS1 tree. Conversely, Mills et al. [4]
found a concordant topology between markers, supporting a closer relationship between
L4 and L3 than between any of these with L1. The incongruence both in topology and
level of estimated divergence between COI and ITS1, termed mitonuclear discordance,
is a pervasive challenge when it is required to reconcile phylogenies singly obtained
from mitochondrial and nuclear marker data sets [41]. Among the causes that generate
these discrepancies are mitochondrial introgression, sex-biased dispersal, natural selec-
tion, Wolbachia-mediated genetic sweeps, incomplete lineage sorting, and unresolved
phylogenetic polytomies [40,42,43], the two latter being suggested as the likely drivers of
mitonuclear conflicts in some monogonont rotifer species [40].

As we mentioned previously, using only the ITS1 region may not be effective for
phylogeographic studies of genus Brachionus, due to its remarkably conservative nature and
evidence of a possible concerted evolution of these genes within the species complex [44].
Concerted evolution implies that homogenizing forces have promoted a high similarity
between ITS1 sequences within the species, thus hindering the opportunity to recover
bifurcation events in phylogenetic reconstructions [45,46].

Brachionus paranguensis ventanillensis subsp. nov.—L4 showed to have been struc-
tured in three clades (more detectable in the Bayesian than ML tree). One clade con-
formed by isolates from the central coast from Peru and the northern coast in Antofagasta,
Chile [47], where the old migration relationship from South America to North Amer-
ica is located [34], continue with a volcanic area from Guanajuato, Mexico [5] and the
state of Nevada, USA [4,48–50], as well as a further relationship, shown with Australasia,
from Japan [4,48,51,52] and Australia [4]. We cannot explain the relationship of Chinese
strains within the clade of North America or the strains from the USA within the clade
of Australasia. The case of the French strains is very relevant, as well as subject to any
reservations because these were also reported in Norwegian and Greek hatcheries, and
their origin was mentioned by the countries where the hatcheries were located [4,53–55].
Papakostas et al. [53] investigated the species/biotype composition of Brachionus strains
used in Europe to improve its culture conditions. One of his conclusions was that Nor-
wegian strain “SINTEF” was the same as the Spanish strain “PL”. However, our results
showed these strains become a clone strain. The Norwegian strain “SINTEF” was a do-
nation by IFREMER (France) in 1984 (Retain K.I., com.pers). They were first collected by
Dr. Pourriot in 1974 in the south of Camargue [56] and were first mentioned in the work
of Blanchot and Pourriot [57], naming it “Brachionus plicatilis GS74”. Therefore, with this
evidence, we considered France the country of origin for the strains SINTEF (DQ314559
and DQ314558), BEARC015, and BEARC016 (KU299273 and KU299274), and the Greek
strain “K” (AM180752).

Meanwhile, Brachionus koreanus santodomingensis subsp. nov.—SM2 showed to have
been structured in four different clades, without a clear phylogeographic relationship.
One group conformed by Eurasia, Korea [32], Italy [4] and Turkey [58]; a second group
was formed by Asia plus America and Europe, Korea [32], Philippines [4], Cayman
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Islands [4,48], Spain [4] and USA [48]; a third group Europe, from Spain [4] and the fourth
group from South America, in which Peru was included.

For Brachionus morphotypes analyzed in this study, we confirmed the possibility of
differentiating clades related to geographic origin observed in this study based on COI and
concatenated data, and we suggest including information on production parameters in the
study of these groups as a future aspect for traceability of exchanges among hatcheries.
Previous studies highlighted the importance of the intraspecific component in understand-
ing the geographic patterns of biodiversity in microorganisms [59], but disentangling such
geographic patterns below the species level, this sublevel could also be considered for an
economic perspective when information on production parameters is added. For example,
knowing the origin place of the production of lineages would improve the management
of local strains by allowing traceability during their commercialization. Therefore, infor-
mation on production parameters is an important aspect to be completed for the other
worldwide production lineages complementing those two presented in this study in order
to allow business traceability among hatcheries.

This new subspecific delimitation proposed using COI and COI+ITS1 markers could
be understood, based on the economic delimitation of aquaculture production lineages,
that despite a few morphological differences, this could be supported with production
parameters. For example, it has been suggested to supplement taxonomy with the life
cycle and the highest reproductive rate at the best salinity and temperature [60]. Those
parameters must be the result of their adaptability to divergent habitats with different
food, salinities, and temperature as limiting factors [61]. Kutikova [62] remarks behavioral
patterns to suggest phylogeny within rotifers. However, the family Brachionidae preserves
differences in food capture and types of body movements. Snell [63] conducted a complete
revision about rotifer lifespan and reproduction, interpreting some production relationships
with dietary restrictions and genetic expression.

Considering the above, a common pattern in this essay was observed in both local
strains, where lorica length is associated with positive production parameters. However,
this inference could be better represented with more robust statistical tests, such as CoIner-
tia analysis (Table S8), also including more strains or subspecies. Apparently, this could
happen because longer rotifers may be faster than shorter ones. This swimming speed
range could be interpreted as a better chance to find food (i.e., motile algae) as well as better
fitness to spread their eggs further, therefore increasing the likelihood of their progeny’s
survival. Whereas association of lorica width and aperture (DbLS) with a maximum load
of eggs could be explained because all rotifers were measured after their complete lifespan.
Thus, their bodies were influenced in their final form by these two width parameters, as
carrying more eggs requires more strength to pull them, slowing them down. Korstad
et al. [64] reported an inverse relationship between swimming speed and density (rotifers
number per ml). In particular, swimming speed became slower in the stationary phase. In
this way, we suggest that the corona needs to be stronger, and thus the trochus and cingu-
lum must fill more space in its lorica. We have also observed that rotifers with more than
two eggs had lesser hatching thereof, and these eggs were often carried joined downside
the lorica near the foot. In this study, the unique case of six eggs carried by a female of B.
paranguensis ventanillensis subsp. nov. had a single offspring, which was male and lived for
3 days.

We must also mention that both Peruvian strains showed different stress tolerance
during cultures, this being another parameter for discrimination. The management of each
strain must be considered separately. For instance, IMP-BG Z010-VL in a batch or clonal
culture [65] tends to stick onto the beaker, and it is common to find them dead and floating
on the surface due to this behavior of agglomerating very close to the waterline, causing
them to become trapped by the surface tension. For this reason, it is highly recommended
to gently shake the beaker occasionally to avoid the loss of this strain. The case of Z018-SD
is possibly simpler, considering they tend to swim homogeneously in the water column.
However, this strain is more delicate to water changes and is easily stressed due to any
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other changes such as food, temperature, oxygen, or salinity. Both cases highlight first
drafts of new behavioral differences among local and regional lineages, particularly in
fresh tropical waters [51].

The incorporation of biometric data for the other two subspecies of B. paranguensis
and the other three subspecies of B. koreanus not considered in this study is recognized as
an important aspect that should be included in subsequent studies in order to strengthen
this hypothesis. In addition, the lack of updated morphological taxonomic keys for the
Brachionus plicatilis species complex is a relevant issue to new researchers and students who
wish to deepen future investigations, which is why more research must be performed in
order to integrate them all in one complete morphological key, backed up with molecular
support, at least for the 15 putative species reported [4], also considering a need for preven-
tative practices in uncontrolled international exchanges of rotifer strains among institutions
or common sales, as they are settled with unnamed strains or without registration of origin
traceability, which is unfortunately regarded as a common informal practice.

Finally, it is important to call attention to Peruvian ecological issues. The Ventanilla
wetlands in the Province of Callao have serious environmental plights [66–68], as there
is also a growing human settlement nearby that contributes to the large amounts of litter
found in the area. In addition, other wetlands nearby, called the Regional wetlands, have
been re-designed from their natural state for landscape tourism reasons. An example of
this is the small colorful fish that have been introduced, with authorities further linking
part of those scarce bodies of water with canals and building wooden bridges over them.
The Santo Domingo wetland in the Paracas district is a complex of very shallow and little
brackish water bodies (<30 cm depth × 2 m length), with a few trees and lower vegetation
in the middle of a wasteland near the highway and a residential area called Santo Domingo,
from which its name originates. In spite of Monogononta dormancy strategies to resist long
periods without water [69,70], it is very likely that these two Peruvian coastal wetlands
will disappear in the next few years, as others less known did, and in consequence, local
fauna such as birds, reptiles and above all plankton and benthos invertebrates too, unless
authorities start to better organize urban growth regarding the surrounding wetlands [71].

5. Conclusions

Morphological and molecular differences were reported against four Brachionus
species. We point out that the COI marker is suitable for classifying hydrobiological
economic resources, which can be ordered as subspecies, while the ITS marker can delimit
species complex.

The IMP-BG Z010-VL strain presented resilience to daily manipulation, showing
potential in aquaculture applications, and corresponded to Brachionus paranguensis—L4.
Meanwhile, the Z018-SD strain was less resistant to manipulation, getting stressed easily,
and corresponded to Brachionus koreanus—SM2.

Brachionus paranguensis—L4 showed three clades geographically differentiated (Group 1:
North America; Group 2: Australasia in addition to an old formal registry from France; and
Group 3: Peru and Chile); while Brachionus koreanus—SM2 showed four clades that were not
geographically well defined (Group 1: Eurasia; Group 2: Asia, Europe and America; Group 3:
Spain; and Group 4: Peru).

In both cases, the biometrical relationship with production parameters determined
that the length of the lorica is positively associated with longevity, progeny, egg production,
and reproductive age, while the width and lorica aperture are slightly associated with the
maximum egg load.

The presence of local subspecies of Brachionus plicatlis complex from impacted and vul-
nerable environments was evaluated. We recommend further studies to support taxonomy
beyond biodiversity inventories and suggest a more multidisciplinary and applied ap-
proach must be performed in order to offer more decision-making tools, such as economic
added value as an instrument to support conservation.
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Abstract: Rotifers are the most diverse group in freshwater zooplankton and play an important
role in food webs and ecosystems. DNA barcoding has become a useful approach to investigate
species diversity at local and regional scales, but its application is still limited by efficient primers
for the group. To test a pair of primers 30F/885R recently designed for rotifers, we applied them
to investigating regional species diversity in the freshwater of South China. We sequenced the
cytochrome c oxidase subunit I (COI) gene of rotifers collected from the investigated 23 reservoirs
in a large river basin and obtained 145 COI sequences from 33 species in 14 genera. The mean
PCR success rate for all tested species was 50%. The 145 sequenced mtCOI in this study covered
33 of 64 identified morphological taxa, including most of the common species in the basin. The
intraspecific genetic distance was calculated with a K2P model for 24 rotifer species occurring in the
quantitative samples, in which 15 rotifers, such as Keratella cochlearis and Brachionus calyciflorus, had a
genetic distance higher than 5%. The high intraspecific genetic differentiation indicates that cryptic
species are probably common in (sub)tropical China.

Keywords: rotifers; cryptic species; freshwater zooplankton; reservoir; species diversity; tropics

1. Introduction

Rotifers are a group of zooplankton with high species richness in freshwater ecosys-
tems [1]. There are more than 2000 species of rotifers described worldwide, including
1571 species from Monogononta and 461 species from Bdelloidea [2,3]. This group plays a
critical role in the flow of energy and the cycling of matter in freshwater ecosystems [4].
Most species in the group graze or feed mainly on algae or bacteria and serve as food for
small invertebrates and fish [5,6]. Due to a short lifespan and high reproduction, rotifers
are highly dynamic in natural waters and sensitive to environmental change. Knowing
their species richness and species composition is of great significance for understanding
ecosystem functions and environmental monitoring [2,7].

The morphological taxonomy of rotifers is based on external shapes and internal struc-
tures. Their ciliated corona and lorica are important to species identification [8]. However,
their small body size and complicated morphology make morphological identification dif-
ficult. In addition, environmental conditions, such as temperature and food concentration,
can induce morphological changes in many species [9], due to the phenotypic plasticity,
especially in monogononts [10]. Relying only on morphological features may lead to faulty
identification, especially for species with high phenotypic plasticity. Up to now, more
than 40 species complexes have been discovered in Keratella cochlearis (Gosse, 1851), B.
calyciflorus, Philodina flaviceps Bryce, 1906, and Lecane bulla, (Gosse, 1886) [11–15]. High
genetic variation can occur within local populations despite insignificant morphological
differentiation [11,16]. Molecular classification has already been extensively applied to
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rotifers [12]. Earlier studies relied on allozyme electrophoresis [17–19], but today, DNA bar-
coding has become an essential technique to identify species in monogonont and bdelloid
rotifers [15,20–22].

Molecular classification provides critical supplementary information for morpho-
logical taxonomy. The mitochondrial cytochrome oxidase subunit I (COI) gene is the
most widely used sequence segment in DNA barcode classification and has proved to
help detect cryptic species, intraspecific variation, and phylogeographical patterns [17,23].
At present, Folmer’s universal primers are commonly used for amplifying COI [24,25].
Meyer et al. [26] modified the Folmer primers to obtain the primers dgLCO/dgHCO and
amplified the COI sequence of the B. plicatilis complex [24,27]. Wilts et al. [28] developed
primers COI-F/COI-R to amplify the COI of Proales daphnicola (Thompson, 1892) [25,27,29].
Elías-Gutiérrez et al. [30] used the Zplank primers to amply rotifer COI and obtained
11 BINs (Barcode Index Numbers) of rotifers, with a sequencing success rate of 100%.
Recently, Zhang et al. [31] used a metagenomics method to assemble nine mitochondrial
genomes from Brachionus and Keratella, with which they designed a new pair of primers just
for rotifer COI: 30F/885R. The pair of primers performed efficiently (86%), much higher
than dgLCO/dgHCO (32%) and Folmer primers (59%). Despite that, the newly designed
primers need further testing in rotifers from different water bodies.

Here, we test the primers 30F/885R and apply them to investigating rotifer species
diversity and composition of rotifers at a regional scale. Hanjiang River Basin is located in
Guangdong Province, South China, where rotifers dominate zooplankton in most drink-
ing water [32,33]. We conducted both morphological identification and COI sequence
amplification on rotifers from the 23 investigated reservoirs in the basin and tested fur-
ther the primers 30F/885R and their usefulness in the assessment of species diversity in
(sub)tropical regions.

2. Materials and Methods

2.1. Collection, Identification, and Counting of Rotifers

Rotifers were sampled from 23 reservoirs (Figure 1) in the Hanjiang River Basin,
Guangdong Province, in southern China from November 2019 to January 2020. For quanti-
tative samples used for the assessment of species diversity in rotifer communities, a 5 L
water sampler was used to vertically collect 50 L water from the surface to the bottom
evenly. The sample was filtered and concentrated with a plankton net with a mesh size of
38 μm and fixed with 5% formalin. For the qualitative samples used for DNA extraction
of rotifers, a plankton net with a mesh size of 64 μm was trawled horizontally and verti-
cally. The obtained zooplankton was immediately fixed with BBI’s DNA-EZ Reagents F
DNA-Be-Locked A and stored in a refrigerator at 4 ◦C in the field.

All rotifer species in our samples were first identified based on external shape and in-
ternal structure [8]. For rotifer species that could not be easily identified by morphological
characteristics, individuals were picked out to check the shape of their lorica. After adding
10% glycerol and 5–10% sodium hypochlorite, the shape of the lorica was further observed
under a microscope (400×) for morphological identification. All species were identified,
measured, and counted under a microscope (Olympus BX41, Tokyo, Japan). Their individ-
ual body volume was calculated with approximate geometric volume formulae, and the
density of 1 g/cm3 was set to estimate the bodyweight [34,35]. If a species contributes at
least 2% of the total abundance, it is considered dominant in that reservoir (Table S1) [36].
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Figure 1. Localities of 23 investigated reservoirs in the Hanjiang River Basin, South China (Abbreviations of reservoir names
are listed in Table S2.

2.2. DNA Extraction, PCR Amplification, and Sequencing

Before DNA extraction, rotifer specimens were washed with MilliQ water, and three or
four individuals from one species were put into a 0.2 mL tube. Three microliters Proteinase
K and 30 μL Chelex resin (BioRad, Hemel Hempstead, UK) were added into the tube for
DNA extraction. The tube was centrifuged at 8000 rpm for 1 min and finally put into the
PCR instrument. The DNA samples were incubated at 56 ◦C for 60 min at 99 ◦C for 10 min
and stored at 12 ◦C. All DNA samples were stored at 4 ◦C, and/or at −20 ◦C for long-term
storage. Finally, the samples were centrifuged at 10,000 rpm for 2 min, and the supernatant
was directly used in each PCR reaction.

DNA from a single species was used as a template. A 760-bp segment of COI was
amplified using the primers 30F and 885R [31]. The total amplification volume of primers
30F/885R was 30 μL, including 15 μL 2 × HieffTM PCR Master Mix (With Dye), 11 μL
ddH2O, 0.5 μL of forward and reverse primers (100 μM), 3 μL DNA, respectively. The
amplification started with initial denaturation 2 min at 98 ◦C, then six cycles of (95 ◦C for
30 s, 54 ◦C for 40 s (−0.5 ◦C/each cycle), 72 ◦C for 30 s), and 36 cycles of (95 ◦C for 30 s,
51 ◦C for 40 s, 72 ◦C for 30 s) and final extension of 72 ◦C for 2 min [31].

The PCR products were detected in 1.0% agarose gel. The amplified products with
clear and bright target bands were selected and sent to Tianyi Huiyuan Gene Technol-
ogy Company for purification and sequencing. All DNA samples were paired-end se-
quenced. After that, all the chromatograms of forward and reserve sequences were checked
with Finch TV1.5.0, and poor-quality sequences and repeated sequences were discarded
(Geospiza Inc. https://www.digitalworldbiology.com/FinchTV (accessed on 1 Decem-
ber 2019)). The forward and reverse sequences from each sample were assembled into
one sequence with Geneious v10.22, and all sequences were aligned with MAFFT and
MACSE [37–39]. Poor-quality flanking regions of the sequences were discarded. We cal-
culated the coverage of DNA barcodes for rotifers in the 23 reservoirs. The coverage of
DNA barcodes is defined as the percentage of species with successfully obtained COI to
the number of species identified morphologically in the quantitative sample.
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2.3. Species Identification and Analysis Based on Molecular Methods

Each amplified sequence was submitted to NCBI for BLAST [40]. We obtained se-
quences for 33 species, among which six species, including Pompholyx sulcata (Hudson,
1885), Ploesoma truncatum (Levander, 1894), Filinia opoliensis (Zacharias, 1898), Filinia camase-
cla cambodgensis (Bērzinš, 1973), Trichotria pocillum (Müller, 1776), Trichotria tetractis similis
(Stenroos, 1898), had no COI sequences deposited to NCBI. The interspecific distance, in-
traspecific genetic difference (K2P), and a NJ tree were calculated or constructed in MEGA
10.1.8 [41].

3. Results

A total of 64 rotifer species were identified from both quantitative samples and quali-
tative samples. Forty-seven species (Table S3) were morphologically identified from the
quantitative samples that were fixed with formaldehyde. The dominant species included
Keratella tropica (Apstein, 1907), Keratella tect (Gosse, 1851), Trichocerca similis (Wierze-
jski, 1893), Synchaeta stylata (Wierzejski, 1893), Anuraeopsis fissa (Gosse, 1851), Polyarthra
dolichoptera (Idelson, 1925). There were 14 rare species, including Brachionus quadridentatus
(Hermann, 1783), Anuraeopsis coelata (de Beauchamp, 1932), T. tetractis similis, Lecane lunaris
crenata (Harring, 1913), Lecane flexilis (Gosse, 1886), Lecane galeata (Bryce, 1892), Lecane
pyriformis (Daday, 1905), Lecane arcuata (Bryce, 1891), Lecane thailandensis (Segers et Sanoa-
muang, 1994), Gastropus stylifer (Imhof, 1891), Trichocerca longiseta (Schrank, 1802) Trichocerca
vargai (Wulfert, 1961), Filinia saltator (Gosse, 1886), and Filinia terminalis (Plate, 1886).

In the qualitative samples fixed with DNA-EZ Reagents F DNA-Be-Locked A, 45 species
were picked and sequenced (Table S4). A total of 145 COI sequences were obtained from
33 species in 14 genera (Table 1). The remaining 12 species failed to be amplified and
sequenced. Seven of these are rare species in the samples. To test the 30F/885R primers,
we amplified more than two times for the remaining five common species = (i.e., Conochilus
unicornis (Rousselet, 1892) was done for nine times).

Among 47 species in the quantitative samples fixed with formaldehyde, only 23 species
were covered at least by a COI sequence from the qualitative samples (Figure 2). Among
the remaining 24 morphological species without COI sequences, 12 rare and 11 common
species had too low abundance for PCR amplification and sequencing (i.e., <3 individ-
uals), while one dominant species (A. fissa) failed to be amplified and sequenced. With
morphological identification, the identified species number was between 6 and 20 for a
single investigated reservoir, while with the molecular classification of COI sequences, the
identified species number was between 0 and 13. The barcode recovery rate for a single
reservoir was between 0% and 67%, with an average of 29% (Figure 3).

Among 33 species with COI sequences, we calculated the intraspecific K2P (Kimura
two-parameter) genetic distance for 24 species that had at least two sequences. The
average intraspecific genetic distance was from 0.00 to 0.32 (Table 2), with an averaged
distance of 0.08. Many rotifers had high intraspecific genetic distances at the regional
scale (Figure 4). Fifteen species had intraspecific genetic distance above 0.05: K. cochlearis,
Keratella tecta (Gosse, 1851), K. tropica, Brachionus leydigi (Cohn, 1862), B. calyciflorus, Plationus
patulus (Müller, 1786), Asplanchna brightwelli (Gosse, 1850), Polyarthra vulgaris (Carlin,
1943), P. dolichoptera, T. similis, Ascomorpha ovalis (Bergendahl, 1892), Trichocerca dixon-
nuttalli (Jennings, 1903), Synchaeta oblonga (Ehrenberg, 1831), and P. sulcata, Hexarthra mira
(Hudson, 1871).
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Figure 2. Venn diagrams, “Quantitative”: the numbers of species identified with quantitative samples;
“Qualitative”: the numbers of species identified with qualitative samples; “DNA Barcodes”: the
number of species obtained mtCOI barcodes.

Table 1. PCR success rates for species that had at least one successful sequence.

Species Number of Specimens Number of Sequences PCR Success Rate (%)

Keratella cochlearis 24 17 71
Keratella tropica 15 8 53
Keratella tecta 24 10 42

Brachionus diversicornis 8 6 67
Brachionus calyciflorus 5 4 80

Brachionus caudatus 2 1 50
Brachionus urceolaris 2 1 50
Brachionus angularis 3 2 67

Brachionus quadridentatus 3 1 33
Brachionus forficula 3 2 67
Brachionus leydigi 2 2 100

Brachionus budapestinensis 1 1 100
Asplanchna priodonta 9 6 67

Asplanchna brightwelli 2 2 100
Polyarthra vulgaris 14 4 29

Polyarthra dolichoptera 9 9 100
Ploesoma hudsoni 7 5 71

Ploesoma truncatum 1 1 100
Pompholyx sulcata 5 4 80

Trichocerca dixonnuttalli 4 4 100
Trichocerca capucina 23 11 48
Trichocerca cylindrica 18 4 22

Trichocerca similis 16 10 63
Filinia opoliensis 1 1 100

Filinia camaseclacambodgensis 2 2 100
Trichotria pocillum 1 1 100

Trichotria tetractis similis 3 1 33
Synchaeta oblonga 3 2 67
Synchaeta stylata 10 9 90

Lecane bulla 3 1 33
Ascomorpha ovalis 11 9 82

Hxarthra mira 8 2 25
Plationus patulus 3 2 67

Note: PCR success rate for a given species denotes the percentage of the obtained mtCOI sequences in the total number of tested specimens.
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Figure 3. The number of rotifer species identified morphologically in the quantitative samples and number of species
identified with COI barcodes from in the 23 reservoirs, and the coverage rate (%) of COI barcodes in the 23 investigated
reservoirs (The coverage of DNA barcodes is the percentage of the number of species successfully obtained COI to the
number of species identified morphologically in the quantitative sample.).

Table 2. Intraspecific genetic distance (K2P) of 24 rotifer species.

Species Numbers of Sequences Min Distance Max Distance Mean Distance

Keratella cochlearis 17 0.00 0.19 0.11
Keratella tecta 10 0.00 0.18 0.04

Keratella tropica 8 0.00 0.12 0.06
Brachionus diversicornis 6 0.00 0.00 0.00

Brachionus leydigi 2 N/A N/A 0.15
Brachionus forficula 4 0.00 0.01 0.01

Brachionus angularis 2 N/A N/A 0.01
Brachionus calyciflorus 4 0.04 0.18 0.14

Plationus patulus 2 N/A N/A 0.10
Asplanchna priodonta 7 0.00 0.03 0.02

Asplanchna brightwelli 2 N/A N/A 0.31
Polyarthra vulgaris 4 0.06 0.25 0.07

Polyarthra dolichoptera 9 0.00 0.25 0.19
Ascomorpha ovalis 11 0.00 0.14 0.08
Trichocercasimilis 10 0.00 0.32 0.17

Trichocerca cylindrica 5 0.00 0.07 0.04
Trichocerca dixon-nuttalli 4 0.00 0.18 0.09

Trichocerca capucina 13 0.00 0.01 0.00
Synchaeta stylata 9 0.00 0.06 0.02
Synchaeta oblonga 2 N/A N/A 0.13
Ploesoma hudsoni 5 0.02 0.00 0.01
Pompholyx sulcata 4 0.00 0.12 0.06

Filiniacamasecla cambodgensis 2 N/A N/A 0.00
Hexarthramira 2 N/A N/A 0.07

Note: “N/A” means missing value.
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Figure 4. A simplified NJ tree with K2P distance for 24 morphological taxa. The triangle size represents the number of
sequences, and the number after the species name is the mean K2P distance. The abbreviations after a species with a single
sequence is the acronym of the reservoir name.

4. Discussion

The present study expanded the testing of a pair of recently reported DNA barcoding
primers (30F/885R) and assessed the species diversity of rotifers at a regional scale. The
average amplification success rate for all tested specimens (245) in 45 species was up to
50%. Among 45 species from our qualitative samples fixed for DNA sequencing, 12 species
failed to be amplified and sequenced. Seven of 12 species are rare in this basin. The
abundances for seven of 12 species might be too low for PCR amplification and sequencing.
More individuals need to be collected to test these rare species for the amplification of
COI. Surprisingly, A. fissa is one of the remaining five common species of the 12 failed
species. It is dominant in the basin but failed to be sequenced. Rotifer species vary largely
in body weight; the minimum weight of A. fissa is only 0.009 μg, while the individual
weight of Asplanchna girodi (de Guerne, 1888) is up to 31.85 μg (Figure S1). In general,
body weight determines the DNA amount for extraction, particularly mtDNA, which
might affect subsequent amplification and sequencing [42]. However, smaller species,
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such as P. sulcata, K. tecta, and K. cochlearis, were successfully amplified and sequenced.
Having a small body size might not be the main reason for the failure of amplification and
sequencing for A. fissa. More likely, the COI sequences among different species in rotifers
varied greatly [24]. We suspect that the primer incompatibility might be the main reason
for the failure of amplification and sequencing of the five common species.

The DNA barcoding in the present study covered most species (33) of the rotifers in
the investigated basin, and the obtained barcode library (145 COI sequences) will benefit
the future survey of rotifers in similar regions. First, they can provide references for
validating species identification. DNA barcode libraries can be used as a standard for
species identification and improve the accuracy of rotifer morphological classification.
Second, the barcoding is suitable for all life stages of rotifers, including resting eggs [43,44].
In addition, the barcode library constructed in this basin could be used as a reference
in high-throughput-based monitoring techniques, such as eDNA metabarcoding and
mitochondrial metagenomics [45–49].

As previously reported, using COI sequences can efficiently identify most species in
rotifers, with the divergence among conspecific individuals being less than 1% [24]. K.
cochlearis is a widely distributed species with phenotypic diversity. The COI nucleotide
sequence divergence of 4.4% was detected between spined and unspined forms. As a
result, the species was split into different species [50]. In the present study, the intraspecific
genetic distance for K. cochlearis was between 0 and 0.19 for pairs of 17 individuals from
all the reservoirs, with an average equal to 0.11, indicating a high hidden diversity. B.
calyciflorus is a widely distributed species that shows a significant morphological difference
with multiple subspecies and varieties [51]. Xiang et al. [52] collected eight geographical
groups of B. calyciflorus from eastern China and concluded that this complex was composed
of three cryptic species. In the present study, B. calyciflorus was found in four reservoirs,
and the average intraspecific genetic distance was high up to 0.14, indicating high genetic
diversity. As reported in other studies [24,47], high genetic distance also occurred within B.
leydigi, A. ovalis, and S. oblonga, and based on the intraspecific genetic distances estimated
here, species complexes, such as K. cochlearis, B. calyciflorus, B. leydigi, A. ovalis, and S.
oblonga, might co-exist in the Hanjiang River Basin. Therefore, further investigation of
cryptic species in this basin is recommended.

In conclusion, our study showed that the COI primers (30F/885R) utilized in this
study can be used to investigate the regional diversity of rotifers and that the 145 mtCOI
sequences obtained will be helpful to uncover rotifer species diversity in South China.
Intraspecific genetic variation is high in some species in our study, especially within some
“cosmopolitan” species or species complexes, such as B. calyciflorus. Therefore, detailed
sampling and in-depth analysis for detecting cryptic species are necessary for uncovering
the full regional diversity of rotifers.
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Abstract: A checklist of arrenurids of Mexico is presented, including three new records from the
Yucatan Peninsula. We provide updated descriptions of Arrenurus mexicanus, A. (Megaluracarus)
colitus, and A. (Megaluracarus) marshalli. Additionally, four new species of the subgenus Megaluracarus
and one of Dadayella are described by using integrative taxonomy: Arrenurus (Megaluracarus) eduardoi
n. sp., characterized by a large, thorn-shaped hump in the middle dorsal shield; Arrenurus (Megalura-
caurus) federicoi n. sp., with large pores in the body, including the idiosoma; Arrenurus (Megaluracarus)
ecosur n. sp., with a peculiar pattern of setation in the legs; Arrenurus (Megaluracarus) beatrizae n.
sp., with a short cauda with two pairs of lateral notches, and Arrenurrus (Dadayella) cristinae n. sp.,
characterized by a male cauda with two falcate setae. Non-destructive methods allowed the taking of
scanning electron microscope images and DNA sequencing of the designed type material. All new
species have a divergence using the DNA mitochondrial gene COI from 21.1% to 28.6% within them.
With these records and descriptions, the number of Arrenurus registered for Mexico increases to 42,
most of them from a single locality.

Keywords: taxonomy; morphology; DNA barcodes; COI; karstic; Arrenurus

1. Introduction

Arrenurus Dugés, 1834 is the most species-rich water mite genus, with approximately
1000 species described worldwide, and is currently divided into 11 accepted subgenera:
Arrenurus, Arrhenuropsides, Arrhenuropsis, Brevicaudaturus, Dadayella, Dividuracarus, Megalu-
racarus, Micruracarus, Rhinophoracarus, Truncaturus, and Stygarrenurus [1,2]. In Mexico,
37 species are reported, divided into five subgenera: Arrenurus, Arrhenuropsis, Dadayella,
Megaluracarus, and Truncaturus. Six of the total species recorded are only known from the
Yucatan Peninsula [3–7]. Likely, this number does not represent the total species number
for the genus in this region, as Mexico is one of the countries with the greatest biological
diversity in the world due to its complex topography, the variety of climates, and the
convergence of the two main biogeographic zones of the Americas: The Nearctic and the
Neotropics [8]. In particular, the Yucatan Peninsula, one of the worlds’ largest karstic
aquifer systems, has a great diversity of aquatic ecosystems with unique geohydrological
characteristics [9,10].

Recently, Montes-Ortiz and Elías-Gutiérrez [11] studied the water mites’ diversity
from 24 sites in the Yucatan Peninsula using the sequences of the mitochondrial cytochrome
subunit I (COI). Their main results indicated the presence of 77 genetic groups or putative
species represented through a barcode index number (BIN), and 17 of them corresponded

Diversity 2022, 14, 276. https://doi.org/10.3390/d14040276 https://www.mdpi.com/journal/diversity
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to the genus Arrenurus. This result illustrates the potential water mite diversity for this
region since only six species are described in this area.

Megaluracarus Viets, 1911 can be considered the most complex subgenus of Arrenurus
in terms of diversity and range of morphological characteristics [6]. Another subgenus,
Dadayella, is difficult in taxonomy, since some of its descriptions have been based only on
females [1,4]. This study supplies a checklist of arrenurids from Mexico, providing three
new records and describing four new species of the subgenus Megaluracarus: A. eduardoi
n. sp., A. federicoi n. sp., A. ecosur n. sp., and A. beatrizae n. sp. and one from the Dadayella
subgenus, A. cristinae n. sp., using morphological and molecular data.

2. Materials and Methods

The specimens were collected in five different karst systems from the southern Yucatan
Peninsula (Figure 1) during a sampling survey in April and August 2019 [11] using light
traps and a hand net with a mesh size of 50 μm. The mites collected with the light trap
were sieved, washed, and fixed in 96% cold ethanol [12]. Specimens collected with a hand
net were sorted in the field from the samples using a pipette and fixed in ethanol 96%. All
specimens were stored at −18 ◦C for at least seven days [13].

Figure 1. Sampling sites. (A) Bacalar lagoon, Cenote Cocalitos (front) and Cenote Azul (back);
(B) Silvituc lagoon; (C) Ramonal wetland; (D) Acapulquito stream.

The arrenurids were separated under a stereomicroscope; representative morphos-
pecies were photographed using a Zeiss Discovery stereomicroscope with an attached Eos
Rebel T3i camera. Five individuals (when this was possible) from every morphospecies
were used for DNA analyses, using a non-destructive extraction method [14]. After the
process, most of the specimens were recovered, and the selected type was dissected and
mounted in glycerin jelly. In the case of new species from subgenus Megaluracarus, after the
DNA extraction, detailed images were obtained with a low vacuum and a freezing platina
to −31 ◦C attached to a Jeol JSM-6010 scanning electron microscope (SEM) at the Chetumal
Unit of El Colegio de la Frontera Sur. This non-destructive method allows the recovery
of the studied specimens, as it does not need the critical drying point and gold coating.
Subsequently, whole specimens and the dissected parts were examined and measured
under a compound microscope, LW Scientific. The drawings were made using a graphic
digital tablet on Inkscape V. 0.92.4 (www.inkscape.org, accessed on 18 March 2022) [15].
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All specimen preparations recovered were deposited in the Reference Collection of
Zooplankton (ECO-CH-Z) at El Colegio de la Frontera Sur (ECOSUR, Chetumal, Mexico),
except for the two paratypes of Arrenurus (Megaluracarus) beatrizae n. sp. deposited in the
water mites collection of the Aquatic Zoology Laboratory (AAL) at Facultad de Ciencias,
Universidad Nacional Autónoma de México.

Molecular analysis. DNA extraction was performed using a standard glass fiber
method [16] modified, following Porco et al. [14]. For voucher recovery, specimens were
recovered after the lysis step from the glass fiber filter plates or the 96-well original plates
and preserved in Koenike’s fluid. For the PCR process, see [11,13,17]. PCR products were
visualized on 2% agarose gels (E-Gel 96 Invitrogen), and positive PCR products were
selected for sequencing bidirectionally at Eurofins Scientific in Louisville, Kentucky.

All sequences were edited using Codon Code v. 3.0.1 and uploaded to the Barcode
of Life Database (BOLD: www.boldsystems.org, accessed on 18 March 2022) and are in
the public dataset DS_ARRENURI; DOI: XXXX. The sequences of the new species of
Megaluracarus were included in a maximum likelihood (ML) tree generated with 1000
replicates using MEGA version X [18]. Two sequences of the Krendowskia genus were used
to root the three GENWM130-16 and GENWM138-16 (Table 1).

Finally, a total of 1111 good-quality public sequences of the genus Arrenurus from the
BOLD database were used to build a neighbor-joining (NJ) tree for a general comparison
with all sequenced specimens from the globe.

We provide the consensus sequence for each species described in this study as an
additional character. The resulting tree is included as Supplementary File S1.

All measurements are given in μm. Terminology and abbreviations in the descriptions
of the new species follow [1,6,19].

Abbreviations used: BIN = barcode index number; Cxgl-1 = coxoglandularia 1;
Cxgl-2 = coxoglandularia 2; Cxgl-4 = coxoglandularia 4; Cx-I–IV = first to fourth coxae;
Dgl-1–4 = first to fourth dorsoglandularia; L = length; IV-Leg-1–6 = first to sixth segments
of the fourth leg; P1–P5 = first to fifth palp segments; W = width.

Nomenclatural Acts

This published work and the nomenclatural acts were registered in ZooBank, the
online registration system for the ICZN. The ZooBank Life Science Identifiers (LSIDs) were
resolved, and the associated information can be viewed through any standard web browser
by appending the LSID to the prefix http://zoobank.org/, accessed on 18 March 2022. The
online version of this work is archived and available from the following digital repositories:
Diversity, Basel.

Table 1. Sequences used in the descriptions for this study.

Species Type Locality *
Accession Number of

the Type Material
ID in BOLD

Barcode Index
Number

Arrenurus (Megaluracarus)
eduardoi n. sp.

Acapulquito, Riviera del Río
Hondo, Quintana Roo (Mexico) * ECO-CH_000XXXXX

YUCWM195-20
YUCWM087-19
YUCWM085-19
YUCWM084-19

AEA7844

Arrenurus (Megaluracarus)
federicoi n. sp.

Acapulquito, Riviera del Río
Hondo, Quintana Roo (Mexico) * ECO-CH_000XXXXX

YUCWM198-20
YUCWM196-20
YUCWM197-20

AEB7095
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Table 1. Cont.

Species Type Locality *
Accession Number of

the Type Material
ID in BOLD

Barcode Index
Number

Arrenurus (Megaluracarus)
ecosur n. sp.

Bacalar lagoon *, Cenote
Cocalitos, Chichancanab, Muyil
lagoon 1, Cenote Azul, Cenote
Chancah, Cenote Sijil Noh Ha,

Cenote del Padre, Quintana Roo
(Mexico)

ECO-CH_000XXXXX

BACWM287-16
BACWM016-15
BACWM014-15
BACWM007-15
BACWM005-15
BACWM003-15
BACWM002-15
BACWM244-15
BACWM243-15
BACWM193-15
BACWM133-15
BACWM127-15
BACWM100-15
BACWM083-15
BACWM082-15
BACWM078-15
BACWM074-15
BACWM073-15
BACWM059-15
YUCWM103-19
YUCWM036-19
YUCWM035-19
YUCWM047-19
YUCWM040-19
YUCWM039-19
YUCWM037-19
YUCWM034-19
YUCWM032-19
YUCWM031-19
CAZUL452-17
SKAAN-079-19
SKAAN-019-19
SKAAN-370-19
BACWM047-15
BACWM046-15
BACWM045-15
BACWM043-15
BACZP2234-16
SKAAN-160-19

ACX8463

Arrenurus marshallae Silvituc lagoon *, Escarcega,
Campeche (Mexico) ECO-CH_000XXXXX

EXD479-20
EXD493-20
EXD510-20
EXD567-21

ACL2521

Arrenurus (Dadayella)
cristinae n. sp.

Ramonal, Quintana Roo *
(Mexico) ECO-CH_000XXXXX YUCWM012-19

YUCWM017-19 AEA7842

3. Results

Before our study, there were 37 Arrenurus species registered for Mexico, grouped into
five subgenera: Megaluracarus, Arrenurus, Dadayella, Truncaturus, and Arrhenuropsis and one
species represented by a female, without a subgenus assigned, A. (?) nayaritensis (Table 2).
Of these, six species are distributed in the Yucatan Peninsula; with our new records and
species descriptions (Figure 2), the total number increases to 42 arrenurids registered for
the country, and 11 of them are found in the Yucatan Peninsula (Table 2).
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Table 2. List of Arrenurus species (Acari: Hydrachnidia: Arrenuridae) known from Mexico.

Genus Subgenus Specie Author Distribution Habitat

Arrenurus

Arrenurus

dentipetiolatus Marshall, 1908 United States of America,
Mexico (Oaxaca/Guanajuato) Pond

valencius Marshall, 1919
Venezuela, Cuba, Haití,
Guatemala, Mexico
(Campeche/Tabasco)

Water-filled roadside

munovus Cook, 1980 Mexico (Chiapas) Stream

wucabus Cook, 1980 Mexico (Oaxaca) Pond

tamaulipensis Cramer and Cook, 1992 Mexico (Tamaulipas) Lake

xochimilcoensis Cramer and Cook, 1992 Mexico (Mexico City) Lake

Megaluracarus

manubriator Marshall, 1903 Marshall, 1903 Standing waters

birgei Marshall, 1903 United States of America,
Mexico (Tabasco) Pond

marshallae Piersig 1904 United Sates of America,
Canada, Mexico (Campeche) Lagoon

gricalus Cook, 1980 Mexico (Campeche) Water-filled ditch

hartesus Cook, 1980 Mexico (Veracruz) Pond

neoexpansus Cook, 1980 Mexico (Tabasco) Pond

tabascoensis Cook, 1980 Mexico (Tabasco) Pond

trassamus Cook, 1980 Mexico (Campeche) Water-filled ditch

zitavus Cook, 1980 Mexico (Tabasco) Pond

campechensis Cook, 1980 Mexico (Campeche) Water-filled ditch

wolardus Cook, 1980 Mexico (Campeche) Water-filled ditch

costeroae Cramer and Cook, 1992 Mexico (Veracruz, Colima) Pond

alloexpansus Cramer and Cook, 1992 Mexico (Tamaulipas) Lake

apizanus Cramer and Cook, 1992 Mexico (Colima) Not specified

catoi Cramer and Cook, 1992 Mexico (Tamaulipas) Lake

champayanus Cramer and Cook, 1992 Mexico (Tamaulipas) Lake

colitus Cramer and Cook, 1992 Mexico (Tamaulipas) Lake

anae Cramer and Cook, 1998 Mexico (Tamaulipas) Lake

anitahoffmannae Ramírez-Sánchez and
Rivas, 2013 Mexico (Tabasco) Lake, pond, canal

olmeca Ramírez-Sánchez and
Rivas, 2013 Mexico (Tabasco) Lake, pond, canal

maya Ramírez-Sánchez and
Rivas, 2013

Mexico (Yucatan/Quintana
Roo) Cenote

urbanus Ramírez-Sánchez and
Rivas, 2013 Mexico (Mexico City) Canal

eduardoi n. sp. Montes-Ortiz et al., 2022 Mexico (Quintana Roo) Pool (in a stream)

federicoi n. sp. Montes-Ortiz et al., 2022 Mexico (Quintana Roo) Pool (in a stream)

ecosur n. sp. Montes-Ortizet al., 2022 Mexico (Quintana Roo) Cenote, lagoon, wetlands

beatrizae n. sp. Montes-Ortiz et al., 2022 Mexico (Quintana
Roo/Tabasco) Wetland, lagoon

Dadayella

zempoala Cook, 1980 Mexico (Mexico state) Small stream

adrianae Cramer and Cook, 1992 Mexico (Colima/Michoacán) Wetland, lagoon

veracruzensis Cramer and Cook, 1992 Mexico (Veracruz) Pond

aztecus Cramer and Cook, 1992 Mexico (Veracruz) Wetland, lagoon

colimensis Cramer and Cook, 1992 Mexico (Colima) Wetland, lagoon

cristinae n. sp. Montes-Ortizet al., 2022 Mexico (Quintana Roo) Wetland

Truncaturus

plevamus Cook, 1980 Costa Rica, Mexico (Guerrero) Small stream

zukovus Cook, 1980 Mexico (Chiapas) Gravel-bottom stream

teoceloensis Rivas and Cramer, 1998 Mexico (Veracruz) Stream

Arrhenuropsis mexicanus Cramer and Cook, 1992 Mexico (Tamaulipas/Colima) Lagoon

? nayaritensis Cook, 1980 Mexico (Nayarit) Small stream
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We obtained four sequences for Arrenurus (Megaluracarus) marshallae, and 14 more
are public in the BOLD database with the associated BIN ACL2521. In the case of A.
(? Arrhenuropsis) mexicanus Cramer and Cook, 1992, we could not obtain the genetic infor-
mation. However, we provide morphological notes. A. (Megaluracarus) colitus (Cramer and
Cook, 1992) was represented by one sequence and the BIN AEA8234. Some measurements
and notes are provided for these three species to achieve a more complete record. For A.
(Megaluracarus) eduardoi n. sp., we obtained four sequences, and the BIN AEA7844 was
assigned. A. (Megaluracarus) federicoi n. sp. has three sequences and the BIN AEB7095. A.
(Megaluracarus) ecosur n. sp. is represented by 39 sequences and the BIN ACX8463. In the
case of A. (Megaluracarus) beatrizae n. sp., we were unable to obtain the genetic information.
Nonetheless, all the morphological data are given. Finally, for A. (Dadayella) cristinae n. sp.,
we obtained two sequences, and the BIN assigned was AEA 7842.

In the NJ tree comparing our material with all worldwide, sequenced arrenurids
(Supplementary File S1), the 1111 specimens represented 148 BINs, of which only 50 have
a taxonomical identification. The BINs reported for Mexico (including those used for
descriptions or new records in this study) are separated from those reported for other
world regions, except for A. marshallae, BIN ACL2521 and BIN ACL2418, which are found
in Canada as well.

Figure 2. Maximum likelihood tree, based on COI sequences. Bootstrap support values were
generated after 1000 replicates. The name is followed by the barcode index number and corresponding
photograph of male and female. Krendoskia similis was used as an outgroup.

Systematic Part

Family Arrenuridae (Thor, 1900)
Genus Arrenurus (Dugés, 1834)
Subgenus Arrhenuropsis (Viets, 1954)
Arrenurus (? Arrhenuropsis) mexicanus (Cramer and Cook, 1992), (Figure 3).

Material examined: One male from Ramonal pond (access number: ECO-CH-Z-
10608), Quintana Roo, 19◦23′31” N, −82◦37′27” W; emergent vegetation, 14 April 2019.

Description. MALE: Idiosoma blue-greenish with white areas in the Dgl 1–4 regions,
799 L without petiole and 493 W. Dorsal shield small, oval, and located in the anterior part
of the dorsum, 296 L and 345 W (Figure 3A). Genital field 394 W, gonopore 69 L and 48 W
(Figure 3B). Dorsal L of palpal segments L: P1: 27; P2: 74; P3: 29; P4: 84; P5: 84. Dorsal L of
fourth leg segments: IV-Leg-1: 32; IV-Leg-2: 104; IV-Leg-3: 101; IV-Leg-4: 148; IV-Leg-5: 151;
IV-Leg-6: 109.
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Figure 3. Arrenurus (? Arrhenuropsis) mexicanus (Cramer and Cook), male. (A) Habitus, dorsal view;
(B) Habitus, ventral view. Scale bar: 200 μm.

Remarks. Male and female were described by Cramer and Cook [4]. Therefore, we
only give some diagnostic measurements. This record represents the second of this species
for the country.

Distribution. Previously known from the Champayan lagoon, Altamira, Tamaulipas
state, 22◦22′49” N, −97◦58′34” W (Mexico).

Subgenus Megaluracarus (Viets, 1911).
Arrenurus (Megaluracarus) colitus (Cramer and Cook, 1992), (Figure 4).

Material examined: One female from Ramonal pond (access number: ECO-CH-Z-
10609), Quintana Roo state, 19◦23′31” N, −82◦37′27” W; emergent vegetation, 14 April 2019.

Figure 4. Arrenurus (Megaluracarus) colitus (Cramer and Cook), female. (A) Dorsal view; (B) ven-
tral view. Scale bar: 200 μm. The sequence of this specimen, recovered after DNA extraction, is
represented by the BIN AEA8234.
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Description. FEMALE: Idiosoma bluish-green with white areas in the Dgl 1–4 regions,
680 L and 552 W; dorsal furrow complete, dorsal shield 512 L and 483 W (Figure 4A).
Genital field 305 W, gonopore 99 L and 116 W (Figure 4B). Dorsal L of fourth leg segments:
IV-Leg-1: 74; IV-Leg-2: 101; IV-Leg-3: 99; IV-Leg-4: 119; IV-Leg-5: 106; IV-Leg-6: 116.

Sequence: ATCTATGATACCATTGGAACAGCCCATGCTTTGATTATAATTTTCTTT-
ATAGTCATACCCATCATAATTGGAGGATTTGGAAATTGACTCGTTCCCCTCATGTT-
AGAAGCTCCAGATATAGCATTCCCACGAATAAATAACATAAGATTTTGATTACTTC-
CACCCCCCTTAACACTCCTTCTATCAAGATCATTAACTTCTTCAGGAGCAGGAAC-
TGGATGAACAGTTTACCCTCCTTTATCAAGAAATATCGCCCATGGAGGACCTTCA-
GTAGACCTAGCAATTTTCTCCCTACACCTTGCAGGTGTGTCCTCAATTTTAGGAGC-
AATTAACTTCTTGGCTACATTTATAAACATAAAACCTAAACATATAAAATATGACC-
GAATCCCCCTATTTGTAATTTCTATTTTTATCACCGTAATCCTCCTTCTTCTTTCCCT-
CCCCGTATTAGCTGGAGCCATTACTATACTTCTTACTGATCGAAATTTTAATACTTC-
ATTTTTTGACCCGGCGGGGGGAGGAGATCCCATCCTTTACCAACATCTATTT.

Remarks. Female and male were described by Cramer and Cook [4]. We provide
some additional measurement data. The chaetotaxy of the palp and IV-Leg-5–6, as well as
the position of ventral and dorsal glandularia, agree with the original description. The only
noticeable difference is that the first and second coxae tips extend slightly beyond the body
proper in our specimen. The associated sequence was obtained, representing a unique BIN
(BOLD: AEA8234).

Distribution. Previously known from the Champayan lagoon, Altamira, Tamaulipas
state (Mexico). This record represents the second of this species for the country.

Arrenurus (Megaluracarus) marshalli (Piersig, 1904)
Syn. A. globator (err) (Marshall, 1903); A. marshallae (Viets, 1914); A. marshallae (Mar-
shall, 1940), (Figure 5).

Material examined: One male, one female, and one nymph from Silvituc lagoon (ac-
cess number: ECO-CH-Z-10610-10611), Escarcega municipality, Campeche state, 18◦37′26”
N, −90◦17′5.9” W, 18 March 2020.

Description. MALE: Idiosoma light-bluish, 962 L (including cauda) and 560 W; dorsal
shield 776 L (including cauda) and 422 W (Figure 5A). Genital field 281 W, gonopore 47 L
and 61 W (Figure 5B). Dorsal L of palpal segments: P1: 34; P2: 63; P3: 33; P4: 66; P5: 47.
Dorsal L of fourth leg segments: IV-Leg-1: 86; IV-Leg-2: 128; IV-Leg-3: 151; IV-Leg-4: 178;
IV-Leg-5: 165; IV-Leg-6: 138.

FEMALE: Idiosoma light bluish, 986 L and 907 W; dorsal furrow complete, dorsal
shield 719 L and 680 W. Genital field 454 W, gonopore 138 L and 140 W.

Consensus sequence: ACATTATACTTCGCATTCGGAGCTTGATCGGGTATAG-
TAGGAGCAAGACTTAGAAGTCTAATCCGACTAGAATTAGGGCAACCAGGAAGAC-
TTTTAGGAAATGATCAAATTTACAACACCATTGTTACAGCGCATGCTTTCATTATA-
ATCTTCTTTATAGTTATACCAATTATAATCGGAGGATTCGGAAACTGATTAGTACCC-
CTAATACTAGCCGCCCCTGATATGGCATTCCCACGAATAAATAATATAAGATTCTG-
ACTTCTACCGCCAGCCTTAACACTTCTTTTATCAAGATCGTTAACTTCAGTAGGAG-
CAGGAACCGGATGAACAGTCTACCCTCCCCTATCCAGAAACATTGCACATGGTG-
GACCTTCAGTAGATATAGCTATCTTCTCATTACATTTAGCAGGAGTCTCCTCAATTT-
TAGGAGCTATCAATTTTCTAGCTACAATTTTAAATATAAAGCCTAAACATATAAAAT-
ATGACAGAATTCCATTATTTGTAGTTTCAATTTTTATTACAGTAATTCTTCTTTTACTT-
TCACTGCCTGTATTAGCAGGAGCTATTACTATACTTCTTACAGATCGAAATTTTAAC-
ACCTCTTTCTTCGATCCAGCTGGAGGAGGAGATCCTATTTTATACCAA.

Remarks. Our specimens agree with the descriptions given by Marshall (1903) and
Wilson (1961). According to Cook [20], the status of A. marshallae is complex because the
species is a member of a closely related group characterized by the possession of a long
cauda and horn-like projections over the eyes. It can be separated from other species (A.
megalurus megalurus, A. megalurus intermedius) by the slightly indented posterior end of
the cauda.
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Figure 5. Arrenurus (Megaluracarus) marshallae (Piersig), male. (A) Dorsal view; (B) ventral view. Scale
bar: 200 μm. The sequence of this specimen, recovered after DNA extraction, is represented by the
BIN ACL2521.

The sequences obtained in this study with the BIN ACL2521 agree with another
14 public sequences from A. marshallae. Some of these were identified morphologically by
Bruce Smith. Morphological and molecular identification agree (Figure 2). These public
sequences in the BOLD database integrated with the morphology make it possible to
verify the records of putative A. marshallae in other localities and other members of this
complex group.

Distribution. Previously known from the United States and Canada. This record
constitutes the first for Mexico.

Arrenurus (Megaluracarus) eduardoi n. sp., (Figures 6 and 7).

Holotype: Male from Acapulquito stream, Rivera del Río hondo, Othon P. Blanco
municipality, Quintana Roo state (access number: ECO-CH-Z-10612), 18◦ 25′ 55” N, 88◦
31′51” W; emergent vegetation and submerged roots, 11 April 2019, coll. L. Montes.

Paratypes: Two females and two males, same data as holotype (access number: ECO-
CH-Z-10613-10614).

Diagnosis. Male with a large, thorn-shaped hump in the middle of the dorsal shield
(Figure 6C,D), falcate setae on Dgl-2 and Dgl-3 (Figure 7A); three pinnate setae on P2 (two
in anterolateral position and one in anteromedial position) and one falcate seta on medial
position on P3. Bipectinate setae on all lateral IV-Leg-3 segment and serrate setae in the
anterolateral position of IV-Leg-2 segment (Figure 7G).

Description. MALE: Idiosoma bluish with yellow spots in the Dgl-1–4 regions
(Figure 7A), 1178 L and 785 W; anterior part of idiosoma very wide (Figures 6 and 7A).
Dgl-2 and Dgl-3 setae falcate. Dorsal shield 1000 L (cauda included dorsal portion), 571
W. Cauda long, representing almost half of the total body length, 470 L and 478 W, small
humps in Lgl-4 region. Dorsal furrow complete, passing ventrally at base of cauda and
continuing immediately posterior to the acetabular plates. In lateral view, there is a large,
thorn-shaped hump centrally on the dorsum (212 height) (Figure 6C,D). Anterior and
posterior coxal groups separated, Cxgl-1 between Cx-II and Cx-III, Cx-IV laterally slightly
extending beyond the idiosoma, posterior region concave. Cxgl-2 is located between Cx-IV
and the acetabular plates (Figure 7C). Genital field 457 W, gonopore 113 L and 102 W,
acetabular plate extending laterally from the gonopore region with two setae posterior
to each plate (Figure 7C). Dorsal L of palpal segments: P1: 21; P2: 73; P3: 47; P4: 79;
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P5: 47; P3 with a long, falcate seta on anterolateral position (Figure 6B D). Dorsal L of
fourth leg segments: IV-Leg-1 120; IV-Leg-2: 155; IV-Leg-3: 196; IV-Leg-4: 210; IV-Leg-5:
189; IV-Leg-6: 172; IV-Leg-2 with three serrate setae in anterolateral position and IV-Leg-3
with ten bipectinate setae on IV-Leg-4 and IV-Leg-5 with 10 and 11 small, pinnate setae,
respectively (Figure 7G). IV-Leg-2–6 bear numerous swimming setae.

FEMALE: Idiosoma 1000 L and 948 W, dorsal shield 800 L and 680 W, bears the
postocularia and four pairs of glandularia. Anterior idiosoma margin rounded with
distinctive posterolateral projections (Figures 6E and 7F). Acetabular plates wing-shaped,
laterally directed, narrow and slightly bowed. Genital field 514 W, gonopore 182 L and
187 W. Anterior and posterior coxal group separated, Cx-I and Cx-II extending beyond the
anterior margin of idiosoma (Figures 6 and 7F). Idiosoma and legs are bluish with yellow
areas on Dgl-1–4 regions (Figure 7E).

Figure 6. SEM micrograph at a low vacuum of Arrenurus (Megaluracarus) eduardoi n. sp. Male.
(A) Dorsal view; (B) palp, medial view; (C) lateral view; (D) detail on the thorn-shaped hump on the
dorsal shield. Female. (E) Dorsal view; (F) ventral view. The sequence of this specimen, recovered
after DNA extraction, is represented by the BIN AEA7844.
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Figure 7. Arrenurus (Megaluracarus) eduardoi n. sp. Male. (A) Dorsal view; (B) lateral view; (C) ventral
view; (D) palp, medial view; (G) Leg IV, lateral view; Female. (E) Dorsal view; (F) ventral view. Scale
bars: (A–C,E,F) = 200 μm, (D) = 50 μm, (G) = 100 μm.

Consensus sequence: ACTCTATACTTCGCTTTTGGCGCTTGATCAGGCATAATC-
GGAGCTAGCCTTAGAAGTCTTATCCGTTTAGAACTTGGACAACCTGGTAATCTTTT-
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AGGAAACGATCAAATATACAACACAATTGTCACTGCCCACGCATTTGTTATAATCT-
TTTTCATAGTTATGCCAATCATAATCGGAGGATTCGGAAACTGATTAGTTCCTATTA-
TACTAGCAGCCCCAGATATAGCTTTCCCACGAATAAATAATATAAGATTTTGACTT-
CTTCCCCCCGCTTTAACTCTTCTACTNTCAAGATCTCTATCTTCTTCAGGAGCGGG-
GACTGGCTGAACAGTTTACCCCCCTCTTTCNAGTAATATCGCTCACGGAGGACCA-
TCTGTCGATATAGCTATTTTCTCACTTCACTTAGCAGGAGTTTCGTCTATTCTAGGG-
GCAATTAACTTCTTAGCCACAACTATAAACATAAAGCCAAAATATATAAAATATGA-
CCGAATCCCCTTATTTGTAGTCTCAATTTTCATCACAGTCATTCTCCTCCTCTTATC-
ATTACCAGTCTTAGCTGGAGCTATCACAATACTATTAACTGATCGAAACTTTAACA-
CATCATTCTTTGACCCTGCCGGAGGGGGAGACCCAATTCTTTACCAA.

Etymology. This species is named after Eduardo Montes, brother of the first author,
for his empathy, solidarity, and for the lovingly provided support.

Remarks. A. (Megaluracarus) eduardoi n. sp. is similar to A. campechensis (Cook, 1980)
and A. maya (Ramírez-Sánchez and Rivas, 2013) in terms of overall shape and sturdy
idiosoma. However, males of A. eduardoi n. sp. present a distinctive, large, thorn-shaped
hump in the middle of the dorsal shield (in lateral view) that easily separates this species
from the latter two. This hump resembles A. gibberifer (Viets, 1933), originally described
from Uruguay. Nevertheless, the shape of both species is quite different, especially in the
dorsal view of cauda; A. eduardoi n. sp. presents a trapezoidal shape (Figure 6A), while A.
gibberifer has a quadrangular shape. Additionally, the reported size for A. gibberifer is much
smaller (742 L and 528 W) than that registered for A. eduardoi n. sp. Furthermore, the palp
chaetotaxy of these two species is distinct. The BOLD database assigned the unique BIN
AEA7844 (Table 1), used to pair the sexes. The result of the ML tree (Figure 2) and the NJ
tree (Supplementary File S1) separates A. eduardoi n. sp. from the others registered in the
database and strongly supports the status of these new species.

Distribution. So far only known from the type locality, Acapulquito stream, Riviera
del Río Hondo, Quintana Roo (Mexico).

Arrenurus (Megaluracarus) federicoi n. sp., (Figures 8 and 9).

Type material. Holotype: Male from Acapulquito stream, Riviera del Río Hondo,
Othon P. Blanco, Quintana Roo (access number: ECO-CH-Z-10615), 18◦25′55” N, 88◦31′51”
W; emergent vegetation and submerged roots, 11 April 2019, coll. L. Montes.

Paratypes: Two females and one male, same data as holotype (access number: ECO-
CH-Z-10616-10617).

Diagnosis. Pores huge (on the idiosoma as well as the legs and palps), Dgl-1 and
Cxgl-2 on distinct humps in males. Numerous setae surround the acetabular field in
both sexes.

Description. MALE: Idiosoma 1037 L and 693 W, uniformly bluish with large pores.
The anterior part of the idiosoma is wide, with noticeable humps in the Dgl-1 area which
are visible in the lateral view (Figures 8C and 9B). Dorsal shield 718 L (cauda included
dorsal portion) and 436 W. Cauda of medium length, representing a third of the total length
of the body, 365 L and 394 W (Figures 8 and 9A), with lobes posterolaterally directed and
Lgl-4 on small humps. Dorsal furrow complete, passing ventrally at base of cauda and
continuing immediately posterior to the acetabular plates. In lateral view, a big hump is
visible in the anterior part of the idiosoma in the Dgl-1 region (Figures 8C and 9B). Coxae
with a porous surface, anterior and posterior coxal groups separated, Cxgl-1 located in the
middle of Cx-II and Cx-III; Cx-II and Cx-IV slightly extending beyond the anterolateral
margin of the idiosoma; Cx-III slightly overlapping Cx-IV (Figures 8B and 9C). Cxgl-2
is located between Cx-IV and the acetabular plates. Genital field 403 W, gonopore 102 L
and 75 W. Acetabular plates extending laterally from the gonopore and surrounded by
numerous setae (anterior ones small, 24 L, posterior ones longer, 82 L) (Figures 8D and 9C).
Dorsal L of palpal segments: P1: 37, P2: 63, P3: 41, P4: 63, P5: 38 (Figure 9D). Dorsal L of
fourth leg segments: IV-Leg-1: 125, IV-Leg-2: 165, IV-Leg-3: 209, IV-Leg-4: 159, IV-Leg-5:
193, IV-Leg-6: 165: IV-Leg-5 bears six swimming setae, IV-Leg-4 distal process bears nine
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short swimming setae, IV-Leg-3 bears 12 swimming setae, both IV-Leg-2 and IV-Leg-3 bear
three tiny, spine-like setae on lateral surface (Figure 9G).

FEMALE: Idiosoma bearing huge pores, bluish with yellow spots on the region of
Dgl-1–4 and eyes (Figure 9E), 1170 L and 1066 W, dorsal shield 714 L and 790 W, bears the
postocularia and three pairs of glandularia. Idiosoma rounded in the anterior margin and
with posterolateral lobes (Figures 8F and 9E). Acetabular plates curved and anterolaterally
directed, narrow in telation to the gonopore length. Genital field 499 W surrounded by
small setae (38–52 L), gonopore 190 L and 204 W. (Figure 8E). The anterior and posterior
coxal groups separated, Cx-II and Cx-IV extending slightly beyond the margin of the
idiosoma (Figures 8 and 9G).

Figure 8. SEM micrograph at a low vacuum of Arrenurus (Megaluracarus) federicoi n. sp. Male. (A)
Dorsal view; (B) ventral view; (C) lateral view; (D) detail of genital field. Female. (E) Detail of
genital field; (F) dorsal view; (G) ventral view. The sequence of this specimen, recovered after DNA
extraction, is represented by the BIN AEB7095.
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Figure 9. Arrenurus (Megaluracarus) federicoi n. sp. Male. (A) Dorsal view; (B) lateral view; (C) ventral
view; (D) palp, medial view; (G) IV-Leg-2-6, lateral view. Female. (E) Dorsal view; (F) ventral view.
Scale bars: (A–C,E,F) = 200 μm, (D) = 50 μm, (G) = 100 μm.
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Consensus sequence: CTCTATTTCGCCTTTGGAGCATGATCAGGAATAATTGGA-
GCAAGATTAAGAAGTCTAATTCGCTTAGAACTAGGACAACCAGGAAGACTATTAG-
GAAACGATCAAATTTATAACACTATTGTTACAGCTCATGCATTCATCATAATTTTCT-
TCATAGTAATACCTATCATAATCGGAGGATTTGGAAATTGATTAGTACCATTAATAC-
TAGCTGCTCCAGATATAGCTTTTCCTCGAATAAATAATATAAGATTTTGACTATTAC-
CCCCAGCATTATCCCTTCTACTAGCAAGCTCCCTTTCTTCATCAGGAGCAGGAAC-
AGGATGAACAGTTTACCCCCCATTATCAAGAAATATCGCACACGGAGGACCTTCA-
GTTGATATAGCTATCTTCTCACTCCACCTAGCAGGAGTATCTTCAATTCTAGGAGC-
CATCAATTTTCTAGCAACAATCATAAATATAAAACCTAAATACATAAAATATGATC-
GAATCCCTTTATTTGTTATCTCTATCTTTATCACAGTAATCTTACTCTTATTATCCTTA-
CCAGTTTTAGCTGGAGCTATCACTATACTATTAACAGATCGAAACTTTAATACATC-
ATTCTTCGACCCAGCAGGAGGAGGAGATCCTATCCTATACCAACAT.

Etymology. This species is named after Federico Montes, father of the first author, in
the form of gratitude for bringing her closer to science since childhood.

Remarks. Arrenurus (Megaluracarus) federicoi n. sp. is similar to A. maya (Ramírez-
Sánchez and Rivas, 2013), described from a cenote in Yucatan, in the shape of idiosoma,
the pattern of dorsoglandularia position, and in the presence of setae surrounding the
genital field. The significant difference is in the palp chaetotaxy; A. maya presents three
long, thickened setae while A. federicoi n. sp. does not. In IV-Leg-6, A. federicoi n. sp.
presents four spine-like setae while A. maya presents ten. Furthermore, A. maya has very
small, Dgl-4 associated setae, while A. federicoi n. sp. Dgl-4 associated setae are at least
four times longer than in A. maya (Figure 9A). Additionally, the cauda in A. maya is more
slender than in A. federicoi n. sp. Both A. catoi (Cramer and Cook, 1992) and A. campechensis
(Cook, 1980) are similar to the new species in the shape of the anterior idiosoma in dorsal
view and Dgl-1 over humps. However, Arrenurus federicoi n. sp. can be separated from
both latter species by the chaetotaxy of the palp, IV-Leg, the distinctive shape of cauda in
dorsal view, and especially the integument with large pores. The BOLD database assigned
the unique BIN AEB7095 (Table 1), used to pair the sexes. The ML tree (Figure 2) and the
NJ tree (Supplementary Material) separate A. federicoi n. sp. from the others registered in
the database and strongly support the status of these new species.

Distribution. So far only known from the type locality, Acapulquito stream, Riviera
del Río Hondo, Quintana Roo (Mexico).

Arrenurus (Megaluracarus) ecosur n. sp., (Figures 10 and 11).

Holotype: Male from Mis Casas, Bacalar lagoon, Bacalar, Quintana Roo (access num-
ber: ECO-CH-Z-10618), 18◦25′55 N, 88◦31′51 W; littoral, emergent vegetation, 14 April
2019, coll. L. Montes.

Paratypes: Three males and one female, with same data as the holotype. Six females
and one male from Chichancanab lagoon, José María Morelos, Quintana Roo (access
number: ECO-CH-Z-10619-10622), 19◦55′26 N, 88◦36′14 W.

Diagnosis. Male with cauda of moderate length (330) with Dgl-3 and Dgl-4 on distinct
humps. P2 with three long, pinnate setae laterally and three medial, short, spine-like setae
in the posterior margin; P3 with one thin and long, pinnate seta lateromedially situated;
IV-Leg-3 with three pilose setae lateromedially situated. Considerably long setae of Cxgl-2.

Description. MALE: Idiosoma 864 L and 483 W, light blue, some specimens with
purple legs. Dorsal shield 729 L (including cauda) and 374 W. Dorsal furrow complete,
continuing posterior to genital field. The non-caudal portion of the dorsal shield bearing
two pairs of glandularia, Dgl-3 on a hump, each one. (Figures 10C and 11B). Cauda is
relatively short, representing one-third of the total length of idiosoma, with a rounded
posterior margin. Dgl-4 on small humps. In lateral view, the base of the cauda is thicker than
the anterior idiosoma (Figures 10C and 11B). Anterior and posterior coxal groups separated.
Cx-I and Cx-II extend slightly beyond the idiosoma margin. Cxgl-2 between Cx-IV and
the acetabular plates, with the associated setae considerably long (146 L) (Figure 11C).
Genital field 293 W, gonopore 58 L and 56 W. Acetabular plates extending laterally from the
gonopore region with numerous long (50 L) setae along their posterior margin (Figure 11C).
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Dorsal L of palpal segments: P1: 29; P2: 58; P3: 31; P4: 62; P5: 25 (Figures 10B and 11D).
Dorsal L of fourth leg segments: IV-Leg-1: 151, IV-Leg-2: 119, IV-Leg-3: 112, IV-Leg-4: 135,
IV-Leg-5: 154, IV-Leg-6: 109. IV-Leg-3 bears eight swimming setae, three small, pilose setae,
and six medium-length, swimming setae on the dorsal surface.

Female: Idiosoma oval, uniformly bluish, 655 L and 590 W, with the postocularia and
four pairs of glandularia, dorsal shield 773 L and 716 W (Figures 10D and 11E). Acetabular
plates wing-shaped, laterally directed, narrow in relation to gonopore length. Genital field
378 W, gonopore 138 L and 141 W. Anterior and posterior coxal groups separated, Cx-I
slightly reaching the margin of the ventral shield (Figures 10E and 11F).

Figure 10. Arrenurus (Megaluracarus) ecosur n. sp. SEM micrograph of n. sp. Male. (A) Dorsal view;
(B) palp; (C) lateral view; Female. (D) Dorsal view; (E) ventral view. The sequence of this specimen,
recovered after DNA extraction, is represented by the BIN ACX8463.
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Figure 11. Arrenurus (Megaluracarus) ecosur n. sp. Male. (A) Dorsal view; (B) lateral view; (C) ventral
view; (D) palp, medial view; (G) IV-Leg, lateral view. Female. (E) Dorsal view; (F) ventral view. Scale
bars: (A–C,E,F) = 200 μm, (D) = 50 μm, (G) = 100 μm.

Consensus sequence: ACACTTTATTTTGCATTTGGAGCTTGATCAGGTATAGTA-
GGAGCTAGACTAAGAAGTCTAATTCGCCTAGAACTAGGACAACCAGGAAATCTT-
TTAGGAAACGATCAAATTTACAACACAATTGTAACAGCTCACGCTTTTATTATAAT-
CTTTTTCATAGTTATACCAATCATAATCGGAGGATTCGGAAACTGACTAGTTCCATT-
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AATACTAGCAGCCCCAGACATAGCGTTCCCACGAATAAACAATATAAGATTCTGA-
CTTTTACCACCTGCCCTTACACTCCTACTATCTAGATCACTATCATCCACTGGAGC-
AGGAACAGGGTGAACTGTTTATCCACCCCTTTCAAGAAACATTGCCCATGGAGG-
ACCGTCAGTAGACATAGCAATCTTCTCACTACACTTAGCAGGTGTGTCATCAATTT-
TAGGAGCTATCAACTTTTTAGCCACAATCATAAACATAAAACCTAAACACATAAA-
ATACGATCGAATTCCCCTTTTTGTTGTATCAATTTTTATTACTGTTATCCTACTTCTTC-
TCTCACTTCCAGTTTTAGCAGGAGCTATTACAATGCTACTAACAGATCGAAATTTC-
AATACATCATTCTTTGACCCAGCCGGGGGGGGAGACCCTATCTTATACCAA.

Etymology. This species is named in honor of El Colegio de la Frontera Sur (ECOSUR),
the research center where the first author completed her graduate studies.

Remarks. Arrenurus ecosur n. sp. is similar to A. tabascoensis (Cook, 1980) and A. birgei
(Marshall, 1903), both known from Tabasco (Mexico), mainly in the distinct hump in the
area of Dgl-3 (when viewed laterally). However, the cauda of the new species is slightly
tapering, contrary to A. tabascoenis. Moreover, the posterior margin of the cauda is convex
in A. ecosur n. sp. and straight in A. tabascoensis. Aditionally the principal difference among
these species is the chaetotaxy of the palps. The new species presents three distinct, pinnate
setae on P2. Arrenurus ecosur n. sp. is also similar to A. urbanus (Ramírez-Sánchez and Rivas,
2013) in the overall shape of the idiosoma in the lateral and dorsal view. Nevertheless, the
cauda of the new species is longer and thinner.

Additionally, A. urbanus possesses a characteristic patch of two types of seta medially
on P2, which are absent in A. ecosur n. sp. The BOLD database assigned the BIN ACX8463
(Table 1), which was used to pair the sexes. The result of the ML tree (Figure 2) and the NJ
tree (Supplementary Material) separate A. eduardoi n. sp. from the others registered in the
database and support the status of this new species.

Distribution. Wide regional distribution in the Yucatan Peninsula: Bacalar lagoon,
Chichancanab lagoon, Muyil lagoon, Cenote Azul, Cenote Chancah Veracruz, Cenote Sijil
Noh Ha, and Cenote del Padre, Quintana Roo (Table 1).

Arrenurus (Megaluracarus) beatrizae n. sp., (Figures 12 and 13).

Holotype: One male from Ramonal wetland, Quintana Roo (access number: ECO-CH-
Z-10623), 19◦23′31” N, –82◦37′27” W, emergent vegetation, 14 April 2019. Coll. L. Montes
and T. Goldschmidt.

Figure 12. Arrenurus (Megaluracarus) beatrizae n. sp. Male. (A) Dorsal view; (B) lateral view. Scale
bar = 200 μm.
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Figure 13. Arrenurus (Megaluracarus) beatrizae n. sp. Male. (A) Ventral view; (B) palp, medial view; (C)
dorsal view; (D) IV-Leg-3-6, distal segments. Scale bars: (A,C) = 200 μm, (B) = 30 μm, (D) = 50 μm.
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Paratypes: Three males, one with the same data as the holotype (access number: ECO-
CH-Z-10624), the other two from San Pedrito lagoon, Pantanos de Centla, Tabasco (access
number: AAL00273, AAL00274), 18◦21′58.7” N, −92◦36′03.6” W, 6 February 2002. Coll. M.
Ramírez-Sánchez.

Diagnosis. Characteristic short cauda with two pairs of lateral notches, tips of Cx-II
significantly protruding beyond the anterior margin of the idiosoma, P3 presents a long,
pinnate seta located medially.

Description. MALE: Idiosoma 640 L, 512 W, dark blue with whitish cauda. Dorsal
shield 581 L, 423 W. Dorsal furrow incomplete but continuing posterior to genital field.
Cauda is short, 187 L and 285 W, bearing one medial and two pairs of lateral notches
(Figures 12A and 13C). The anterior part of the idiosoma is wide with a slight constriction
at the base of the cauda. Dgl-2 and Dgl-3 are close to each other. Dgl-4 is located at the end
of the cauda on small humps. The anterior coxal group with complete suture lines, Cx-III
and Cx-IV, separated with an incomplete suture line. Tips of Cx-II significantly protrude
beyond the idiosoma’s anterior margin (Figure 13A). Cxgl-1 is located posteromedially in
the margin of Cx-I. Apodemes of Cx-IV protrude slightly beyond the lateral part of the
idiosoma. Cxgl-2 with an associated seta posteriorly to Cx-IV (Figure 13A). Genital field
315 W, gonopore 69 L and 27 W. Dorsal L of palpal segments: P1: 27; P2: 47; P3: 41; P4:
58; P5: 33, P3 with a long, pinnate seta located medially (Figure 13B). Dorsal L of fourth
leg segments: IV-Leg-3: 104, IV-Leg-4: 126, IV-Leg-5: 119, IV-Leg-6: 116, IV-Leg-4-5, with
numerous swimming setae and lateral, spine-like setae (seven on IV-Leg-4 and five on
IV-Leg-5) (Figure 13D). FEMALE: Unknown.

Etymology. This species is named after Beatriz Rosso de Ferradás for her invaluable
contributions to water mite acarology in South America.

Remarks. This species belongs to the subgenus Megaluracarus. However, the cauda
is relatively short compared with other members of the subgenus. The short cauda is
a particular characteristic only shared by A. olmeca (Ramírez-Sánchez and Rivas, 2013)
from Mexico and A. amazonicus (Viets, 1954) from Brazil. However, both A. olmeca and
A. amazonicus have a patch of spatulate setae on the medial side of P2, while A. beatrizae
exhibits only one long, pinnate seta. Additionally, the cauda posterior margin in both
A. olmeca and A. amazonicus is not indented. Finally, the number of swimming setae on
IV-Leg-4 is reduced in A. olmeca compared with A. beatrizae n. sp.

Distribution. So far only known from el Ramonal, Quintana Roo and San Pedrito
lagoon, Tabasco.

Subgenus Dadayella (Koenike, 1907)
Arrenurus (Dadayella) cristinae n. sp., (Figures 14–16).

Holotype: Male from Ramonal wetland, Quintana Roo (access number: ECO-CH-Z-
10625), 19◦23′31” N, −82◦37′27” W; emergent vegetation, 14 April 2019. Coll. L Montes
and T. Goldschmidt.

Paratypes: One male and two females. Same data as holotype (access number: ECO-
CH-Z-10626-10627).

Diagnosis. Male cauda with two falcate setae located posterolaterally, P2 medially
with three simple setae, and one pinnate seta on the anterolateral part.

Description. MALE: Idiosoma 364 L and 295 W, uniformly dark blue (Figure 14A).
Dorsal furrow incomplete. Dorsal shield 305 L and 207 W, short and relatively square
cauda, 49 L. Dgl-4 anteriorly located on the cauda with the associated setae located on small
humps and posteriorly in the idiosoma, with two small falcate setae on the posterolateral
part of the cauda (Figure 16A). Coxae are occupying two-thirds of the ventral region, suture
lines complete. Suture lines of Cx-I–III are diagonally elongated. Cxgl-2 between Cx-II
and Cx-IV. Posteriorly to Cx-IV, is the Cxgl-2 located (Figure 16B). Genital field, 246 W,
elongated almost reaching the sides of the ventral area, gonopore 59 L and 14 W. Dorsal
L of palpal segments L: P1: 30; P2: 58; P3: 38; P4: 63; P5: 30. P2 with three simple setae
medially located and one pinnate seta on the anterolateral, P4 rotated (Figure 16C). L of
fourth leg segments: IV-Leg-3: 63, IV-Leg-4: 73, IV-Leg-5: 100, IV-Leg-6: 101, IV-Leg-5
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with one pinnate seta posteromedially located and four spine-like setae along the dorsal
medially surface (Figure 16E).

Figure 14. Arrenurus (Dadayella) cristinae n. sp. Male. (A) Dorsal view; (B) ventral view. Scale
bar = 200 μm. The sequence of this specimen, recovered after DNA extraction, is represented by the
BIN AEA7842.

FEMALE: Idiosoma 522 L and 483 W, uniformly dark blue (Figure 15A), dorsal shield
oval, 463 L and 384 W (dorsal furrow complete), four dorsal pairs of glandularias present.
Dgl-2 (on the ventral plate) is close to Dgl-3 (on the dorsal plate). Dgl-3 setae are located
posteriorly and separated from their respective glandularia (Figure 16D). With complete
suture lines, coxae occupy half of the ventral area, Cx-I, and Cx-II, elongated and extended
diagonally. Cx-III and Cx-IV separated, Cx-III elongated and diagonally located, suture
lines of Cx-III−IV sloping, Cx-IV triangular without medial margin. Cxgl-1 is located
between Cx-II and Cx-III. Genital field 335 W, straight and with numerous associated
acetabula, gonopore 118 L and 112 W. Cxgl-2 between genital area and Cx-IV (Figure 16F).

Figure 15. Arrenurus (Dadayella) cristinae n. sp. Female. (A) Dorsal view; (B) ventral view. Scale
bar = 200 μm. The sequence of this specimen, recovered after DNA extraction, is represented by the
BIN AEA7842. The difference in color is due to the DNA extraction process.
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Figure 16. Arrenurus (Dadayella) cristinae n. sp. Male. (A) Dorsal view; (B) ventral view; (C) palp;
(E) IV-Leg-3-6. Female. (D) Dorsal view; (F) ventral view. Scale bars: (A,B) = 100 μm, (C) = 30 μm,
(E) = 50 μm, (D,F) = 150 μm.

Consensus sequence: ACTCTTTATTTTGCCTTTGGATTCTGATCAGGTATGGTA-
GGTGCAAGATTAAGAAGACTAATTCGCTTAGAATTAGGACAACCAGGGAGACTCT-
TAGGGAGAGACCAAATTTACAACACAATCGTAACAGCTCATGCTTTTATCATAAT-
CTTTTTTATAGTTATACCTATTATAATTGGAGGTTTCGGAAACTGACTAGTTCCTCTT-
ATACTAGCAGCTCCAGATATGGCATTCCCACGAATAAACAATATAAGATTTTGAC-
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TTCTTCCCCCAGCTTTAATTCTCCTTCTATCTAGATCTCTCTCCTCAACAGGAGCAG-
GAACAGGGTGAACAGTATATCCNCCACTTTCAAGTAACATTGCACATGGAGGAC-
CTTCAGTTGACATAGCAATCTTTTCCCTCCATTTAGCAGGAGTCTCATCAATTCTA-
GGTGCTATCAATTTCTTAGCTACAACCATCAATATAAAACCAAAATATATAAAATA-
TGATCGTATTCCTCTATTTGTCATTTCAATTTTCATCACAGTTATTCTCCTTCTCCTA-
TCTTTACCAGTCTTAGCAGGAGCCATTACCATACTTTTAACTGACCGAAACTTTAA-
TACATCATTTTTTGATCCAGCTGGAGGAGGAGACCCAATTCTATATCAA.

Etymology. This species is named after Cristina Cramer Hemkes for her invaluable
contributions to water mite acarology in Mexico.

Remarks. The present species belong to the Dadayella subgenus, characterized by
males with a small or undifferentiated cauda with an incomplete dorsal furrow and P2
with a simple chaetotaxy [4]. Arrenurus (Dadayella) cristinae n. sp. is similar to A. ver-
acruzensis (Cramer and Cook, 1992) in the shape and size of the idiosoma, particularly in
the quadrangular silhouette of the cauda. The female of A. veracruzensis is similar to the
new species. However, the dorsal shield of the A. veracruzensis female has three pairs of
glandularia, while A. cristinae n. sp. has two. Furthermore, the chaetotaxy of P2 is quite
different; A. cristinae n. sp. presents three simple, medial setae and a little, pinnate seta
in the anterior-lateral part while A. veracruzensis presents four medial, spine-like setae.
Additionally, A. cristinae n. sp. presents two falcate setae on the posterolateral part of
the cauda, which are absent in A. veracruzensis. Most of the Dadayella species described
are known from females, making comparisons difficult due to their scarce morphological
variation. It was possible for A. cristinae n. sp. to obtain the DNA barcode with the BIN
AEA7842. Therefore, we could, undoubtedly, assign the female to the respective male
(Figure 2). These data represent the first sequences obtained for this subgenus.

Distribution. So far only known from the type locality (Ramonal, Quintana Roo).

4. General Remarks

With these new records and species descriptions, the list of arrenurids from Mexico
increases from 37 to 42. The subgenus Megaluracarus is the richest in species, with 26 known
species (as well as four of the new species described in the present paper). This figure is
followed by subgenera Arrenurus and Dadayella, with six species each. The subgenera with
fewer representatives are Truncaturus and Arrhenuropsis, with only three and one species,
respectively. The case of Arrenurus (?) nayaritensis is particular, and the relationships of
this species will not be known until the male is described [3]. According to the checklist
(Table 2), only five species have a continuous distribution between the USA and Mexico,
one between Costa Rica and Mexico, and one with a more extensive range of distribution
in the Neotropics and the Caribbean islands: Arrenurus valencius, known from Venezuela,
Cuba, Haití, Guatemala, and Mexico.

The new record of Arrenurus marshallae from Mexico is shared with Canada and
the USA. The remaining species exhibit a restricted distribution to one or two localities
(at the present stage of knowledge), and the new records of Arrenurus colitus and A. (?
Arrhenuropsis) mexicanus, previously known from Tamaulipas state, are now extending the
known distribution of these species to Quintana Roo state.

The available molecular information also supports the species diagnoses. Comparing
all available sequences of genus Arrenurus from the BOLD database (1111 sequences, see
Supplementary Information) the discriminated sequences from Mexico indicate a restricted
distribution as only two putative species are shared with Canada. This pattern is repeated
in the rest of the tree, where other putative species are recorded in only one country or a
maximum of two. However, these inferences are strongly biased due to the few sequences
and countries with molecular information available. However, this comparison supports
our previous conclusion about the new species presented here.

All the arrenurids currently known from Mexico have been reported for 14 of the
32 states in the country. From these, Tamaulipas heads the listing with six species, while
Mexico state, Michoacán, and Yucatan have only one species recorded. For 18 entities,
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particularly in the north, there is no information. As stated in the introduction, due to the
geographical position of Mexico and its great variety of ecosystems (many unique in the
world, e.g., Bacalar lagoon in the tropics and Cuatrocienegas in the semi-desert), a great
diversity of water mites should be expected.

Once we know the diversity of mites, we can make progress to understand their
ecological significance and value as water quality indicators.

Supplementary Materials: The following are available online at: https://www.mdpi.com/article/
10.3390/d14040276/s1. Figure S1: N.J. compressed tree based on worldwide COI sequences of
Arrenurus (In total 1111 sequences, representing 148 putative species).
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Abstract: Chironomids are one of the most biodiverse and abundant members of freshwater ecosys-
tems. They are a food source for many organisms, including fish and water mites. The accurate
identification of chironomids is essential for many applications in ecological research, including
determining which chironomid species are present in the diets of diverse predators. Larval and
adult chironomids from diverse habitats, including lakes, rivers, inland gardens, coastal vegetation,
and nearshore habitats of the Great Lakes, were collected from 2012 to 2019. After morphological
identification of chironomids, DNA was extracted and cytochrome oxidase I (COI) barcodes were
PCR amplified and sequenced. Here we describe an analysis of biodiverse adult and larval chirono-
mids in the Great Lakes region of North America based on new collections to improve chironomid
identification by curating a chironomid DNA barcode database, thereby expanding the diversity and
taxonomic specificity of DNA reference libraries for the Chironomidae family. In addition to report-
ing many novel chironomid DNA barcodes, we demonstrate here the use of this chironomid COI
barcode database to improve the identification of DNA barcodes of prey in the liquefied diets of water
mites. The species identifications of the COI barcodes of chironomids ingested by Lebertia davidcooki
and L. quinquemaculosa are more diverse for L. davidcooki and include Parachironomus abortivus,
Cryptochironomus ponderosus. Parachironomus tenuicaudatus, Glyptotendipes senilis, Dicrotendipes modestus,
Chironomus riparius, Chironomus entis/plumosus, Chironomus maturus, Chironomus crassicaudatus,
Endochironomus subtendens, Cricotopus sylvestris, Cricotopus festivellus, Orthocladius obumbratus, Tanypus
punctipennis, Rheotanytarsus exiguus gr., and Paratanytarsus nr. bituberculatus.

Keywords: non-biting midge; barcode gap; food web; Lebertia; Laurentian Great Lakes

1. Introduction

Understanding trophic cascades of freshwater ecosystems can be extremely useful
for managing aquatic habitats. Freshwater habitats are among the most threatened, and
more research into their biodiversity and understanding the ecological interactions of
organisms have been recommended [1]. Knowledge of prey is important to construct food
web pathways of aquatic systems. We focus here on the chironomid prey of water mites.

Chironomidae (commonly referred to as chironomids, nonbiting flies, midges, or
bloodworms) is an insect family whose aquatic larvae are an important constituent of
freshwater systems. All stages of chironomid development, including eggs, larvae and
adult flies, are used as food sources for various organisms [2]. The biomass of chironomids
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is so great that, at times, they may be considered pests [3]. Chironomids have been used as
biological indicators of aquatic health [4,5] and cultured as fish food [6].

Water mites are true aquatic arachnids that are ubiquitous and are considered the most
biodiverse arachnid class [7]. Water mites belong to the suborder Parasitengona, and, as
the name suggests, most water mites are parasitic as larvae [8]. They have been observed
as parasitizing a wide array of aquatic hosts, and most of these associations are still not
well understood [9]. Despite being “neglected” in freshwater research, water mites are
also important predators with potentially significant predation effects on the variety of
prey they consume, including crustaceans, ostracods, nematodes and aquatic Dipteran
larvae, including chironomids and mosquitoes [10]. Water mite predation of chironomids
can significantly reduce the standing crop of chironomids [11]. Since water mites digest
their prey extra-orally [12,13], analysis of their diets cannot be accomplished by dissection
and visualization of gut contents under a microscope. However, the DNA of ingested
organisms, like chironomids, remains sufficiently intact so that their DNA sequences can
be detected up to 24 h after ingestion [14]. Application of next-generation sequencing
(NGS) to analyze DNA fragments of ingested prey in water mites freshly collected from the
field revealed many chironomid taxa as prey items [15]. The identification of the species
level of many of these prey organisms was difficult because many reference sequences
in barcode databases were not identified for chironomids beyond generic or family-level
classification. To resolve this difficulty and improve identifications of organisms in water
mite diets, we used morphological identification and DNA barcodes to generate a more
specific and broader curated database of chironomids that improved identifications.

Cytochrome oxidase I (COI) DNA barcodes are useful for characterizing biodiversity
and studying diet [16,17]. Our previous work on chironomid COI barcodes resulted in
the identification of several taxa of chironomids from the Lake Erie region [18]. DNA
barcodes have been assisting with taxonomy since the development of metazoan primers
called Folmer primers [19]. A combination of classical taxonomy and COI DNA barcodes
helped us previously in multiple projects on biodiversity, invasive species detection, and
clarification of cryptic species [18,20–22].

In this paper, we present an expanded, curated database of identified chironomid
COI barcode sequences, including many novel chironomid DNA barcodes. In addition
to exploring chironomid “barcode gaps” and the possible presence of cryptic species, we
further demonstrate its application to improve the specificity of prey identification in
water mites.

2. Materials and Methods

2.1. Sampling of Chironomids and Water Mites

We collected Chironomidae larvae and adults from sediment and aerial collections
in the Laurentian Great Lakes region, focusing mainlyon Western Lake Erie, Southeast
Michigan and several locations outside the Great Lakes watershed (Figure 1). Collection
methods for samples from Lake Erie are described in Failla, Vasquez, Hudson, Fujimoto
and Ram [18]. We collected sediments by Ponar grab, washed on a 500 μm sieve, and then
stored in ethanol. Chironomid larvae from other sites were collected using either a Ponar
grab or a circular 250 μm collecting net and then washed through a 250 μm sieve. Adult
chironomid flies were collected from bushes and other structures—such as spider webs,
surfaces of cars, boats, leaves and buildings—with 250 μm mesh sweep nets directly into
vials containing either isopropanol or ethanol. We sampled for water mites from Blue Heron
Lagoon, Detroit, MI, using a 250 μm circular net followed by washing on a 250 μm sieve
and preservation in ethanol, as described in Vasquez, Mohiddin, Li, Bonnici, Gurdziel and
Ram [15]. Specimens were transported to the laboratory for morphological identification.
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Figure 1. (a) Map depicting collection sites of chironomids across the Laurentian Great Lakes
and North American rivers. (b) Inset showing detailed locations of collection sites throughout
Southeastern Michigan. (c) Inset showing detailed locations of collection sites near Toledo Harbor,
Ohio. Collection site latitudes and longitudes for the chironomids in the curated set are included in
their GenBank accession annotations.

2.2. Morphological Identification of Chironomids and Water Mites

Taxonomic methods for the identification of larval and adult chironomids to species were
the same as previously described [18]. The keys of Townes [23], Saether [24], Saether [25],
Epler [26], Dendy and Sublette [27], Cranston et al. [28], Roback [29], and Heyn [30] were
used. Water mite genera studied for this work were Lebertia, Limnesia and Arrenurus and
were the same specimens described in Vasquez, Mohiddin, Li, Bonnici, Gurdziel and
Ram [15].

2.3. DNA Extraction, Amplification, Sequencing

Adult and larval chironomid tissue samples from morphologically identified spec-
imens were used for DNA extraction. Chironomid tissue was either sequenced by the
Canadian Center for DNA Barcoding (CCDB; Biodiversity Institute of Ontario, University of
Guelph, Ontario, Canada) as described in Failla, Vasquez, Hudson, Fujimoto and Ram [18]
or was extracted for subsequent amplification and sequencing. DNA extraction employed
the Qiagen DNeasy blood and tissue kit (Hilden, Germany) as described in Failla, Vasquez,
Hudson, Fujimoto and Ram [18]. Tissues were put in lysis buffer in a 1.5 mL centrifuge
tube, homogenized with a hand-held fitted pestle and treated with proteinase K enzyme for
3 h at 56 ◦C. Spin columns were then used to concentrate and purify DNA for subsequent
PCR and sequencing. For water mites, a sterile minutien pin was used to puncture each
water mite. The mites were then transferred to lysis buffer, where DNA was extracted using
the Qiagen DNeasy kits similarly to the chironomid extraction—with the exception that the
water mites were lysed overnight rather than homogenized—to more completely extract
the DNA from the gut of the punctured water mite, as described in Vasquez, Mohiddin, Li,
Bonnici, Gurdziel and Ram [15]. For chironomid specimens, DNA barcodes were generated
by PCR as reported in Failla, Vasquez, Hudson, Fujimoto and Ram [18], amplifying the COI
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gene (658 bases in length) with the Folmer primers [19]. The PCR products were sequenced
using Sanger sequencing by Genewiz company (South Plainfield, NJ, USA). For water
mites, COI barcodes were generated using Folmer primers to verify the mite identity and a
second set of primers (modified mLEP and Folmer LCOI primers, which amplify insect
sequences but not arachnids (and hence are able to amplify chironomid sequences but not
the DNA from the water mite host)) [15]. The mLEP:FolmerLCOI primer set amplifies a
somewhat shorter (332 bases) region of the COI gene than the Folmer primers and were
modified with adapters for next-generation sequencing on a MiSeq V2 Illumina platform at
the Michigan State University RTSF Genomics Core, as described by Vasquez, Mohiddin,
Li, Bonnici, Gurdziel and Ram [15].

2.4. Bioinformatics of Chironomid Sequences

COI barcode sequences from chironomid specimens were assembled bidirectionally
and trimmed to remove primer sequences using DNABaser (Heracle BioSoft SRL, Mioveni,
Romania) and MEGA X, respectively [31]. DNABaser was used to determine sequence
quality as described in Vasquez, Hudson, Fujimoto, Keeler, Armenio and Ram [20]. For
graphical assistance in identifying clusters or unique branches of chironomid sequences,
631 sequences were displayed in a neighbor-joining tree using MEGA X, which generated
the tree using the maximum composite likelihood method. We subsequently selected
representative sequences from each branch to generate a curated set of sequences from
branches that differed in sequence by no more than 3.5%. The branch distance of 3.5% was
based on the previously described “barcode gap”, below which chironomid sequences that
differed by a smaller amount were always the same species when species identification
was known [18]. Sequences within 3.5% were numbered sequentially for labelling and
referencing purposes. Selected sequences were chosen to represent each branch, prioritizing
sequence length, most specific taxon identification, and consensus in identification with
the other members of the cluster. Generally, when a sequence from an identified adult
was available, that sequence was chosen to represent the branch in the curated set, as
identification to species level is usually more reliably accomplished in adults than in larval
chironomids (see Appendix A for summarized methods).

2.5. Curation of Chironomid Sequences

Twenty-one specimens accounting for ~3% of the sequences and affecting approxi-
mately 20% of the branches (see Table S1) with different morphospecies identifications were
present in a single cluster. The curation process involved making a rules-based decision as
to whether a specific sequence should be excluded. The selection of which taxon would
represent the branch was based on consensus among the other sequences in the cluster
(e.g., a cluster that had three sequences identified as one species and one as a related
species was represented as the first) or by comparison with GenBank or the Barcode of Life
Database (BOLD) (i.e., if other sequences identified by reliable taxonomists were available
and agreed with either identification, the consensus identification was used to represent
the branch in the final version of the curated database). Discrepancies between database
matches and morphological identifications were reviewed and decided in consultation with
taxonomic evaluation and the taxonomic literature (see Table S1). In the case of one branch
(Chironomus entis/plumosus), both identifications have been applied to the branch. Another
branch in which two species appeared included Dicrotendipes lucifer and D. simpsoni. These
two species have been described as members of a D. lucifer complex [32], and the branch
has been given the name of the complex (Dicrotendipes lucifer agg.). The cause of these
ambiguities could be several, including difficulty in determining morphospecies characters
in closely related species, variability in the species, possible errors in labeling, sequencing,
etc. Careful chain of custody methods were used. While errors or mistakes affecting
approximately 3% of the sequences cannot be ruled out, other explanations, such as the
presence of hybrids having the morphological characters of one species but mitochondria
that are maternally inherited from another, are also possible.
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Following this selection process, representative sequences were compiled and aligned.
A “curated neighbor-joining tree” of the database of representative sequences was made
in MEGA X. Sequence alignment was performed with CLUSTALW. The best-fit DNA
substitution model was determined using the maximum composite likelihood method.
The resulting phylogenetic trees were chosen from a heuristic search with a bootstrap
value of 200 replicate iterations. The pairwise patristic distances between sequences used
for the heuristic search were estimated with the Tamura–Nei model using the Neighbor-
Join and BioNJ algorithms, with a discrete gamma distribution rate (5 categories (+G,
parameter = 0.83) and invariable sites [31]. Representative sequences of each branch will be
uploaded to GenBank [accession IDs will be provided upon acceptance of the manuscript].

Pairwise distance analysis matrices generated by MEGA X were used to generate
histograms of pairwise distances among the 631 curated chironomid sequences. These
histograms were examined for the presence of “barcode gaps” that might identify the
distances which most reliably identified species and genera among chironomids (see
Appendix A for the summarized method).

2.6. Identification of Water Mite Prey Using the Curated Chironomid Database

Chironomid sequences from high-throughput sequencing of water mite molecular gut
contents from 16 Lebertia quinquemaculosa, 21 Lebertia davidcooki, 2 Lebertia sp., 1 Arrenurus sp.,
and 1 Limnesia sp. Specimens were compared to the sequences in the curated chironomid
database. Chironomid sequences amplified by the mLEP:LCOI primer pair from each water
mite were combined with 160 sequences representing all branches in the curated chironomid
dataset and analyzed with MEGA X. For each of these combined datasets, MEGA X was
used to generate a neighbor-joining tree that allowed for graphical taxa identification
comparisons in which water mite diet sequences clustered together with sequences from
the curated chironomid database. Pairwise distance matrices were generated for each of
these combined datasets. Mite diet sequences that were <3.5% different from an identified
database branch were putatively identified as having that taxonomic identity—i.e., to
the species level if the matching branch of the curated database provided species-level
identification, or to the genus level if the matching branch taxon was only identified to the
genus level. Water mite diet sequences for which the closest curated sequence was >3.5%
distant but <9.5% distant were identified only to the genus level even if the nearest pairwise
match was at the species level. Subsequent reconsideration of these barcode gap boundaries
in the Results indicates that these pairwise differences are reasonable for assigning genus
and species to chironomid sequences. Previously, these mite diet chironomid sequences had
been identified by family, genus, or species level only in relation to the existing GenBank
chironomid sequences [15]. In the current paper, we, therefore, summarize quantitatively
the improvements in taxonomic identification (from genus to species or from family to
genus or species) by application of the new chironomid database, in comparison to what
was previously available in GenBank. We also checked for additional identifications in the
Barcode of Life Database.

3. Results

3.1. Chironomid Biodiversity and Barcode Gap Revealed by Morphology and DNA Barcodes

A total of 99 identified sequences were selected from the 631 identified chironomid
sequences to represent each <3.5% similarity group for the curated database. Figure 2
shows the maximum composite likelihood tree constructed from the consensus set. Due
to its large size of 99 major branches, this curated consensus tree is shown in 3 connected
figures (Figure 2A–C). A total of 73 branch clusters were identified to species, while 26
were identified only to genus. A total of 42 branches were based on the sequence of a
single identified specimen. Furthermore, 70 branches contained at least 1 sequence from a
morphologically identified adult chironomid, and 29 branches were based on 2 or more
morphologically identified adults.
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As previously noted for the much smaller tree described in Failla, Vasquez, Hudson,
Fujimoto and Ram [18], the clades of the curated database tree mostly show excellent
congruence with previous morphological taxonomic classification at the family, subfamily,
or tribe levels. Thus, Figure 2A comprises all Tanytarsini tribe (Chironominae) speci-
mens (Cladotanytarsus, Paratanytarsus, Tanytarsus, Rheotanytarsus, and Stempellina). Greater
than 90% of the branches in Figure 2B represent specimens of the Chironomini tribe of
the Chironominae subfamily (Axarus, Benthalia, Chironomus, Cladopelma, Cryptochironomus,
Cryptotendipes, Glyptotendipes, Harnischia, Kiefferulus, Lobochironomus, Microchironumus,
Parachironomus, Paracladopelma, Robackia). Figure 2B also has several branches of Dicrotendipes
(Chironominae) and all the Pseudochironomini tribe specimens (Pseudochironomus), as
well as several remaining Chironomini tribe specimens (Endochironomus, Polypedilum,
Stictochironomus, and Tribelos). Figure 2C has all the representatives of the subfamily Tany-
podinae (Ablabesmyia, Clinotanypus, Coelotanypus, Procladius, and Tanypus) and >85% of the
subfamily Orthocladinae (Cricotopus, Eukieferriella, Hydrobaenus, Nanocladius, Orthocladius,
Parakiefferella, Smittia, and Stilocladius).

Figure 2. Cont.
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Figure 2. Cont.

143



Diversity 2022, 14, 65

Figure 2. Curated consensus chironomid reference tree. The names on each branch represent the
consensus of clusters of up to 71 specimens, taking into account criteria of sequence length, most
specific taxon identification, and consistency with identification with the other members of the cluster.
Due to the large size of the tree, the full tree is shown in three parts (A–C), of which the major
constituents are (A) tribe Tanytarsini, (B) tribes Chironomini and Pseudochironomini, plus several
Dicrotendipes spp. and (C) subfamilies Tanypodinae and Orthocladinae. See Figure S1 to for larger
view of full tree seen in (A). Naming convention for each branch: Lab ID number, genus (XXX sp.) or
species (XXX yyy), GenBank accession ID or RamLab ID (if not already uploaded), x number of adults
(A) and number of larvae (L) used for branch consensus, * shown if a specimen has been removed or
name revised due to non-consensus identification or other comment about the branch (see Table S1).
The lines in the image at the left of A shows how the entire tree was split into three parts.

3.2. Pairwise Analysis of Distances between Curated Chironomid Sequences

A histogram of pairwise differences among the 631 identified curated sequences (i.e.,
after the removal of ~3% of non-consensus sequences) is shown in Figure 3. The analysis
starts with a high number of pairs having small pairwise differences belonging to the same
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species. The number of pairwise differences decreases to a relative minimum (i.e., not
quite a definitive barcode “gap”) at about 3.5% and rises to a small peak in pairs at around
4% that falls to a low level above 6%. This is followed by several peaks in the pairwise
differences at around 8% and 10% pairwise differences before the differences arise in a
continuum, more or less, with a broad peak at about 20–25% difference.

Figure 3. Histogram of pairwise similarities among the 631 chironomid sequences from the curated
database (all specimens, minus 21 sequences known to be in error, listed in Table S1). The vertical
axis is the number of pairwise observations, converted to percent pairwise difference and plotted on
a semi-log scale for each 0.25% bin. The horizontal axis is the percent range of the matches.

With the exception of one, all pairs below 3.5% difference agreed in species when
species was known (and, in any case, they always agreed in genus if identified only
to sp.). The exceptional pair of species with less than a 3.5% difference is Procladius
denticulatus and P. sublettei, which are separated in the curated tree by only 2.6%. The next
closest pairwise difference between specimens identified to the species level was the pair
Cryptochironomus ramus and Cryptochironomus digitatus, which differ in sequence by 5.8%.

In the range of 3.5% to 11%, all pairs agreed on the genus, with some pairs agreeing on
the species as well. The lowest percent difference at which a pairwise difference occurred for
2 specimens differing in genus was at 11.0%; this occurred for the pairwise distance between
Parachironomus abortivus and Chironomus decorus. Another example of a pair of genera with
approximately this difference is Coelotanypus scapularis and Procladius denticulatus, differing
by 11.1%.

Some pairs with identical morphospecies identification differed in sequence by more
than 10% and could potentially represent cryptic species. These pairs include the following:
Glyptotendipes meridionalis (represented by branches 3 and 9), differing by 15.2%; Polypedilum
halterale (branches 54 and 56), 11.4%; Rheotanytarsus exiguus (branches 90 and 91), 11.8%;
Procladius bellus (branches 80 and 81), 11.9%; and Chironomus riparius (branches 28 and
29), 13.5%.

3.3. Improved Identification of Water Mite Prey Using the Curated Chironomid Sequences Database

The curated chironomid sequence database was used in the present study both to
confirm previous identifications of sequences in the water mite gut and, in many cases,
to improve its specificity. An example is illustrated in Figure 4, in which the branches
of a previously published neighbor-joining tree of dietary sequences in a specimen of
L. davidcooki is paired with closely related sequences in the chironomid database [15]. In
the original tree, half of the chironomid sequences were identified only to the genus level,
and numerous other branches were identified only to family (Chironomidae) or subfamily
(Orthocladinae, or Chironominae subfamilies) [15]. The species identities of some branches
were confirmed (e.g., Chironomus riparius identities were supported by curated Chironomus
riparius sequences that were 97–98% identical), while the genus of other branches was
confirmed by a match better than 90.5% identity (e.g., KM995443.1 Cricotopus sp. at 91.3%
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identity to Cricotopus festivellus). For other branches, the closest database sequence im-
proved the identification from family to species (e.g., KR278055.1 Chironominae improved
to Endochironomus subtendens, 97.6% identity match, highlighted in blue) or genus to species
(e.g., KR276527.1 Paratanytarsus sp. was improved to Paratanytarsus natvigi, with 97.9%
identity). One of the branches of KR955123.1 Chironominae was identified to genus by a
90.2% match to Robackia claviger (0.3% less than our usual “genus rule” of 90.5%).

Figure 4. A representative example of confirmed and improved identification of water mite dietary
content using the curated chironomid barcode database. The neighbor-joining tree (reproduced
from Vasquez, Mohiddin, Li, Bonnici, Gurdziel and Ram [15]) aligns with the confirmations of
identification highlighted in yellow for species and green for genus. Additionally, improvements are
highlighted: grey for genus to species, blue for family to species and brown for family to genus. The
curated sequence names are listed in the following format: Lab ID branch number, genus or species,
percent similarity to the mite diet sequence.

In other water mites, similar improvements (family to species, genus to species, and
family to genus) were observed, as well as various confirmations of genus or species.
Figure 5 summarizes the number of members of the curated chironomid database that have
confirmed or improved a previous identification of a dietary sequence in the set of 40 water
mites whose diets were analyzed in this study. A total of 11 of the 99 branches of the
curated chironomid database improved identifications to species that had previously been
identified only to family (6, Table 1) or only to genus (5, Table 2). In addition, 13 members of
the curated database improved family identifications in water mite diets to genus (Table 3).

146



Diversity 2022, 14, 65

 

Figure 5. Summary of numbers of members of the curated chironomid database that either confirmed
the identity of mite diet sequences or improved them from family to either genus or species or from
genus to species.

Table 1. Summary of family to species improvements.

Previous GenBank
Identification in Mite Diet

Improved Identification

Chironomidae Dicrotendipes modestus
Chironomidae Parachironomus abortivus
Chironominae Endochironomus subtendens
Chironomidae Cricotopus festivellus
Chironomidae Tanypus punctipennis
Chironomidae Paratanytarsus nr. bituberculatus

Table 2. Summary of genus to species Improvements.

Previous GenBank
Identification in Mite Diet

Improved Identification

Parachironomus sp. Parachironomus tenuicaudatus
Cricotopus sp. 1 Cricotopus sylvestris
Cricotopus sp. 1 Cricotopus sylvestris
Orthocladius sp. Orthocladius obumbratus

Rheotanytarsus sp. Rheotanytarsus exiguus gr.
1 Two different branches identified as Cricotopus sp. in the mite diet correspond to two different branches in the
curated tree identified as C. sylvestris, respectively.

Figure 6 summarizes that 38 of the 41 water mites had improvements in the identi-
fication of their dietary sequences. While a few water mites experienced improvements
only of family to genus, 18 water mites experienced all 3 types of improvements. A total
of 27 water mites had dietary constituents with improvements from family level identi-
fications to species. Table 4 summarizes the dietary differences observed in the various
water mite species that were the subject of this study, taking into account all of the improve-
ments in the identification of sequences provided by the chironomid database. Among
the specimens analyzed, the 21 specimens of L. davidcooki had by far the more diverse
chironomid diet (33 different chironomid barcodes in its diet) compared to the 16 speci-
mens of L. quinquemaculosa (17 chironomid barcodes) and the other species of water mites
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in the table. Only one Arrenurus, two Limnesia and two unidentified specimens of Lebertia
were analyzed.

Table 3. Summary of family to genus improvements.

Previous GenBank.
Identification in Mite Diet

Improved
Identification 1

Chironominae Cladopelma veridulum
Chironomidae Polypedilum simulans
Chironominae Robackia claviger
Chironomidae Ablabesmyia mallochi
Chironomidae Ablabesmyia annulata
Chironomidae Tanytarsus glabrescens
Chironominae Chironomus sp.
Chironomidae Cricotopus bicinctus gr.
Chironomidae Polypedilum cf. halterale
Chironomidae Polypedilum halterale gr.
Chironominae Polypedilum trigonum
Chironomidae Polypedilum scalaenum

1 Although the database provides species-level identification, the examples given are considered improvements
only to genus because the distance was more than 3.5% and below 9.5%. Alternatively, if the database sequence
was only identified to “sp.”, the improvement was also only to genus.

Figure 6. Water mite chironomid diet improvements from curated chironomid database. Improve-
ments from family to genus (green circle), genus to species (blue circle) and family to species (red
circle) are represented. The numbers in the diagram refer to specific mites in the water mite database
for this project.

Table 4. Chironomids that were observed as prey in Lebertia davidcooki, Lebertia quinquemaculosa,
Lebertia sp., Limnesia sp. and Arrenurus sp. indicated by check marks. Identifications that are between
3.5% and 9.5% pairwise difference from the mite diet sequence or that are identified as no better than
to genus are marked with an asterisk.

Chironomids

OTU Number

Water Mite Species

Chironomid Name
Lebertia

davidcooki
Lebertia

quinquemaculosa Lebertia sp. Limnesia sp. Arrenurus sp.

Glyptotendipes meridionalis * 3 �
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Table 4. Cont.

Chironomids

OTU Number

Water Mite Species

Chironomid Name
Lebertia

davidcooki
Lebertia

quinquemaculosa Lebertia sp. Limnesia sp. Arrenurus sp.

Cladopelma veridulum * 4 � � � � �
Parachironomus sp. * 6 � � �

Parachironomus tenuicaudatus 7 �
Parachironomus hazelriggi * 8 �

Cryptochironomus sp. * 13 � � �
Cryptochironomus ponderosus * 14 � �

Glypotendipes senilis 21 �
Dicrotendipes modestus 22 � �

Chironomus riparius 28 � � � �
Chironomus riparius * 29 �

Parachironomus abortivus 33 �
Chironomus entis/plumosus 36 � �

Chironomus maturus 38 � �
Chironomus sp. * 39 �

Chironomus crassicaudatus 42 � � �
Paratanytarsus sp. * 43 � � � �

Polypedilum simulans * 44 � �
Robackia claviger * 46 � �

Polypedilum illinoense * 47 �
Polypedilum scaleneum * 49 �

Endochironomus subtendens 51 � � �
Polypedilum halterale* 54 �

Polypedilum halterale gr. * 55 �
Polypedilum trigonum * 57 � �

Cricotopus sylvestris 58 � � � �
Cricotopus sylvestris 59 � � � �
Cricotopus festivellus 60 � � � �

Cricotopus bicinctus gr. * 63 � �
Ablabesmyia mallochi * 70 �
Ablabesmyia annulate * 72 �

Orthocladius obumbratus 74 � �
Tanypus punctipennis 76 �

Coelotanypus sp. * 82 �
Tanytarsus glabrescens * 87 � �

Rheotanytarsus exiguous gr. 91 �
Paratanytarsus nr.

bituberculatus 96 � � �

Paratanytarsus natvigi * 100 � � � �

* Check marks that indicate chironomid taxa with asterisk were only identified to genus.

4. Discussion

Chironomids are a speciose dipteran found in many diverse aquatic habitats and
are an important food source for multiple organisms, including water mites. A previous
study on water mite prey DNA revealed that for Lebertia water mites, chironomids make
up more than 80% of the diet content, but definitive identification of the majority of
chironomid prey seen in the water mite diets was lacking [15]. Our current work developed
an expanded chironomid reference sequence database by an intense multi-year sampling
for chironomids to bioinformatically improve the identification of chironomids in water
mite diets and to improve the study of chironomids in the environment in general. This
work now contributes: (1) several new DNA COI barcodes for North American chironomid
taxa, (2) insights into COI barcode gap parameters for future chironomid DNA barcoding
work, (3) improved identification of chironomids found in the molecular gut contents of
water mites, and (4) increased knowledge of chironomid genetic diversity in part of the
Laurentian Great Lakes watershed.

4.1. New Barcodes

To generate the expanded chironomid database, we sampled further at our previ-
ously published chironomid collection sites: our paper by Failla et al. [18] was based on
2012 collections; the current paper includes a comparable number of specimens collected
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in Toledo Harbor in 2013. We also collected at additional locations in Michigan, espe-
cially in the Detroit metropolitan area (Figure 1). These additional collections enabled
the identification of specimens with novel DNA barcodes that had not previously been
identified to the species level (and in many cases not appearing at all, even at genus
identification) in either GenBank or BOLD databases. The novel species barcodes in
this work include Parachironomus abortivus, Endochironomus subtendens, Robackia claviger,
Orthocladius obumbratus, Cryptochironomus ponderosus, Parachironomus hazelriggi, Paracladopelma
nereis, Cryptochironomus ramus, Dicrotendipes fumidus, Cryptotendipes casuarius, Cryptotendipes
pseudotener, Dicrotendipes neomodestus, Tribelos jucundum, Tanytarsus confuses, Pseudochironomus
fulviventris, Polypedilum illinoense, Polypedilum trigonum, Rheotanytarsus exiguous, Eukiefferiella
gracei, Parakiefferiella subaterrimus, Hydrobaenus johansenni, Procladius freeman, and Procladius
sublettei. Harnischia curtilamellata, Tanypus punctipennis, Paratanytarsus nr. bituberculatus and
Polypedilum flavum were the first barcodes reported in North America for those species.

Among these new barcodes, we provide here additional information about Robackia claviger.
This sequence is the first barcode for this genus and species in Genbank; however, several
sequences of the same genus (Robackia demeijerei) are present in BOLD. Compared to the
R. demereijerei sequences in BOLD, the R. claviger sequence differs by 6.5%, fully within the
range expected to be considered belonging to the “same genus”. A sequence in the diet of a
specimen of Lebertia davidcooki that was originally identified from GenBank as Chironomi-
nae (i.e., only to family) was 90.2% identical to the Robackia claviger in our curated database,
just slightly more distant than our usual requirement of 90.5% identity for assigning genus
(however, see the discussion of barcode gaps below). Robackia has at least four recognized
species as erected by Saether [33]. In the present study, Robackia claviger was sampled from
the Ohio River at Shawnee State Park and has previously been found in lotic habitats in
the southeastern United States [34]. In the Great Lakes region, R. demereijerei larvae were
found in coarse sediments in Lake Michigan, and it was thought that their narrow head
and tough outer body integuments allowed them to inhabit this embenthic habitat [35].
The R. demereijerei specimens in BOLD are from a lake in Sweden and Chequamegon Bay
in Lake Superior. Due to the >3.5% distance from both R. claviger and R. demereijerei, we
speculate that the species in the water mite diet may be either R. pilicauda, R. aculeate, or
a new species since new species are still being described, such as R. parallela sp. n. from
China [36].

4.2. Insights into “Barcode Gaps” in Chironomids

Figure 2 of Failla et al. [18] shows that pairwise differences >3.5% and <11% (but having
very few pairs between 6% and 11%) were always of the same genus. Although the pairwise
distance analysis in this paper of 631 chironomid sequences shows only a relative minimum
at 3.5% and not a distinct “gap”, that difference still seems to be a good delineation, at least
among chironomids, of how far a pairwise distance could be and still be used reliably for
species identification. We had only one exceptional species set below the 3.5% difference
that did not follow this 3.5% parameter: two Procladius species (denticulatus and sublettei)
were separated in the curated chironomid tree by only 2.6%. The next closest pairwise
distance between specimens identified to the species level was the pair Cryptochironomus
ramus and Cryptochironomus digitatus, which differed in sequence by 5.8%. The peak at 4% in
the histogram of pairwise distances may also contain species differences. However, all of the
pairs represented in this peak had at least one specimen that was identified only to genus
(e.g., the distance between 13 Cryptochironomus sp. and 14 Cryptochironomus ponderosus is
3.8%, and the distance of 34 Harnischia sp. and 35 Harnischia curtilamellata is 4.6%). While
these branches are clearly separate on the basis of sequence, it is unknown whether they
represent different species. Additional species-level identifications of specimens that differ
in sequence by 3.5–5.8% will be necessary to resolve whether differences beyond 3.5% (and
how far?) are usually of the same species or not.

In the present study, we were conservative in assigning genus identifications based on
sequence alone. We limited such assignments to differences of no greater than 9.5% except
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in the case of Robackia, noted above, in which we assigned a tentative identification with a
9.8% pairwise distance. In fact, analysis of the pairwise data in the present study indicates
that reliable genus identification extends out to greater distances. All of the pairs in the
small pairwise peaks centered around 8% and 10% were between sequences of the same
genus. We found that reliable genus identifications could be made up to 11% differences,
beyond which pairs of different genera begin to be detected.

We also observed instances when specimens with identical morphospecies identifica-
tions differed greatly (i.e., defined as differences of >11%) from one another. These include
Glyptotendipes meridionalis, Polypedilum halterale, Rheotanytarsus exiguous, Procladius bellus,
and Chironomus riparius. Further study might reveal them as cryptic species. A review of
the morphospecies characters of representative specimens of each cluster may reveal some
new differentiating character by which animals in the two clusters can be distinguished.

From the above considerations and data, we, therefore, conclude that (a) assignment
of sequences of operational taxonomic units to species can be done reliably up to a 3.5%
pairwise difference, (b) assignment of genus can be done with confidence up to at least 9.5%
and possibly more, and (c) identical morphospecies designations with greater than 11%
difference in their sequence indicate the possible presence of cryptic species represented by
one or both branches being compared.

4.3. Improved Water Mite Diet Identifications

Improving the identity of molecular water mite diet sequences enables us to better
understand the diversity of chironomids in the diet contents and the trophic interactions
of aquatic food webs in which water mites are embedded. For example, our curated
chironomid database allowed us to identify the following species of chironomids as prey
for water mites: Parachironomus tenuicaudatus, Glyptotendipes senilis, Dicrotendipes modestus,
Parachironomus abortivus, Chironomus riparius, Chironomus entis/plumosus, Chironomus maturus,
Chironomus crassicaudatus, Endochironomus subtendens, Cricotopus sylvestris, Cricotopus festivellus,
Orthocladius obumbratus, Tanypus punctipennis, Rheotanytarsus exiguous gr., and Paratanytarsus
nr. bituberculatus. Many of the barcode sequences of these prey species were previously
known at best only to family.

Table 4, which lists the genera and species of chironomids that were found in the guts
of Lebertia quinquemaculosa, L. davidcooki, Lebertia sp., Limnesia and Arrenurus, is expected to
be a reliable list of taxa that the water mites have been ingesting. The greater richness of
chironomid prey for L. davidcooki may indicate a dietary difference that is a result of niche
partitioning. The dietary difference of the two species might also or alternatively be related
to seasonal variation between collection dates for the two species, as described by Vasquez,
Mohiddin, Li, Bonnici, Gurdziel and Ram [15].

In some cases, a dietary sequence of a water mite could be identified only to the genus,
as in Table 3. This occurred in two ways: (1) BLAST comparisons to GenBank or to the
curated database returned high identity (>96.5%) to sequences that were identified only
to the genus in the database; or (2) the best match to the reference database was a <96.5%
match to a known species or genus. Both types of genus identifications indicate inadequate
species coverage in reference databases of the chironomids that Lebertia are ingesting.

While inadequate sampling effort may be part of the reason for incomplete species
coverage of water mite diet sequences, another possibility is that water mites may be able
to access chironomid habitats that our collecting and taxonomic methods have not yet
encountered. Traditional sampling methods to capture chironomid larvae and adults are
limited since chironomid larvae may inhabit unusual habitats, such as mined substrates like
submerged wood [37], that may not be picked up by a ponar dredge and other collection
methods used in this study. Chironomid larva of the genera Cricotopus, Endochironomus,
Glyptotendipes, and Parachironomus are miners of substrates such as macrophytes, bryozoans
and sponges [37] and were, nevertheless, found in the diets of the water mites studied.
Water mites may be active predators seeking out and digging out chironomids from unusual
habitats that human collectors may miss, as pointed out by Hudson many years ago [37].
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In this regard, water mites seem to function as “DNA detectives”, sometimes ingesting
the DNA of rare or difficult to collect benthic microinvertebrates. This was also true for
the DNA of oligochaetes that water mites ingested: the numerous oligochaete sequences
associated with L. quinquemaculosa rarely matched any previously barcoded species or
genus within 10% [15], suggesting that water mites are “discovering” species of organisms
that collectors have not yet encountered or at least not yet bar-coded and submitted to a
public database.

Specific Taxa Found in Water Mite Diets

Among the taxa that this study has newly identified in mite diets are Tanypus punctipennis
and Ablabesmyia. Tanypus punctipennis is an example of a prey organism for which identifi-
cation was improved from family to species, enabling a more specific analysis of trophic
relationships. Tanypus punctipennis is a midge with distribution in all world regions except
Australia [38]. T. punctipennis has a wide Palearctic distribution in temperate climates,
consistent with its possible presence in the Great Lakes [39]. The late instar larvae of
T. punctipennis are relatively small [40] compared to larger genera such as Chironomus and
Ablabesmyia annulata. We speculate that the small size of T. punctipennis makes it a more
suitable prey for the smaller Lebertia davidcooki water mite.

Some sequences in the Lebertia diet that were previously identified only to family
(Chironomidae) were similar enough to Ablabesmyia (approximately 9% pairwise distance)
to be identified with that genus. Ablabesmyia is a genus found worldwide, with over
90 identified species [41]. In the Americas, they are primarily found in the Nearctic region,
including the Laurentian Great Lakes. Ablabesmyia is typically found on substrate in shallow
littoral zones [42,43]. A. monilis has been reported from Northern Michigan and is found
in muddy-bottomed lakes [44]. This is consistent with the Blue Heron Lagoon (Detroit,
MI collection site) habitat, where the water mites studied in this work were obtained.
Ablabesmyia annulata has the largest head capsule among 30 species of North American chi-
ronomids in which third instar larvae were compared [45]. Ablabesmyia is known to have a
symbiotic relationship with freshwater mussels [46] and are predators of Tubifex tubifex, their
own early instars, and other benthic macroinvertebrates [29,41,47,48]. Ablabesmyia mallochi
is known to be more difficult to morphologically identify, so having an available barcode
may assist in its identification in the future. Adults of Ablabesmyia annulate, on the other
hand, are easily identifiable as they have anterior and posterior parapodia that are not
darkened, three palpal segments, a long procercus, and a more quadrate head [49,50]. The
larvae are just as easily differentiable from other species of Ablabesmyia [51]. Ablabesmyia
DNA sequence was detected in only one water mite, suggesting that these genera of midges
are rare in this habitat or that the species of water mites studied do not prefer Ablabesmyia sp.
as prey potentially due to their larger larval size compared to other chironomids.

4.4. Need for Further Improvements of Knowledge of Chironomid Diversity

In our previous work on molecular barcodes of chironomids [18], we reported a tree
with 45 larval operational taxonomic units and an additional adult barcode sequence not
yet observed in larvae. That publication improved the species identification of the hitherto
mostly genus-level identifications from 15.5% of the operational taxonomic units (OTUs)
to more than 40% of the OTUs and reported sequences for 22 chironomid genera and
19 species. The present work expands the number of distinct chironomid OTUs from 46 to
99 and now includes barcodes from 39 genera and 60 species, a significant increase from
previous studies.

However, in the curated database, several genera are identified only to genus level,
either because they are for larval specimens for which species-level keys are not available or
because the specimens were insufficiently intact to determine species. Of the 99 members
of the curated chironomid barcode database, the following genera lack even one specimen
identified to species: Cladotanytarsus, Stempellina, Microchironomus, Kiefferulus, Benthalia,
Smittia, and Clinotanypus. We originally included Nanocladius in this list; however, a
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sequence of N. distinctus from Sweden, updated on BOLD on 16 November 2021, is a 99.8%
match to Nanocladius sp. MT526144. The other Nanocladius sp. sequence (65 Nanocladius sp.
OR041915S6) in our curated database has no species-level match in either GenBank or
BOLD; the closest species match on BOLD is N. distinctus at a pairwise distance of 11% and
therefore is likely a different species. The recency of the N. distinctus record could suggest
that this is an ongoing activity in several laboratories. The lack of species identifications
of some OTUs of these genera emphasizes the need for more collecting, morphological
identification and barcoding to attain more complete coverage of chironomids.

5. Conclusions and Future Considerations

The use of DNA molecular barcoding on chironomids has yielded significant advances
in assisting with differentiating among multiple species of chironomids since specialized
taxonomy in these aquatic organisms is not readily available [52]. DNA barcoding stud-
ies on chironomids combined with next-generation sequencing (NGS) techniques have
been suggested as an efficient method to assess biodiversity and future environmental
monitoring of these important aquatic invertebrates [53]. In addition to water mites, DNA
barcoding has also been shown to be a useful tool in identifying the diet of other important
aquatic organisms, such as fish [17]. Since chironomids are a significant part of fish diets,
this curated database should assist diet analyses of fish as well.

Improvements in the species-level identifications of chironomids may enable investi-
gations of the determinants of prey choice by water mites. Why, for example, is Cladopelma
preyed upon by all five types of water mites studied and the various species of Cricotopus
by four of the five types of water mites, in contrast to others that were detected as prey only
in Lebertia davidcooki (notably, Glyptotendipes, Tanypus, Coelotanypus, and Rheotanytarsus)?
Considering that the water mite diets matched five Polypedilum species only to genus
level, what other species of Polypedilum might Lebertia be ingesting? Are there comparative
features of the larvae of the four species of Chironomus (and two identified only to genus)
that the various species of water mites ingested that would explain the different patterns
of occurrence among the different water mite species? Identifying these organisms to the
species level may enable future studies of differences in predator-prey dynamics in the
laboratory and the field.

The methodology of our work does not differentiate whether the predator is feeding
on the eggs, larvae, pupae or even the emerging adult stage of the prey. Some water mites
feed on the larval stage of chironomids, although some other species of water mites are
known to feed on dipteran eggs, including chironomids [10]. Follow-up experiments in the
laboratory may be able to determine on which life stage(s) the predator is feeding.

Curation of barcoding data, as we have done here, is a critical step for using DNA
barcodes in the future [54]. This paper demonstrates the use of DNA barcoding beyond
simply biodiversity and biomonitoring analysis. The improved water mite diet informa-
tion also sets the stage for future studies looking deeper into trophic interactions that
require molecular analysis where morphological and observational data are not sufficient.
While the advent of DNA barcoding and other genetic identification tools has brought
advancement to identifying species, many more barcode sequences accompanied by careful
morphospecies analyses are needed so that the sequences can be more usefully applied.
Many taxonomic identifications were made decades ago, but with new technology and
data, inconsistencies should be reviewed and updated (i.e., curated, as we have done).
Expert taxonomists for aquatic invertebrate organisms are few and overburdened with
material [55]; therefore, future advancements will require increased investment in the
education and research of taxonomists who can combine morphological and molecular
approaches to taxonomy whenever possible.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d14020065/s1, Table S1: Curation notes regarding the chironomid database: comments,
corrections, and omitted sequences. Figure S1: 99 sequences in the Chironomid curated database,
shown in a neighbor-joining tree (samedata as Figure 2 in the main text).
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Abstract: The life cycles and biodiversity of Pacific coast gastropods were analyzed by videomi-
croscopy and DNA barcoding of individuals collected from tide pools and in plankton nets from
a variety of shore stations. In many species (Families Calyptraeidae, Cerithiopsidae, Strombidae,
Vermetidae, Columbellidae, Nassariidae, Olivellidae, Hermaeidae, Onchidorididae, Gastropteridae,
Haminoeidae), the free-swimming veligers were recovered from plankton collections; in Roperia
poulsoni (family Muricidae) veligers were usually recovered from egg sacs where they had been
retained although some escapees were found in plankton collections; in Pteropurpura festiva (family
Muricidae) free-living veligers were also found; and in Atlanta californiensis (family Atlantidae) both
veligers and adults were obtained from plankton collections making this a holoplanktonic species.
The results confirm that DNA barcoding based on COI gene sequencing is a useful strategy to match
life-cycle stages within species as well as to identify species and to document the level of biodiversity
within the gastropods.

Keywords: Mollusks; gastropods; Zooplankton; plankton; COI mitochondrial gene; Pacific Ocean;
larvae; DNA barcoding

1. Introduction

Gastropods (snails and slugs) occur in saltwater, freshwater, and terrestrial envi-
ronments. They are the most diverse class in the phylum Mollusca, containing about
476 families with 65,000–80,000 living species. The class is thought to be second only to the
insects in overall species number [1].

The fertilized egg of gastropods hatches directly into a spherical or pear-shaped free-
swimming larval stage called the trochophore, carrying a ring of cilia [2]. The ciliary girdle
then expands into large, heavily ciliated lobes, giving rise to a larval stage called the veliger.
Later the larva undergoes torsion, a 180◦ twisting that brings the posterior part of the body
to an anterior position behind the head. Torsion is unique to the gastropods.

The veliger has a shell (secreted by the dorsal shell gland), a foot, and a velum, which
is a lobed, ciliated structure used for swimming and feeding [2]. In most cases, the veliger
eventually sinks to the seabed, loses its velum, and completes its metamorphosis into a
juvenile or adult with typical snail-like morphology (a heteroplanktonic life cycle). In some
cases, the adult is also planktonic, making the life cycle holoplanktonic

Analyzing the development of gastropod larvae can be done by rearing and documenting
individuals, but here we show that a simpler and more efficient method is to gather individuals
and identify them by sequencing their DNA barcode, which is a portion of the cytochrome c
oxidase I (COI or COX1) gene, found in mitochondrial DNA [3,4]. We have previously used
this approach to document the life cycles of cnidarians [5] and crustaceans [6].

The class Gastropoda includes both shelled and unshelled species. The marine shelled
species include whelks, abalone, conches, periwinkles, turbans, cowries, limpets, chitons,
and others. In most cases the one-piece shell is coiled in both larval and adult stages, but
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in the limpets it is coiled only in the larval stage. Gastropods are distinguished by their
asymmetrical anatomy, in which most of the organs are more developed on one side of
the body than the other. They typically have a distinct head carrying two or four sensory
tentacles bearing eyes. Their ventral foot is the basis for the name gastropod (“stomach-
foot”). Many species have an operculum which allows closing of the shell. In the following
we use the taxonomy established by the World Register of Marine Species [7].

2. Materials and Methods

Zooplankton was collected under Scientific Collecting Permit SC-12162 from the
California Department of Fish and Wildlife. Collections were made from 16 sites between
Newport Beach and Dana Point, Orange County California, as well as one off Santa Barbara
and two from Baja California (Table 1 and Figure 1).

Table 1. Collection locations.

Locality Latitude Longitude Collecting Site #

Balboa Island at Coral Street 33 D 60′ N 117 D 89′ W 1

Via Lido and Genoa, Lido Island 33 D 62′ N 117 D 92′ W 2

Crew Dock, Back Bay Science Center 33 D 62′ N 117 D 89′ W 3

Newport Harbor 33 D 61′ N 117 D 91′ W 4

Newport Harbor Entrance 33 D 59′ N 117 D 88′ W 5

Newport Pier 33 D 61′ N 117 D 93′ W 6

Little Treasure Cove, Crystal Cove St Park 33 D 58′ N 117 D 86′ W 7

Ocean off Crystal Cove State Park 33 D 57′ N 117 D 85′ W 8

Pelican Point, Crystal Cove State Park 33 D 58′ N 117 D 85′ W 9

Reef Point, Crystal Cove State Park 33 D 57′ N 117 D 85′ W 10

Crescent Bay, Laguna Beach 33 D 55′ N 117 D 80′ W 11

Shaw’s Cove, Laguna Beach 33 D 54′ N 117 D 80′ W 12

Rocky Bight, Crystal Cove State Park 33 D 57′ N 117 D 83′ W 13

Twin Points, Crystal Cove State Park 33 D 33′ N 117 D 48′ W 14

Ocean off Dana Point from a plankton tow aboard
R/V Sea Explorer to 800 ft depth. 4/18/15, 9 p.m. 33 D 46′ N 117 D 71′ W 15

Rock Field, Dana Point 33 D 46′ N 117 D 71′ W 16

Naples Reef, off Santa Barbara, CA 34 D 42′ N 119 D 93′ W

Boca near whale shark, Baja California 28 D 95′ N 113 D 55′ W

La Profunda, Baja California 28 D 96′ N 113 D 55′ W

Shore-based collections were made with a 150 μm mesh net (aperture 30 cm) attached
to a rope, with a 50 mL collection tube at the base. They were made from public docks
using repeated horizontal sweeps near the surface and diagonal sweeps down to about
5 m depth. About 5–10 sweeps of a total of about 35 m usually yielded sufficient specimens,
but no attempt was made to monitor collections quantitatively.

Ocean collection #15 was made with a 250 μm. mesh net attached to a 35 m rope.
The net (aperture 30 cm) was towed behind the vessel, just below the surface, for a period
of 7 min at the slowest possible speed. Deployment and retrieval extended the total tow
period to 10 min.

Field work. In the following account, only the localities outside of Orange County are
identified specifically.
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Figure 1. Map of collecting sites listed in Table 1.

Laboratory analysis. Plankton collections were brought to the laboratory at the Uni-
versity of California, Irvine and examined under a dissecting microscope with lateral
light and a dark background. Each specimen of interest was removed using a Pasteur
Pipette, transferred to a depression slide, and recorded by video microscopy using a Zeiss
microscope with a dark-field condenser, fitted with a phototube attached to a Nikon D5100
single-lens reflex camera. The most informative frames were taken from the videos and
used in the figures for this paper. Each plankton specimen was preserved in 90% ethanol in
a well of a 96-well microplate.

Each adult specimen was photographed in place, removed physically from its location,
brought to the laboratory, and examined under the dissecting microscope. Using the
microwave method [8] live adults were quickly heated sufficient to kill the animals and
firm up their tissues; the steam from inside the shell forcing the body from the shell for easy
removal. Multiple tissue samples were then removed using dissecting tools and transferred
to the microplates. If available, typically three individuals per species were sacrificed,
though occasionally more were used due to our inability to positively identify some species
using field characteristics. Many of the species that also have a benthic stage in the life cycle
have already been listed by the Southern California Association of Marine Invertebrate
Taxonomists (SCAMIT) [9].

Filled plates were sent to the Canadian Centre for DNA Barcoding at the University of
Guelph, 50 Stone Road East, Guelph, ON, N1G2W1, Canada for DNA extraction using an in-house
protocol (http://ccdb.ca/resources/ accessed on 1 October 2022), and bidirectional sequencing
of the standard 648-bp “DNA barcode” [3,4] in the COI mitochondrial gene. All samples except
three were run with cocktail primers C_GasF1_t1 + GasR1_t1; Gast14_A01, Gast14_A02, and
Gast14_A03 were run with both C_GasF1_t1 + GasR1_t1 and ZplankF1_t1 + ZplankR1_t1.
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The procedure usually produced a DNA barcode of 658 nucleotides, and only those
containing > 300 nucleotides were included in the sequence analysis. Groups of specimens
with identical or almost identical DNA barcodes were assigned BIN numbers. They were
compared with all barcode records on BOLD (10,580,183 Sequences) including the Public
Record Barcode Database (2,529,561 Sequences/153,565 Species/66,474 Interim Species)
using the Bold Aligner (Amino Acid Based HMM). The identification system on BOLD
delivers a species identification if the query sequence shows less than 1% divergence to a
reference sequence.

Images of all specimens as well as the DNA barcode sequences are in the public
domain under code GASSC at the Canadian Centre for DNA Barcoding (http://www.
boldsystems.org/index.php/MAS_Management_DataConsole?codes=GASSC accessed
on 1 October 2022). In this paper, we concentrate on those species where we have found
pelagic larval stages.

Conceptualization, Project administration, Data curation, Formal analysis: Peter
Bryant; Investigation, Methodology: Timothy Arehart, Peter Bryant; Writing—original
draft, Peter Bryant; Writing—review and editing, Peter Bryant and Timothy Arehart. Col-
lections were made and analyzed with the assistance of Undergraduate students Taylor
Sais, Alicia Navarro, Debbie Chung, Lesly Ortiz, and Bita Rostam.

3. Results

This project GASSC (Gastropoda of Southern California) included 1238 specimens
of which 1235 provided images. 680 specimens provided a COI-5P sequence and 589
of these were Barcode-compliant, falling into 143 BINs containing 127 species (See Sup-
plementary Materials). Our data (Figure 2) show a much larger range of interspecific
divergences (seen in the graph of ”Distance to Nearest Neighbour”) compared to intraspe-
cific divergences in this DNA sequence for gastropods suggesting the existence of a “DNA
barcode gap”. Within species in this set of samples, the mean% divergence in sequence was
0.66 +/− 0.0 S.E. Within the largest set of conspecifics (Crepidula onyx, n = 54) the mean%
divergence in sequence was 0.69 +/− 0.0 S.E., maximum 2.49%, minimum 0.0%.

Figure 2. Sequence divergence in the COI Barcode for intraspecific and interspecific comparisons using
the data included in this publication. Distance Model: Kimura 2 Parameter; Alignment: BOLD Aligner;
Length filter >/= 300 bp; Excluded: contaminants and misidentifications, records with stop codons.

Subclass caenogastropoda
Order Littorinimorpha: Sea Snails
Family Atlantidae Wiegmann and Ruthe, 1832
A family of microscopic (<1 cm shell diameter), holoplanktonic gastropods [1]. They

have a transparent, coiled shell into which their bodies can be retracted, and an operculum
that is used to close off the opening. The larval stage is a veliger in which the velum is
initially small and bilobed, but with growth it develops three lobes (Figure 3). The larval
shell and operculum are retained in the adult.
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Figure 3. Family Atlantidae: Sea snail, Atlanta californiensis (BINACV0973; n = 19). (a) Early veliger
BIOUG01205-B08 from off Dana Point. (b) Later veliger with bilobed velum CCDB-24236-G01 from
off Newport Pier. (c) Veliger with bilobed velum CCDB 31597 E12 from Newport Harbor entrance.
(d) Later veliger with 6-lobed velum CCDB-24236-H05 from Newport Harbor. (e) Adult CCDB 31597
E09 from Newport Harbor entrance. (f) Adult CCDB-24722-D06 from La Profunda, Baja California.

Family Calyptraeidae Lamarck, 1809, the Slipper Shells
The shell is quite flat and has an internal shelf-like half shell, so that it resembles a

traditional bedroom slipper; hence the name “slipper shell” or “slipper limpet” (although
these are not true limpets). During mating they pile on top of each other to form a
tower called a mating chain, in which all individuals start as males but the basal member
transforms into a female. Females produce eggs that are fertilized internally, and developing
embryos are held beneath the mother’s shell until they hatch into microscopic trochophore
larvae before developing into swimming larvae (veligers) carrying shells, thousands of
which disperse and later metamorphose into juveniles on the ocean floor.We have examined
individuals of Crepidula onyx (Figure 4) Crepidula naticarum (Figure 5) and Crepidula huerta
(Figure 6). In some species (e.g., Figures 6a and 7b) the vela are decorated with yellow
spots, the nature and function of which is unknown.
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Figure 4. Family Calyptraeidae. Onyx slipper snail, Crepidula onyx. (a) Veliger BIOUG01229-H01
from off Newport Pier. (b) Veliger BIOUG01229-B01 from off Newport Pier. (c) Late veliger CCDB
31597 F09 from Newport Harbor entrance. (d) Juvenile BIOUG01205-D02 from off Newport Pier.
(e) Adult CCDB-32336 D06 from Balboa at Coral. (f) Adult CCDB-32336 E12 from Dana Point south shore.

Our adult specimens of Crepidula huertae, (Figure 6) found inside the empty shell of
a Bubble Snail (Bulla gouldiana) from Balboa at Coral (Newport Harbor), supported by
the presence of DNA-sequenced veligers at the Harbor Entrance, extend the host and
geographic range of this species, which was otherwise known from hermit crab shells at
Naples Reef, near Santa Barbara, Santa Barbara County, California [10].

Figure 5. Family Calyptraeidae. Slipper snail, Crepidula naticarum. (a) Veliger CCDB-24722-H04 from
Newport Beach Harbor entrance. (b) Juvenile CCDB-24722-H09 from Newport Beach Harbor entrance.
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Figure 6. Family Calyptraeidae. Slipper snail, Crepidula huertae (=Crepidula cf. perforans). (a) Veliger
CCDB 31597 G03 from Newport Harbor entrance. (b) Adult CCDB-32336 D10 from inside the
empty shell of a Bubble Snail (Bulla gouldiana) from Balboa at Coral. (c) Adult CCDB-32336 E01, 2&3
inside the empty shell of the same Bubble Snail (Bulla gouldiana). (d) Adult CCDB-32336 D10 and
CCDB-32336 E01, 2&3 ventral views, live animals (no DNA sequences obtained). (e) CCDB-32336
D10 shell—ventral view. (f) CCDB-32336 E01, 2&3 shell—ventral view. (g,h), adult FMNH 282243.
Subtidal in hermit crab shells, from Naples Reef, near Santa Barbara, Santa Barbara County, California.
Length 30 mm [10]. We have found many stages of a different species of Slipper snail, Crepipatella
lingulata. (Figure 6) which also has yellow spots on the vela.
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Figure 7. Family Calyptraeidae. Slipper snail, Crepipatella lingulata. (BIN AAF2329; n = 27 veligers,
4 pre-adults, 2 adults) (a) Veliger CCDB-24236-E04 from Little Treasure Cove, Crystal Cove State Park.
(b) Veliger CCDB 31597 F05 from Newport Beach harbor entrance. (c) Late veliger BIOUG01229-F06
from Newport Beach harbor entrance. (d) Juvenile CCDB-24722-H11 from Newport Beach harbor
entrance. (e) Juvenile BIOUG01229-F02 from Newport Beach harbor entrance, (f) Adult CCDB-32336
G10, dorsal, from Shaw’s Cove south, Laguna Beach.

Family Cerithiopsidae H. Adams & A. Adams, 1853: The Cerithiopsids
A family of very small gastropods (Figure 8) with high spires and multiple whorls.

Figure 8. Family Cerithiopsidae. Cerithiopsis sp.? (a) Veliger BIOUG01205-H03 from off Newport
Pier. (b) Veliger CCDB-24236-B10 from off Newport Pier. (c) Veliger CCDB-24722-D04 from La
Profunda, Baja California.
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Family Strombidae Rafinesque, 1815: The true Conchs
Medium to very large snails (Figure 9), with eyes on long stalks. The shell has a long,

narrow aperture with an anterior indentation that accommodates one of the eye stalks.

Figure 9. Family Strombidae. Eastern Pacific fighting conch, Strombus gracilior. (a) Veliger, CCDB-
24722-E09 from Bahia de Los Angeles, Baja California. (b) Adult, from Hardy’s Internet Guide to
Marine Gastropods (This species is not recorded from Orange County).

Family Vermetidae Rafinesque, 1815: Worm Snails
Small to medium-sized snails (Figure 10), with very irregular elongated tubular shells

often forming large clumps. Some species have opercula at the ends of the tubes, while
others do not.

Figure 10. Family Vermitidae. Scaly Worm Shell, Thylacodes squamigerus. (a) Veliger,
BIOUG01205-B01. Off Crystal Cove State Park, Laguna Beach, Orange County, CA. (b) Veliger,
BIOUG01229-D05. Off Newport Pier, Orange County, CA. (c) Adult CCDB 31729 A11 from Twin
Points, Laguna Beach. (d) Adult CCDB-24002-C03 from Shaw’s Cove, Laguna Beach.
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Subclass heterobranchia
The veliger has a shell, but this is lost during metamorphosis into the adult.
Family Hermaeidae H. Adams & A. Adams 1854
Small sea slugs (Figure 11) with cerata containing branches of the digestive gland, and

rhinophores with a recessed tip.

Figure 11. Family Hermaeidae. Aplysiopsis enteromorphae. (a) Veliger larva BIOUG01229-H05
from Newport Pier. (b) Veliger larva CCDB-32329 H01 from Balboa at Coral. (c) Veliger larva
BIOUG01205-H12 from Via Lido, Lido Island. (d) Late veliger BIOUG01229-H03 from Balboa at Coral.
(e) Late veliger BIOUG01229-H04 from off Newport Pier. (f) Adult (no DNA barcode) from Rocky
Bight, Crystal Cove State Park, Orange County, CA.

Family Onchidorididae Gray, 1827
Dorid nudibranchs (Figure 12), of which we have found only one pelagic larva.
Order Neogastropoda: Sea Snails
Characterized by a long incurrent siphon and accompanying siphonal structure on

the base of the shell.
Family Columbellidae Swainson, 1840: The Dove Snails
Minute to small snails (Figure 13) with a thick shell with a narrow opening. The foot

is narrow, and the siphon is very long.

166



Diversity 2022, 14, 912

Figure 12. Family Onchidorididae. Black-tipped Spiny Doris, Acanthodoris rhodoceras. (a) Larva CCDB
31597 D11 from Balboa at Coral. (b) Juvenile from Cabrillo Beach, Los Angeles County, CA. (http:
//nathistoc.bio.uci.edu/Molluscs/Acanthodoris%20rhodoceras/index.html accessed on 1 October 2022).

Figure 13. Family Columbellidae. Carinate dove shell, Alia carinata (BIN AAZ4577). (a) Veliger
BIOUG01229-G06 from Newport Beach, Harbor entrance. (b) Late veliger BIOUG01229-C06 from
Pacific Ocean from Crystal Cove State Park. (c) Adult CCDB-24002-H02 from Dana Point rock field.
(d) Adult CCDB 31729 D02 from Twin Points, Crystal Cove State Park.

Family Nassariidae Iredale, 1916 (1835): The Dog Whelks
Snails with rounded shells (Figure 14), a high spire, an oval aperture, and a siphonal notch.
Family Muricidae Rafinesque, 1815
Within the family Muricidae, our collections include 27 adults but no larvae of Nucella

ostrina (BIN AAA4209), 26 adults but no larvae of Acanthinucella spirata, 18 adults but no
larvae of Ceratostoma nuttalli and 2 adults but no larvae of Mexacanthina lugubris. This is
consistent with the finding that in these species of Muricidae the equivalent of the veliger
stage occurs within the egg capsule, and the individuals hatch as juveniles which are not
represented in our collections because of the limitations of our collection methods. In other
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family members Poulson’s Dwarf Triton, Roperia poulsoni, and Festive Murex, Pteropurpura
festiva, individuals escape as veligers (Figures 15 and 16).

Figure 14. Family Nassariidae. Western mud nassa, Nassarius tiarula. (BIN ACV0694; n = 1 veliger,
7 adults). (a) Veliger BIOUG01205-G06 from Via Lido and Genoa, Lido Island. (b) Adult CCDB32329
G01 from Balboa at Coral (mud grab). (c) Adult CCDB-32329 F07 from Crew Dock, Back Bay Science
Center (mud grab). (d) Adult CCDB-32329 F06 from Crew Dock, Back Bay Science (mud grab).

Figure 15. Family Muricidae. Poulson’s Dwarf Triton, Roperia poulsoni (BIN ADG1012, n = 6 adults,
2 veligers, 1 eggs). (a) Eggs CCDB 31597 C05 from Ocean off Dana Point. (b) Egg cases containing
veligers, Gast14_A01—A03. Reef Point, Crystal Cove State Beach, Orange County, CA. 5/17/2021.
(c) escaped veligers. (d) Veliger BIOUG01229-H10 from Newport Harbor entrance. (e) Adult CCDB
31729 B12 from Crescent Beach. (f) Adult CCDB 31729 B08 from Crescent Beach.
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Figure 16. Family Muricidae. Festive Murex, Pteropurpura festiva (BIN ADF9780, n = 6 veligers,
3 adults). (a) Veliger BIOUG01229-H09 from Newport Beach, Harbor entrance; (b) Adult (lateral)
CCDB-36354 G07 from Reef Point, Crystal Cove State Park; (c) Adult (lateral) CCDB-36354 G09 from
Pelican Point, Crystal Cove State Park.

Family Olivellidae Troschel, 1869: The Dwarf Olives
A family of small predatory snails (Figure 17) with smooth, shiny, elongated shells.

Figure 17. Family Olivellidae. Purple dwarf olive, Callianax biplicata (BINACB8152; n = 8 veligers + 2
adults pending). (a) Veliger CCDB-24722-H05 from Newport Beach Harbor entrance. (b) Veliger
CCDB-24722-H07 from Newport Beach Harbor entrance. (c) Veliger CCDB 31597 F10 from Ocean
off Newport Beach. (d) Adult, dorsal CCDB-32329 G10 from Balboa at Coral. (e) Adult, ventral
CCDB-32329 G09 from Balboa at Coral. Background 1⁄4 inch squares.

Order Cephalaspidea: Sea Slugs and Bubble Snails
Family Gastropteridae Swainson, 1840 [1] Bat-Winged Slugs
Adults have no shell, or an internal reduced shell (Figure 18). They have outgrowths

from the mantle wall called parapodia, used in swimming.
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Figure 18. Family Gastropteridae. Pacific Batwing Seaslug Gastropteron pacificum. (a,b) Veliger
CCDB 31729 A07 from Newport Beach Harbor entrance. (a) lateral, (b) dorsal. (c) adult © Gustav
Paulay. https://cdn.floridamuseum.ufl.edu/IZ/04ff1938-4872-41fd-9a4a-270ef0c5cc7e/ (accessed on
1 January 2022).

Family Haminoeidae Pilsbry, 1895
The shell (Figure 19) is partially or completely enfolded by lateral fleshy parapodial

lobes. Represented in our collection by the Blister Glassy-bubble, Haminoea virescens
(Figure 19) and the White Bubble snail, Haminoea vesicula (Figure 20).

Figure 19. Family Haminoeidae. Blister Glassy-bubble, Haminoea virescens. (a), Veliger CCDB-
24722-G10 from Balboa at Coral. (b), Adult CCDB-24002-D05 from Shaw’s Cove south. (c), Adult
CCDB-31729 B02 from Twin Points, Crystal Cove State Park.
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Figure 20. Family Haminoeidae. White Bubble snail, Haminoea vesicula. (a), Veliger CCDB-24722-G12
from off Newport Pier. (b) Veliger CCDB-24002-A06 from Balboa at Coral. (c) Juvenile BIOUG01205-
H09 from Balboa at Coral. (d) Adult from Bodega Head, CA, photo courtesy of Jackie Sones.

4. Discussion

Our results confirm that DNA barcoding using the COI barcode [3,4,11] is a useful
strategy to match life-cycle stages within species as well as to identify species and to
document the level of biodiversity within a taxon, in this case the gastropods. Our data also
show the expected “DNA barcode gap”; i.e., a much larger range of interspecific divergences
versus intraspecific divergences in this DNA sequence for gastropods (Figure 1). DNA
barcoding has often revealed unexpected species diversity in many taxa [11,12] and the
present study leads to the same conclusion for gastropods. The data will contribute to
the development of a DNA barcode reference library, which will allow the rapid and
convenient identification of individual gastropod individuals and parts collected at any
developmental stage.

In this study we have begun to compile a collection of images of veligers, which
are identified to the species level by matching of their DNA barcodes to those of mor-
phologically recognized adults. These images confirm that the respective species have
free-swimming veligers, and show that there is considerable morphological diversity, with
some veligers having two velar lobes, some having four velar lobes, and some having
yellow- or red-spotted vela. However, as expected from studies of larval stages in general,
it is difficult to identify many species from the morphology of veligers.

The DNA sequence differences in the COI barcode are, of course, not responsible for the
morphological differences we have observed between specimens in separate taxa. However,
the DNA barcode differences that have evolved between morphologically distinct organisms
can be used to examine the degree of relatedness between them. When the DNA sequence data
are organized into a taxonomic tree (see Taxon Tree in Supplementary Materials), the results
are generally consistent with the taxonomic tree according to conventional morphological
methods. This can be explored by cladistic analysis, in which the taxonomic tree is examined
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for “DNA clades”—groups of species that are uniquely and exclusively related by DNA
sequence. According to this analysis, all four species of Lottia, three species of Crepidula, two
of Cerithidea, two of Nassarius, three of Littorina, two of Nuttalina, two of Epitonium, four of
Tegula, three of Doriopsilla, two of Ancula, two of Felimare, two of Corambe, and two of Aplysia
form clades, although the Lottia and Tegula clades include some different species.

DNA barcode reference libraries can lead to the development of more global sequenc-
ing strategies including metabarcoding and parallel sequencing of complex bulk samples
including “environmental DNA”, which are being developed for monitoring ecosystem
health. For example, in a recent study of plankton communities in the Baltic Sea, five
nonindigenous species were discovered, and four of these were identified exclusively by
metabarcoding [13]. Our work illustrates the need for more larval/adult matching to build
sequence libraries specifically for meta- and eDNA barcoding.

Supplementary Materials: The following supporting information can be downloaded at: http:
//www.boldsystems.org/index.php/MAS_Management_DataConsole?codes=GASSC (accessed on
1 January 2022) (1238 records selected) Distance Model: Kimura 2 Parameter Marker: COI-5P Labels:
Taxon, Sample ID, Life Stage, Barcode Cluster (BIN) Colorization: Barcode Cluster (BIN) Alignment:
BOLD Aligner (Amino Acid based HMM) Filters Applied: ≥300 bp only, exclude records flagged
as misidentifications, records with stop codons, contaminants. Sequence Count: 647 sequences;
104 Species; 84 Genera; 59 Families; 76 Unidentified; 143 BINs. For specimens that were large enough
to allow separation of multiple samples (usually three samples to allow for sequencing failures) all
of the sequences obtained are included in the tree; when full-length barcodes were obtained they
always matched perfectly.
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Abstract: This survey reports the spatial distribution of gastropods belonging to Caenogastropoda,
Architaenioglossa, Littorinimorpha, Cycloneritida and Hygrophila orders, and malacostracans from
Amphipoda and Mysida orders in the lower sector of the Danube River, Romania, using DNA
barcoding based on the cytochrome C oxidase I (COI) gene sequence. Sampling was performed for
eight locations of Danube Delta branches and Bechet area during three consecutive years (2019–2021).
Molecular identification of sixteen gastropods and twelve crustacean individuals was confirmed to the
species level, providing the first molecular identification of gastropods from the Lower Danube sector.
Phylogenetic analysis showed that species of gastropods and crustaceans clustered in monophyletic
groups. Among gastropods, Microcolpia daudebartii acicularis, Viviparus viviparus, Bithynia tentaculata,
Physa fontinalis, Ampullaceana lagotis and Planorbarius corneus were identified in Chilia and Sulina
branches; and the Bechet area was populated by Holandriana holandrii, Theodoxus transversalis and
Gyraulus parvus. The amphipods and mysids were present along the three main Danube branches. The
calculated density of these species revealed an abundant community of crustacean Chelicorophium ro-
bustum on Sulina branch, and Dikerogammarus haemobaphes and D. villosus in extended areas of the
Danube Delta. The presence of these invertebrates along Danube River was reported in relation to
the sediment type and water depth.

Keywords: DNA barcoding; gastropoda; amphipoda; mysidae; Danube River; distribution

1. Introduction

Danube is one of the most important inland waterways and the second-largest river in
Europe. It has a length of 2857 km from the source (Black Forest, Germany) to the delta
and the Black Sea, Romania [1]. The lower Danube course, between Baziaş to its mouth at
the Black Sea, with a length of 1075 km, represents Romania’s natural borders with Serbia,
Bulgaria, Ukraine and the Republic of Moldova [2]. Over a third of the river’s length is in
Romania, covering almost a third of the surface area of the Basin [3]. With a hydrographic
basin of 816,028 km2, covering 11% of the European continent [4], the river discharges into
the Black Sea in a characteristic delta formed by three main branches.

The Danube Delta represents one of the continent’s most valuable habitats for wetland
and is the largest remaining natural wetland. Its unique ecosystems consist of a labyrinthine
network of river channels, shallow bays and hundreds of lakes. The three main channels
flowing through the delta are represented by the Chilia branch, which carries 63% of the
total flow; the Sulina branch, which accounts for 16%; and the St. George branch, which
carries the remainder [3,5]. As the largest delta in the European Union covering about
5640 km2 (including the outer lagoons areas), of which 4400 km2 is in Romanian territory,
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the Danube Delta acts as a natural filter for about 7 to 10% of the total water, sediment and
pollutant discharges of the river into the sea [6].

Benthic invertebrates are an important component of freshwater ecosystems; they
contributing to accelerating detrital decomposition [7,8], material circulation and energy
flow and supply food for both aquatic and terrestrial vertebrate consumers [9].

Gastropods are one of the largest benthic groups with regard to the number of species
and their relative abundances in large lowland rivers [10,11]. They have a substantial
function in riverine systems, controlling the growth of algal communities and grazed
systems, resulting in decreased algal biomass [12], and provide an important food source
for some fish species [13]. Danube’s gastropod fauna belongs to the richest in Europe,
encompassing species with a wide European distribution, but also with unique Danubian
and Ponto-Caspian elements [14–16].

Malacostracan crustacean groups represented by amphipods and mysids play key roles
in water quality assessment and ecological [17] and ecotoxicological studies, being sensitive
to some chemical contaminants at environmentally relevant concentrations [18]. Taking
into consideration their large distribution, their ecological role in the food chain and their
susceptibility to pollutants, these organisms are frequently used as bioindicators [19,20]
and contribute to nutrient recycling and water purification, representing an important
food source for a variety of animals [17]. Ponto–Caspian amphipods, isopods, mysids and
cumaceans represent some of the most successful groups of aquatic invaders, comprising
several high-impact species, such as Chelicorophium robustum, Dikerogammarus villosus and
D. haemobaphes [21].

Owing to their sensitivity to water quality, hydrology and sediment conditions, ben-
thic invertebrates are the most commonly used organisms for biological monitoring of
freshwater ecosystems worldwide; they are frequently used in environmental assessment
studies and as indicators of functional change [22,23]. However, monitoring functions
depend, to a large extent, on the accuracy of the species identification [24,25].

For the last few decades, DNA barcoding based on mitochondrial cytochrome c
oxidase 1 (COI) gene sequencing [26] was extensively used for efficient and accurate species
identification, facilitating the discovery of cryptic and new species [27]. To date, this method
has been successfully applied for the identification of gastropods [28], amphipods [29] and
mysid crustaceans [30] to overcome the limitations of specimen identification based on
morphological characters [31,32].

Several studies carried out in the Lower Danube region based on morphological
identification aimed to assess the distribution and ecology of macroinvertebrates [33],
including gastropod fauna [34–37]. Only limited data on Ponto-Caspian amphipods and
mysids from this region have been provided [38–42]. Moreover, molecular identification of
amphipods [43–45] and mysids [30,46] from the Lower Danube sector and Danube Delta
targeted only a few species. Additionally, [30,45,46] conducted studies on specimens col-
lected from unspecified locations of the Danube Delta. Meanwhile, no such investigations
based on molecular identification were carried out so far regarding gastropod fauna.

In this context, the current report based on molecular identification by DNA barcoding
provided new data on the distributions of several gastropod and Ponto-Caspian malacos-
tracan amphipods and mysids species along the Lower Danube River sector in relation to
the depth and substrate type of their habitat.

2. Materials and Methods

2.1. Study Area, Sampling and Sample Preparation

Sediment samples were collected from 8 sites along the Lower Danube sector in 2019,
2020 and 2021 during 3 field trip sessions in late spring (May–June) periods (Figure 1,
Table 1). Among these, the sites P01 and P01A were located within the Ceatal Izmail area,
the apex of the Danube Delta where the splitting of the river in Chilia and Tulcea distribu-
taries occurs—P06 on Chilia branch, P12 and P13 on Sulina branch, P20 and P24 on the St.
George branch and D20 in the Bechet area (km 676), respectively (Figure 1). Sampling was
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carried out at various depths, corresponding to different substrate composition (Table 1).
The substrate from the Danube branches site was represented by mixed, sandy and muddy
sediments, and in the Bechet area by submerged vegetation and a solid substrate. The
water depth in the D20 station located in Bechet area was 3.7 m on average and ranged
from 4.7 to 24 m along the Danube Delta branches.

 

Figure 1. Sampling sites of the Lower Danube River sector. (A) Overview map of the Danube River;
(B) sampling location in Bechet area; (C) sampling locations along the Danube Delta river branches.

Table 1. Study area. Sampling sites of the lower sector of the Danube River (Figure 1), year of
collection, water depth and substrate type. MS: mixed sediments; MSM: mixed sediments dominated
by mud with aquatic vegetation; SM: sandy mud with aquatic vegetation; S sand; M: mud; AV:
aquatic vegetation with solid substrate.

Coordinates
Station Year of Sampling

Lat. (α) Long. (λ)
Depth (m) Substrate Type

P01 2019, 2020, 2021 45◦13′36.23′ ′ 28◦43′57.49′ ′ 24.0 MS
P01A 2019, 2020, 2021 45◦13′36.23′ ′ 28◦43′57.49′ ′ 24.0 MS
P06 2019, 2020, 2021 45◦24′19.16′ ′ 29◦33′12.71′ ′ 6.8 SM
P12 2019, 2020, 2021 45◦10′53.65′ ′ 29.20′47.84′ ′ 4.7 MSM
P13 2019, 2020, 2021 45◦10′35.34′ ′ 29◦28′28.66′ ′ 5.1 MSM
P20 2019, 2020, 2021 45◦01′10.2′ ′ 29◦16′36.64′ ′ 13.8 S
P24 2019, 2020, 2021 44◦57′33.80′ ′ 29◦20′48.80′ ′ 19.5 M
D21 2019, 2021 43◦44′13.0′ ′ 23◦59′4.3′ ′ 3.7 AV

Sediments were collected using a Van Veen grab with a surface of 0.1 m2 and a
limnological net. Samples were washed immediately after collection using 250 and 125 μm
mesh sieves to remove excess sediment particles and preserve macrofauna. For collecting
the phytophilous organisms, the vegetation was swept by using a limnological net with
125 μm mesh size. Each specimen selected for genetic analyses was washed with sterile
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water and placed in 200 μL Tris-EDTA pH 8 buffer at −20 ◦C [47]. For samples collected in
2021 with the Van Veen grab, the quantitative distribution of each species was evaluated
by counting all individuals and calculating their theoretical density per unit surface (1 m2)
using a multiplication factor of 10 [48]. For the samples collected with the limnological net,
the abundance was expressed as the total number of individuals collected.

2.2. Morphological Identification

In a first attempt, all collected species were morphologically assigned according to
the identification keys for gastropods [49], amphipods [50], and mysids [51], and further
submitted to DNA barcoding analysis.

2.3. DNA Extraction, PCR Amplification and COI Gene Sequencing

Total genomic DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen,
Hilden, Germany), following an optimized protocol including an initial stage of cell disrup-
tion [52]. The specimens were introduced into Tris-EDTA pH 8 buffer and homogenized
at 20 ◦C, 50 Hz, for 12 min, in a SpeedMill PLUS Cell Homogenizer (Analytik, Jena, Ger-
many) in the presence of 5 ZR BashingBead lysis matrix 0.2 mm (Zymo Research, Irvine,
CA, USA), and further processed following the manufacturer’s protocol. A partial region
of mitochondrial COI gene was amplified using metazoan universal primers (CO1490
(5′-GGTCAACAAATCAAA-GATATTGG-3′) and HCO2198 (5′-TAAACTTCAGGGTGAC-
CAAAAAATCA-3′)) [53]. PCR amplification was carried out in a 50 μL reaction volume
containing 1 unit ofTaq DNA polymerase (ThermoFisher Scientific, Waltham, MA, USA),
1 μL genomic DNA, 1 μL each of LCO1490 and HCO2198 primer, 0.1 mM of dNTP (Ther-
moFisher Scientific), 1 × BSA (New England Biolab, BiolabIpswich, MA, USA) and 1 × Taq
buffer containing 2.5 mM MgCl2 (ThermoFisher Scientific). The COI fragment was ampli-
fied after an initial incubation at 95 ◦C for 2 min, followed by 5 cycles of incubation at 94 ◦C
for 30 s, annealing at 45 ◦C for 1.5 min and extension at 72 ◦C for 1 min; and 35 cycles of
94 ◦C for 30 s, 50 ◦C for 1.5 min and 72 ◦C for 1 min, with a final extension step of 5 min
at 72 ◦C. The size and integrity of the amplified DNA were analyzed by electrophoresis
in 1% agarose gel (Cleaver Scientific, Ltd., England). The amplicons were further purified
using a QIAquick PCR Purification Kit (Qiagen) and sequenced on both strands using the
amplification primers (Macrogen, Amsterdam, The Netherlands).

The resulting COI nucleotide sequences were edited using Sequence Assembly and
Alignment—CodonCode Aligner Software (CodonCode Corporation 2003). Sequence
identification was performed using the BLAST-NCBI platform [54]. Molecular identification
of isolated gastropods and crustaceans collected from the Danube branches was based
on the sequence identity of the COI amplicons using a combination of approaches that
included the use of the R package INSECT with the database classifier version [55,56] and
a 97% threshold for BLAST sequence screening of the NCBI GenBank database [26].

The COI sequence of all identified gastropod and crustacean specimens from the
Lower Danube sector were deposited in GenBank (Supplementary Table S1).

2.4. Phylogenetic Analysis and Calculation of Intra- and Interspecific Genetic Distance

The alignment of gastropods and crustaceans’ COI sequences retrieved from NCBI
GenBank (Supplementary Table S1) was performed using MUSCLE with default parame-
ters [57]. Phylogenetic analysis for both gastropod and crustacean species based on COI se-
quences was performed via maximum likelihood statistical method using the IQ-TREE web
server (Available online: http://iqtree.cibiv.univie.ac.at/ (accessed on 20 June 2022)). We
used the ModelFinder to find the best substitution model according to BIC (K3Pu + F + I + G4),
with ultrafast bootstrapping (1000 iterations), single branch test SH-aLRT (1000 iterations)
and the Approximate Bayes test [58]. The resulting tree was visualized using Interac-
tive Tree of Life (Available online: https://itol.embl.de/ (accessed on 20 June 2022)) [59].
Spongilla lacustris COI gene (HQ379431) was used as an outgroup for both gastropods and
crustacean phylogenetic trees. Pairwise intraspecific and interspecific genetic distances
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were calculated using the Kimura two-parameter (K2P) model using the Molecular Evolu-
tionary Genetics Analyses (MEGA) platform version 11 [60,61]. A 3% molecular threshold
was taken into account as the most used cut-off value for species delimitation [26].

3. Results

3.1. Molecular Identification and Phylogeny of Gastropods and Crustaceans

Following an initial morphological screening of the invertebrates collected from the
eight stations of the Lower Danube sector (Figure 1), all specimens were successfully
identified by DNA barcoding, including the 16 gastropods and 12 crustacean individuals
collected (Supplementary Table S1). The taxonomic assignment of these new species using
the R package INSECT analysis confirmed their affiliation (Supplementary Table S2).

The COI amplicons’ sizes varied between 513 and 654 bp with an average was 602 bp
for gastropods, and between 539 and 651 bp with an average of 600 bp for crustaceans.

The nine gastropod species from Caenogastropoda, Architaenioglossa, Littorinimor-
pha, Cycloneritida and Hygrophila orders belonged to eight families (Amphimelaniidae,
Melanopsidae, Viviparidae, Bithyniidae, Neritidae, Lymnaidae, Physidae and Planorbidae),
and the five identified crustaceans from Amphipoda and Mysida orders were classified
into three different families (Corophiidae, Gammaridae and Misidae) (Table 2).

A phylogenetic tree for gastropod species was constructed based on 28 individuals’
DNA barcode sequences, of which 16 were from the current study and 10 additional
sequences were retrieved from the NCBI GenBank database (Figure 2). All individuals
assigned to the same species belonged to monophyletic clusters, and all individuals of the
same species formed a branch, each with high bootstrap support values (<90%) (Figure 2).

Figure 2. Phylogenetic tree of gastropod species based on cytochrome oxidase subunit I (COI).
�: sequences from the current study; Spongilla lacustris COI (HQ379431) was used as an outgroup;
numbers in parentheses are SH-aLRT support (%)/aBayes support/ultrafast bootstrap support (%).
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Table 2. Occurrences of gastropods and malacostracans according to the year of sampling, location,
water depth and type of substrate. Sampling sites P01, P01A, P06, P12, P13, P20, P24, D20 (Figure 1).

Sampling Sites
Species/Orders

P01 P01A P06 P12 P13 P20 P24 D20
Depth

(m)
Type of

Substrate
Gastropoda

Caenogastropoda
Holandriana holandrii 2021 3.7 AV

Microcolpia daudebartii acicularis 2019 2019 4.7 MS
2021 2021 24 MSM

Architaenioglossa

Viviparus viviparus 2020 2020 4.7 MS
2021 2021 24 MSM

Littorinimorpha

Bithynia tentaculata 2020 2020 5.1 MS
2021 2021 24 MSM

Cycloneritida

Theodoxus transversalis
2019 3.7 AV
2021

Hygrophila

Ampullaceana lagotis 2020 6.8 SM
2021

Physa fontinalis 2020 5.1 MSM
2021

Planorbarius corneus
2020 4.7 MSM
2021

Gyraulus parvus 2021 3.7 AV
Malacostraca

Amphipoda

Chelicorophium robustum
2019 2019 2019 2019 4.7 MS
2021 2021 2021 2021 6.8 MSM

24

Dikerogammarus haemobaphes

2019 2019 2019 2019 2019 4.7 MS
2020 2021 2020 2020 2020 5.1 MSM
2021 2021 2021 2021 6.8

24

Dikerogammarus villosus

2020 2021 2020 2020 2020 2020 4.7 MS
2021 2021 2021 2021 2021 5.1 MSM

13.8
19.5
24

Mysida

Limnomysis benedeni 2020 5.1 MSM
2021

Paramysis (Mesomysis) lacustris 2020 2020 4.7 MSM
2021 2021 5.1

The intraspecific and interspecific distances were measured for the specimens assigned
to the same species and same family, in order to validate the existence of the 3% molecular
threshold. For gastropods, the intraspecific distance calculation was conducted for four
species which were represented by more than one individual, as follows: H. holandrii,
V. viviparus., B. tentaculata and A. lagotis. Intraspecific T3P distances of the COI sequences
within species ranged from 0% to 0.7%, the highest distance being found in A. lagotis. Inter-
specific distances for gastropods ranged from 17.2% to 37.8%. In the case of Planorbidae
being represented by two species, the average genetic distance within this family was 16.9%
(Table 3).
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Table 3. Intraspecific and interspecific K2P genetic pairwise distances for gastropod species. The
values calculated for Danube River specimens are represented in bold.

1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16.

1. ON000184 H. holandrii -
2. ON000192 H. holandrii 0.000 -
3.MW139680 M. daudebartii
acicularis 0.205 0.207 -

4. ON000180 V. viviparus 0.281 0.282 0.241 -
5. ON000191 V. viviparus 0.275 0.276 0.241 0.003 -
6. ON000197 V. viviparus 0.277 0.278 0.240 0.003 0.003 -
7. MW139681 B. tentaculata 0.235 0.236 0.240 0.274 0.268 0.271 -
8. MW139682 B. tentaculata 0.242 0.241 0.243 0.278 0.268 0.278 0.003 -
9. MW139678 T. transversalis 0.240 0.238 0.211 0.263 0.259 0.261 0.224 0.225 -
10. ON000193 A. lagotis 0.327 0.317 0.327 0.347 0.337 0.345 0.319 0.321 0.277 -
11. ON036036 A. lagotis 0.299 0.294 0.307 0.332 0.329 0.329 0.307 0.307 0.257 0.004 -
12. MW600073 A. lagotis 0.315 0.305 0.306 0.333 0.330 0.332 0.308 0.306 0.258 0.005 0.007 -
13. MW600069 P. fontinalis 0.365 0.352 0.355 0.315 0.312 0.312 0.298 0.298 0.272 0.180 0.180 0.185 -
14. MW600083 P. corneus 0.345 0.329 0.302 0.305 0.302 0.304 0.321 0.318 0.273 0.173 0.172 0.175 0.202 -
15. ON000188 G. parvus 0.362 0.345 0.333 0.356 0.347 0.353 0.299 0.307 0.295 0.215 0.207 0.208 0.218 0.164 -
16. ON000194 G. parvus 0.362 0.362 0.350 0.378 0.372 0.378 0.316 0.320 0.316 0.232 0.219 0.226 0.230 0.175 0.000 -

For crustacea, the phylogenetic reconstruction was based on 16 COI sequences, of
which 12 were from this study and 4 were retrieved from GenBank (Figure 3). All individu-
als belonging to the same species analyzed in the present study formed distinct clusters in
the tree, with bootstrap support values <90% (Figure 3).

Figure 3. Phylogenetic tree of amphipod and mysid species based on cytochrome oxidase subunit I
(COI); (�): sequences from the current study; Spongilla lacustris (HQ379431) was used as an outgroup;
numbers in parentheses are SH-aLRT support (%)/aBayes support/ultrafast bootstrap support (%).

The calculated intraspecific distances for C. robustum, D. haemobaphes and L. benedeni
showed the highest genetic distance (2.7%) for L. benedeni, in addition to the identified 3%
threshold for different species. The lowest interspecific distance of 20.4% was obtained be-
tween D. haemobaphes and D. villosus, and the highest value was 38.9% between C. robustum
and P. lacustris, and the same between D. haemobaphes and L. benedeni. Additionally, the
interspecific distances between species belonging to the same family varied in the case of
Gammaridae. For the genus Dikerogammarus, the interval was 19.9–20.5% and the average
value was 20.2%. The values for the two Misidae species ranged from 30.5% to 33.8%, and
the average value was 31.4% (Table 4).
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Table 4. Intra- and interspecific K2P pairwise distances for crustacean species. The values calculated
for Danube River specimens are represented in bold.

1. 2. 3. 4. 5. 6 7. 8. 9. 10. 11. 12.

1. MW139683 C.robustum -
2. ON000195 C. robustum 0.000 -
3. MW600074 D. haemobaphes 0.332 0.342 -
4. MW600089 D. haemobaphes 0.331 0.336 0.003 -
5. ON000187 D. haemobaphes 0.337 0.332 0.004 0.002 -
6. ON000189 D. haemobaphes 0.338 0.331 0.002 0.002 0.000 -
7. MW600090 D. villosus 0.322 0.332 0.204 0.199 0.205 0.203 -
8. MW600070 L. benedeni 0.350 0.373 0.350 0.347 0.358 0.349 0.326 -
9. MW600071 L. benedeni 0.348 0.370 0.353 0.350 0.361 0.353 0.333 0.008 -
10. MW600072 L. benedeni 0.374 0.400 0.380 0.383 0.389 0.381 0.355 0.025 0.020 -
11. ON000186 L. benedeni 0.350 0.370 0.348 0.344 0.355 0.346 0.333 0.002 0.006 0.027 -
12. MW600085 P. lacustris 0.366 0.389 0.336 0.333 0.347 0.348 0.346 0.310 0.306 0.338 0.305 -

Intra- and interspecific pairwise distances for crustacean species COI analyses showed
that the obtained intraspecific and interspecific genetic distances between individuals of
both gastropod and crustacean species do not overlap, further supporting the species
identification.

3.2. Distribution and Ecology of Gastropod and Crustacean Species along the Lower Danube Region

Out of the eight investigated sites, gastropod species were identified in four locations
along the Danube branches and in the Bechet area site (Figure 4) during different field trips.
The crustacean species were found in all seven sampling sites located along the Danube
branches (Figure 5), during the whole time interval (Table 2).

 

Figure 4. Distribution of gastropod species along Danube branches and in the Bechet area (inset).
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Figure 5. Distribution of crustacean species along Danube branches.

The gastropod species identified along the Danube branches (M. daudebartii acicularis,
V. viviparus, B. tentaculata, P. fontinalis and P. corneus) were present only on Chilia and
Sulina Danube branches (Figure 4). Meanwhile, only three phytophilous gastropods
were retrieved from the Bechet area, H. holandrii, T. transversalis and G. parvus (Figure 4).
These specimens were retrieved from different water depths ranging from 3.7 to 24 m
(Table 2). The river-bed substrate below the isolated species was also variable. In this
respect, M. daudebartii acicularis, V. viviparus, B. tentaculata, P. fontinalis and P. corneus species
were associated with mixed sediments, whereas A. lagotis was detected in areas dominated
by sandy and muddy sediments rich in submerged vegetation (Table 2).

The calculated density of gastropod species was relatively low, ranging from 10 to
20 individuals/m2 interval. There was a high presence (30 ind/m2) of P. corneus in site P12
(Sulina branch) (Table 5).

The amphipods and mysids were identified from the investigated sites located along
the three main Danube channels (Chilia, Sulina and St. George). D. haemobaphes was
detected in all three branches, D. villosus only in Sulina and St. George areas and C. robustum
in Chilia and Sulina; the mysids were identified only in the Sulina branch (Figure 5). Their
habitat was characterized by a variable water depth ranging from 4.7 to 25 m (Table 2). All
investigated species were detected in substrates characterized by mixed sediments, but only
representatives of Amphipoda order were encountered in sandy and muddy sediments
(Table 2).

Overall, the amphipods recorded higher calculated density as compared to mysid
species. The highest values were found for C. robustum and D. haemobaphes, reaching 420
and 300 ind./m2 at P12 and P13 stations, respectively. The two mysid species registered
relatively low densities, the highest being recorded by P. lacustris with 30 ind./m2 in P13
station. (Table 5).
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Table 5. Calculated densities of gastropod and crustacean species for the sampling sites of the Lower
Danube River. Locations of sampling sites P01, P01A, P06, P12, P13, P20, P24 and D20 are indicated
in Figure 1.

Density (Individuals/m2)
Species

P01 * P01A * P06 * P12 * P13 * P20 * P24 * D20 **

Gastropoda

M. daudebartii acicularis 20 20
V. viviparus 20 20

B. tentaculata 10 10
A. lagotis 10

P. fontinalis 10
P. corneus 30

H. holandrii 2
T. transversalis 3

G. parvus 2

Malacostraca

C. robustum 10 30 20 420
D. haemobaphes 10 130 210 20 300 30

D. villosus 40 110 10 30 10 20
L. benedeni 10
P. lacustris 10 30

* Samples collected with VV grab (density: expressed as individuals/m2, ** samples collected with the limnological
net (abundance: total number of individuals collected).

4. Discussion

For the last decades, the molecular approach based on DNA barcoding has become
an important tool for biodiversity assessment worldwide, being suitable for the identi-
fication of species from different life stages and species with sexual dimorphism, or for
putative cryptic species, from both fresh and preserved materials [62]. In the current
study, DNA barcoding was proven to be an effective instrument for identifying gastropods
and crustaceans.

Traditionally, the method for validating presumptive species using DNA barcoding
analysis is based on the comparison between intraspecific and interspecific genetic nu-
cleotide divergence enabling the inference of a molecular threshold to help taxonomic
identification [26,63]. There are many debates in the scientific literature about the most ap-
propriate similarity threshold. It can vary in the 2–4% interval depending on the taxonomic
group of macroinvertebrate species [64]. The variation between species needs to exceed
the variation within species, which allows clear genetic differentiation of species by the
existence of the barcoding gap [65]. Here, for performing pairwise genetic distances, the
3% molecular threshold was used. The calculated intraspecific and interspecific divergence
values for gastropods (Table 3) were comparable to those reported for species retrieved
from the Portuguese coast, Vaal River and Adriatic Sea, varying in the 8.44–74.67% and
0–2.9% intervals, respectively [66–68]; and for amphipods and mysids collected from the
Pacific coast of Canada, the Black Sea, the Caspian Sea, Danube River and Don and Rhine
river systems, these values were in 0%–4.3% and 4.92–34.2% intervals [69–71]. These find-
ings support the efficacy of DNA barcoding based on COI gene sequencing in species
delineation. Moreover, our results showed no overlap between intra- and interspecific
genetic divergence for both gastropod and crustacean taxa.

COI represent a better target, having major advantages: the universal LCO1490 and
HCO2198 primers for this gene are very robust, allowing the recovery of the 5′ end from the
majority of the representatives of animal phyla [53,72]. The evolution of this gene was fast
enough to enable the discrimination of closely related species and phylogeographic groups
within a single species [73,74]. For both gastropod and crustacean taxa, the ML tree showed
distinctness of all the studied species. For instance, although sequences belonging to the
specimens identified as V. viviparus grouped closely with the GenBank retrieved sequences
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belonging to V. acerosus, the species formed distinct clusters in the COI phylogenetic re-
construction. Our results are consistent with those other studies showing that COI-based
phylogeny could confirm the genetic differentiation between Viviparus species [75]. More-
over, [76] reported morphological similarities between the aforementioned species, but a
later revision and molecular analyses confirmed their delimitation. Another example is
given by the representatives of the Planorbidae family. The phylogenetic reconstruction
showed that the species were grouped in distinct branches and sequences belonging to the
same species clustered together. Recently, phylogenetic analyses based on mitochondrial
and nuclear DNA sequences [77] showed that G. laevis and G. parvus are in fact part of
the same species-level clade, the latter having nomenclatural priority. Our data indicated
similar results for both amphipods and mysids collected from the lower sector of the
Danube River. While members of the same family (e.g., Gammaridae, Misidae) or the
same genus (Dikerogammarus) did not cluster together, sequences of same species grouped
together, suggesting the efficacy of COI sequences in species delineation. Previous debates
related to the taxonomic status of Dikerogammarus species considered that D. villosus and
D. bispinosus are synonyms of D. haemobaphes [78]. However, the taxonomical revision
performed by [79] and the analyses based on mitochondrial genomes performed by [80]
revealed genetic distinctions among these taxa. Furthermore, a COI gene analysis per-
formed on Chelicorophium revealed that the specimens clustered in two separate groups
corresponding to C. curvispinum and to C. robustum [81], which is consistent with our data
obtained in the case of the Lower Danube specimens.

Mollusca represent the most abundant organisms of the Danube River in terms of
biomass. Owing to their size, Bivalvia make up to 80% of the total biomass, followed by
Gastropoda, covering 10% to 35% of the community [82].

The types of substrate associated with invertebrates could also vary. Along the Danube
branches, the mixed sediments dominated by mud with aquatic vegetation were populated
by all species detected in this area, except for A. lagotis, which was identified in sandy mud.
The mixed sediments were associated with M. daudebartii acicularis, V. viviparus and B. ten-
taculata. A recent investigation [83] reported that V. viviparus, B. tentaculata, M. daudebartii
acicularis and P. fontinalis could also inhabit several types of substrate, such as gravelly,
muddy and sandy river bottoms, and areas with aquatic vegetation. Although gastropods
can populate areas with sandy and muddy river bottoms, these organisms are frequently
associated with solid substrata (boulders, stones, plant parts) [84]. Along the Danube
branches, the substrate was represented by mixed sediments, mud and sand, explaining
the low density of the species identified in this area. Both A. lagotis and P. corneus were
identified in only one substrate each, in mixed sediments and sandy mud, respectively.
Previous studies reported that these species are pelophilous and phytophilous, character-
istic of stagnant waters [85,86]; this may explain their absence from the majority of the
investigated samples. B. tentaculata and M. daudebartii acicularis were previously reported
in the Danube Delta area, along the St. George branch [42]. In addition, our study showed
that these species also populated Ceatal Izmail and Sulina branch, whereas no individuals
were found in the St. George sites. H. holandrii, T. trasversalis and G. albus were identified
only in the Bechet area, which is characterized by the presence of submerged vegetation
and a solid substrate. The Ponto-Caspian snail T. transversalis, listed as Endangered in the
IUCN Red List, is nowadays found in the Danube River in a very restricted area only in
the lower stretch [82,87,88], and H. holandrii is known as one of the Balkanian fauna of
the Danube River [82,89]. Both species are known to populate river bottoms with hard
substrates [82,87–89], and our data confirm these ecological preferences of the species.

In terms of abundance, the fauna of the Danube River was dominated by crustaceans.
Amphipoda was reported to be the dominant group in al Danube branches, representing
up to 75% of the total abundance [82]. While previous reports indicated that D. villosus,
D. haemobaphes and C. robustum are associated with gravelly substrates [90], the current data
revealed the presence of the amphipod species in several types of substrates. Although
the two representatives of Dikerogammarus showed a strong preference for large cobble
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and artificial substrate, the species are adapted to various ecological conditions [91–93], as
confirmed by the current study where these species were identified in mixed sediments,
sand and mud. A previous report on the macroinvertebrate communities from the Danube
Delta [42] also showed the occurrence of D. haemobaphes and D. villosus in several locations
along the St. George branch, similarly to our data, in support of the resilience of these
species for more than 5 years. Furthermore, C. robustum, which is reported to inhabit
gravelly and muddy substrates [94,95], was also found in the current survey to populate
areas dominated by mixed sediments and sandy mud. Our data revealed the association of
both L. benedeni and P. lacustris with mixed sediments dominated by mud, in accordance
with initial reports regarding their preferred habitat being characterized by fine sediments
(sand and mud) with standing water or slow to moderate currents [51]. L. benedeni is often
found in great densities on the shore at depths of only 0–0.5 m, although they can occur at a
depth of 6 m [51]. D. haemobaphes was identified in the littoral zone at 50–70 cm depth [96].

5. Conclusions

The current findings regarding the distributions of several gastropod and Ponto-
Caspian amphipods and mysids populating the Lower Danube region extended the knowl-
edge on the presence and density of these benthic invertebrates based on molecular identi-
fication by DNA barcoding using COI gene sequencing, and complementary meta-data
regarding their habitats (substrate type and river depth), thereby adding to the ecolog-
ical profile of these fauna populating the Danube Delta sector. The accuracy of species
identification by this method was highlighted in the cases of several specimens belonging
to same species of gastropods or crustaceans clustered together in monophyletic groups.
Moreover, this survey contributed to the first gastropod barcode dataset for the Romanian
Danube sector.
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20. Grabowski, M.; Bacela-Spychalska, K.; Pešić, V. Reproductive traits and conservation needs of the endemic gammarid Laurogam-
marus scutarensis (Schäferna, 1922) from the Skadar Lake system, Balkan Peninsula. Limnologica 2014, 47, 44–51. [CrossRef]

21. Borza, P.; Huber, T.; Leitner, P.; Remund, N.; Graf, W. Success factors and future prospects of Ponto-Caspian peracarid (Crustacea:
Malacostraca) invasions: Is “the worst over”? Biol. Invasions 2017, 19, 1517–1532. [CrossRef]

22. Heino, J.; Louhi, P.; Muotka, T. Identifying the scales of variability in stream macroinvertebrate abundance, functional composition
and assemblage structure. Freshw. Biol. 2004, 49, 1230–1239. [CrossRef]

23. Seymour, M.; Deiner, K.; Altermatt, F. Scale and scope matter when explaining varying patterns of community diversity in
riverine metacommunities. Basic Appl. Ecol. 2016, 17, 134–144. [CrossRef]

24. Frézal, L.; Leblois, R. Four years of DNA barcoding: Current advances and prospects. Infect. Genet. Evol. 2008, 8, 727–736.
[CrossRef]

25. Macher, J.N.; Salis, R.K.; Blakemore, K.S.; Tollrian, R.; Matthaei, C.D.; Leese, F. Multiple-stressor effects on stream invertebrates:
DNA barcoding reveals contrasting responses of cryptic mayfly species. Ecol. Indic. 2016, 61, 159–169. [CrossRef]

26. Hebert, P.D.N.; Cywinska, A.; Ball, S.L. Biological identifications through DNA barcodes. Proc. R. Soc. Lond. B 2003, 270, 313–321.
[CrossRef]

27. Puillandre, N.; Cruaud, C.; Kantor, Y.I. Cryptic species in Gemmuloborsonia (Gastropoda: Conoidea). J. Mollus. Stud. 2009, 76,
11–23. [CrossRef]

187



Diversity 2022, 14, 533

28. Sands, A.F.; Glöer, P.; Gürlek, M.E.; Albrecht, C.; Neubauer, T.A. A revision of the extant species of Theodoxus (Gastropoda,
Neritidae) in Asia, with the description of three new species. Zoosyst. Evol. 2020, 96, 25–66. [CrossRef]

29. Lipinskaya, T.; Radulovici, A.E. DNA barcoding of alien Ponto-Caspian amphipods from the Belarusian part of the Central
European invasion corridor. Genome 2017, 60, 963–964. [CrossRef]

30. Audzijonyte, A.; Daneliya, M.; Väinölä, R. Comparative phylogeography of Ponto-Caspian mysid crustaceans: Isolation and
exchange among dynamic inland sea basins. Mol. Ecol. 2006, 15, 2969–2984. [CrossRef] [PubMed]

31. Barco, A.; Claremont, M.; Reid, D.G.; Houart, R.; Bouchet, P.; Williams, S.T.; Cruaud, C.; Couloux, A.; Oliverio, M. A molecular
phylogenetic framework for the Muricidae, a diverse family of carnivorous gastropods. Mol. Phylogenet. Evol. 2010, 56, 1025–1039.
[CrossRef] [PubMed]

32. Layton, K.K.; Martel, A.L.; Hebert, P.D.N. Patterns of DNA Barcode Variation in Canadian Marine Molluscs. PLoS ONE 2014,
9, e95003. [CrossRef]
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the population level: A story of the freshwater snails Gyraulus parvus and G. laevis. Hydrobiol. 2021, 848, 4661–4671. [CrossRef]

78. Pjatakova, G.M.; Tarasov, A.G. Caspian Sea amphipods: Biodiversity, systematic position and ecological peculiarities of some
species. Int. J. Salt Lake Res. 1996, 5, 63–79. [CrossRef]

79. Müller, J.C.; Schramm, S.; Seitz, A. Genetic and morphological differentiation of Dikerogammarus invaders and their invasion
history in Central Europe. Freshw. Biol. 2002, 47, 2039–2048. [CrossRef]

80. Mamos, T.; Grabowski, M.; Rewicz, T.; Bojko, J.; Strapagiel, D.; Burzyński, A. Mitochondrial Genomes, Phylogenetic Associations,
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Abstract: This study is focused on the aquatic environments of the Sian Ka’an reserve, a World
Heritage Site. We applied recently developed protocols for the rapid assessment of most animal
taxa inhabiting any freshwater system using light traps and DNA barcodes, represented by the
mitochondrial gene Cytochrome Oxidase I (COI). We DNA barcoded 1037 specimens comprising
mites, crustaceans, insects, and fish larvae from 13 aquatic environments close or inside the reserve,
with a success rate of 99.8%. In total, 167 barcode index numbers (BINs) were detected. From them,
we identified 43 species. All others remain as a BIN. Besides, we applied the non-invasive method
of environmental DNA (eDNA) to analyze the adult fish communities and identified the sequences
obtained with the Barcode of Life Database (BOLD). All round, we found 25 fish species and other
terrestrial vertebrates from this region. No alien species was found. After comparing the BINs from
all systems, we found that each water body was unique with respect to the communities observed.
The reference library presented here represents the first step for future programs to detect any
change in these ecosystems, including invasive species, and to improve the knowledge of freshwater
zooplankton, enhancing the task of compiling the species barcodes not yet stored in databases (such
as BOLD or GenBank).

Keywords: biodiversity; sinkhole; Chironomidae; Copepoda; Trombidiformes; cladocera; Ostracoda;
Yucatan Peninsula

1. Introduction

Freshwater is the most valued resource globally, representing around 1% of all water
in the biosphere. However, pollution, excess use, and alterations due to global warming
and dry seasons are changing its availability, affecting all life forms that depend on it
for their survival. As a result, all the animal communities dwelling in these freshwater
ecosystems are highly vulnerable, especially to the invasions of alien species. Mexico is not
an exception [1] to this situation. Hence, we chose to study an important system and its
surroundings, located on the east coast of the Yucatan Peninsula: the Sian Ka’an biosphere
reserve (Figure 1).

First and foremost, it is essential to point out that the inventories of freshwater species
are still in an incipient phase of knowledge since few groups of specialists in the matter are
scattered throughout the world. None can identify all individuals present in any particular
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system to the species level, making it even more relevant to join efforts. For example, back
in 2005, an estimation of the diversity of branchiopods, a crustacean group dominated by
freshwater species, was approximately 1180 species in the world, and this figure was also
reported to be at least two times higher elsewhere [2]. Since then, about 156 species of
branchiopods have been described formally (Web of Science, 3 May 2021; Search: “new
species” and “branchiopod”). Adamowicz and Purvis concluded that the neotropics are one
of the regions where more species remain to be discovered [2], suggesting the importance
of its study. Some recent developments have helped to understand the biodiversity in
these particular environments, e.g., through DNA barcoding, a powerful tool to study
aquatic organisms, from invertebrates [3] to vertebrates [4]. Therefore, the construction
of databases with this information is fundamental. The Barcode of Life Database (BOLD,
boldsystems.org) is one of the best to use because it focuses on biodiversity exclusively [5].

Figure 1. Map of the Yucatan Peninsula’s east coast with localities sampled. Dotted lines show the limits of the Sian Ka’an
reserve. Numbers of localities are the same as Table 1.
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With the popularity of metabarcoding after the development of new generation se-
quencers, many labs remain focused on searching targeted species in aquatic environments,
as aliens [6] or endangered [7]. Others focused on a whole community, like fish, but these
latter studies rely upon a public database of DNA barcodes [8]. The relevance of the
baseline uploaded in public databases has been highlighted for many groups, as the insects,
before the metabarcoding, even though the detailed curation of names is incomplete [9].
Hence, the main problem for any aquatic community study is the lack of knowledge of the
species (the so-called taxonomic impediment) and the consequently limited information on
the DNA analysis.

For several years now, our group has been working on constructing a public database
with the most accurate information for DNA barcodes. This effort has been an example for
others [10]. Nonetheless, a proper assessment of the biodiversity within Mexico remains
distant, mainly because of the global taxonomy crisis associated with the fact that many
new barcodes have not been matched with their corresponding species. To overcome this
taxonomic impediment has particular relevance in the neotropics, the most species-rich
region in the world [11]. Consequently, we consider the best practice is to document the
specimens studied with vouchers deposited in museums. If their DNA is barcoded, there
are several approaches to establish them as molecular taxonomic units (MOTUs) that can be
a hypothesis to be tested against a real species identification [12]. BOLD provides a useful
calculation of these MOTUs, and the barcode index numbers (BINs) [13] were created as
part of a rapid solution to this taxonomic impediment.

In the case of the Mexican continental territory, the Yucatan Peninsula, set in the
neotropical region, has a complex system of underground freshwater that emerges to the
surface as sinkholes (locally known as “cenotes”), lagoons, and “aguadas,” mostly shallow
rounded water bodies [14]. Mexico’s east coast hosts the second largest coral reef in the
world, known as the Mesoamerican Reef. Unfortunately, tourism has been growing with
no order along this coastline, from Cancun to Chetumal city (near the border with Belize),
including the Sian Ka’an biosphere reserve. This expansion shows no respect for natural
resources.

As a result, the freshwater systems in the region present pollution of hydrocarbons
going from Cancun (in the north) to Bacalar Lake and Milagros lagoons, located 10 km
from Chetumal city [15]. This situation is relevant because the physical and biological
interactions between mainland freshwater and the sea are not well understood due to
the lack of studies. For example, just recently, larvae and juveniles of the fish Cyprinodon
artifrons (Hubbs, 1936), whose adult stages are found around the mesoamerican reef, were
discovered to have migrated to breed into the freshwater system of Bacalar Lake, located
more than 70 km from the ocean [16]. We do not know how these larvae reached the lake
because adults have not been found here.

Sian Ka’an, which means “Origin of the Sky” in the Mayan language, is a Natural
Protected Area with nearly 4000 km2 of land surface and continental waters (Figure 1).
It has an outstanding conservation status on its hydrology and ecosystems, including
tropical forests, mangroves, wetlands, beaches, sinkholes, and marshes (Figure 2). It was
designated as a biosphere reserve of international importance by UNESCO in 1986 and
recognized as a World Heritage Site in 1987 [17]. In 2003, it was recognized as a wetland of
importance by the Ramsar Convention [18]. Nevertheless, notwithstanding its importance,
there is surprisingly limited information regarding the freshwater species inhabiting the
aquatic habitats here. The existing records include more than 40 fish species, with only
two alien species: the Mozambique tilapia, Oreochromis mossambicus, reported long ago
from an “aguada” near the reserve limits [19] and the Nile tilapia, O. niloticus. Among
aquatic invertebrates, recent surveys in these environments allowed the description of one
calanoid copepod, Mastigodiaptomus siankaanensis [20], and the harpacticoid Remaneicaris
siankaan [21]. Nevertheless, after these studies, there is no other formal description of
the aquatic biota from Sian Ka’an reserve, except non-peer-reviewed lists provided by
Comisión Nacional para el Conocimiento y Uso de la Biodiversidad (CONABIO) [22]
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and Naturalista [23]. There is another unverified list published by Comisión Nacional
de Áreas Naturales Protegidas (CONANP, Mexico) [24]. Finally, a report from United
Nations Development Programme [25] listed 80 operational taxonomic units (OTUs), but
the authors warned that this report was preliminary.

Recently, Elías-Gutiérrez et al. [16] and Montes-Ortiz & Elías-Gutiérrez [26] showed
the usefulness of light traps combined with DNA barcoding to recognize the zooplankton
biodiversity despite the little taxonomical knowledge in some temperate and tropical water
systems on the Yucatan Peninsula.

Here, we present how to establish a new and rapid baseline of all possible BINs or
potential freshwater species found, including invasive alien species, if present, around
Sian Ka’an reserve and nearby aquatic systems. This will be based on the sequencing of a
fragment of the COI gene (for zooplankton) and metabarcoding methodologies [8], using
the eDNA for fish as an alternative to collecting the specimens directly. Finally, we will
discuss how both results could be used in the future as a biomonitoring tool.

Table 1. Locations where the sampling was made. The buffer zone is systems within the reserve but near the limits of it.
Influence area means less than 20 km from the limits of the polygon of the reserve.

Number Name Coordinates Zone Location in Sian Ka’an Municipality

Latitude N Longitude W
1 Laguna Muyil 1 20.0686 87.5944 Buffer zone Felipe Carrillo Puerto
2 Laguna Muyil 2 20.0753 87.6073
3 Chunyaxché 1 20.0422 87.5807 Buffer zone Felipe Carrillo Puerto
4 Chunyaxché 2 20.0601 87.5757 Buffer zone
5 Km 48 19.9431 97.7938 Influence area Felipe Carrillo Puerto
6 Del Padre sinkhole 19.6038 88.0028 Influence area Felipe Carrillo Puerto

7 Tres Reyes 1
sinkhole 19.6682 87.8812 Influence area Felipe Carrillo Puerto

8 Tres Reyes
sinkhole 2 19.6916 87.8774 Influence area Felipe Carrillo Puerto

9 Santa Teresa
sinkhole 19.7240 87.8130 Buffer zone Felipe Carrillo Puerto

10 Minicenote
sinkhole 19.6070 87.9887 Influence area Felipe Carrillo Puerto

11 Sijil Noh Há
sinkhole 19.4746 88.0516 Influence area Felipe Carrillo Puerto

12 Chancah Veracruz
sinkhole 19.4855 87.9879 Influence area Felipe Carrillo Puerto

13 El Toro sinkhole 19.0981 88.0206 Influence area Bacalar

14 Pucté Cafetal
sinkhole 19.0788 87.9943 Influence area Bacalar

15 Pucté 2 sinkhole 19.0915 87.9942 Influence area Bacalar
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Figure 2. Aerial photographs of some of the studied systems. (A) Laguna Muyil. At the bottom is the Chunyaxché lagoon.
The arrow points to the ancient channel that communicates both systems. (B) Km 48, surrounded by dried wetlands. (C)
Del Padre sinkhole. Notice the surrounding vegetation. Arrow points to a car for scale. (D) Sijil Noh Há sinkhole inside
of a lagoon with the same name. (E) Tres Reyes 1 sinkhole. This system is the only eutrophic water body studied, as the
color of the water indicates. Arrow points to parked cars. Notice the influence area and the surrounding vegetation. All
photographs were taken by Manuel Elías-Gutiérrez.

2. Materials and Methods

2.1. Sampling

Samples were collected from 13 water bodies near and around the buffer zone of the
Sian Ka’an reserve (Table 1, Figure 1) on 21–26 August 2019. We decided to work within
the reserve, including other adjacent water bodies, because we know that all these systems
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are not isolated. They can be connected by subterranean waters or on the surface after
floods, a common phenomenon in this region.

Laguna Muyil and Chunyaxché were the only systems sampled in two sites. Light
traps with 50 μm mesh [26] were deployed overnight in the limnetic and (or only) littoral
zones (the latter designed with a number with the same name of the locality), depending on
the size of the water body. In 2019, it was uncommonly dry during August (supposedly part
of the rain season, occurring from May to October). This phenomenon possibly triggered
forest fires. Consequently, these fires limited the possibility of visiting more systems (also
unusually dry) [26].

After collection, water from all the samples was extracted with a 50 μm sieve by
washing them with cold (4 ◦C) 96% ethanol. Specimens were then transferred into jars
with approximately 1/3 of the sample and 2/3 of ethanol [16]. Next, the sample jars were
placed in a container with ice before being transferred to the laboratory, where they were
stored in a freezer at −18 ◦C for at least one week. After this period, samples were kept at
room temperature.

For metabarcoding from each system, we collected 1 L of water from the sub-surface
in a sterilized CIVEQ bottle as suggested for the nearby Bacalar Lake [20]. Water samples
were filtered in a field lab in Carrillo Puerto town to minimize eDNA degradation. We
filtered at least 250 mL of water from each point in 0.22 μm filters. All filters were stored in
cold gels till further analysis (see Section 2.4. for more details).

2.2. DNA Extraction and Amplification of Individuals

All specimens collected were sorted out under a stereomicroscope from the zoo-
plankton samples. Representatives of each morphologically distinct taxon were then
photographed using the same microscope. After being photographed, specimens were
again placed in ethanol and stored at room temperature.

Small specimens (less than one mm) were destructively analyzed. DNA from larger
specimens was obtained from an antenna, eggs or embryos, or a piece of the abdomen,
preserving the remaining parts, like the head and the end of the abdomen (e.g., chironomid
pupae). In the case of water mites, voucher specimens were recovered, as suggested for
Collembola [27], and preserved in 96% ethanol with a drop of glycerol. Finally, for fish
larvae, one eye of the right side or a piece of muscle was used. The vouchers (specimens
not lost during extraction) were deposited in the Reference Collection at El Colegio de la
Frontera Sur (ECOSUR), Unidad Chetumal. All specimens were identified to the finest
possible taxonomical level by using general identification keys [28] or detailed descriptions,
as M. siankaanensis, for example [20], or by comparison with previous DNA barcodes in the
Barcode of Life Database (BOLD, bodsystems.org).

For each individual, DNA was extracted using a standard glass fiber method [29].
After DNA extraction, polymerase chain reaction (PCR) was performed as follows. First,
2 μL of each DNA extract were added to a PCR mixture consisting of 2 μL of Milli-Q
water (Merck), 6.25 μL of 10% D-(+)-trehalose dihydrate (Fluka Analytical), 1.25 μL of
10× Platinum Taq buffer (Invitrogen), 0.625 μL of 50 μM MgCl2 (Invitrogen), 0.0625 μL of
10 μM dNTP (KAPA Biosystems), 0.125 μL of each 10 μM Zplank primer [29], and 0.06 μL
of PlatinumTaq (Invitrogen). The reactions were cycled at 95 ◦C for 1 min, followed by
5 cycles of (94 ◦C for 40 s, 45 ◦C for 40 s, 72 ◦C for 1 min), then 35 cycles of (94 ◦C for 40 s,
51 ◦C for 40 s, 72 ◦C for 1 min), and a final extension of 72 ◦C for 5 min. PCR products were
visualized on a 2% agarose gel using an E-Gel 95 well Pre-cast Agarose Electrophoresis
System (Invitrogen), and those showing a PCR product were selected for sequencing.

2.3. Sequencing and Data Analysis

PCR products were cycle sequenced using a modified [30] BigDye© Terminator v.3.1
Cycle Sequencing Kit (Applied Biosystems, Inc., San Francisco, CA, USA) and sequenced
bi-directionally in a sequencing facility (Eurofins, Louisville, KY, USA) using M13F and
M13R primers. Sequences were edited using CodonCode v.9.0.1 (CodonCode Corporation,
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Dedham, MA, USA), uploaded to BOLD, and are available in the dataset Baseline Sian
Ka’an I (DS-BASKAAN; dx.doi.org/10.5883/DS-BASKAAN). All data were analyzed with
the quality tools on BOLD, and all sequences were examined for the presence of stop
codons and indels as a check against NUMTS.

A neighbor-joining (NJ) tree was calculated by using the Maximum Likelihood method
based on the Kimura two-parameter (K2P) distance model [31] with 500 Bootstrap repli-
cations including all taxa found in the four major groups: Arachnida, Crustacea, Insecta,
and Actinopterygii found in all systems, using the MEGA 7 software [32]. Each tree was
simplified with the Compress feature of Mega 7. Additionally, we prepared a general
ID tree with all specimens, with the analytical tools provided by BOLD (Figure S1). We
selected this method because it allows the rapid analysis of large data sets of specimens [33].
MOTUs as a proxy to species were delimited with the barcode index number (BIN) [13] that
has proven more than 80% of effectiveness [16] and has been widely accepted [9]. Based on
the BINs (= MOTUs), we prepared a list for the finest possible identification of all species
found. Mexico has one of the most extensive datasets in public databases of freshwater
species in the world [10].

2.4. Metabarcoding and eDNA

Water filters from each sampling point were sent to be processed in the Centre for Bio-
diversity Genomics in the University of Guelph (Canada). The interval between filtration
and DNA extraction was less than 48 hrs.

Each sample tube was kept at −20 ◦C before processing. Before DNA extraction, all
lab surfaces and pipettors were sterilized using 10% bleach, followed by 70% ethanol [8].
Prior to extraction, each filter was placed in DNEasy PowerWater Bead Tube (forceps were
sterilized with 20% bleach, followed by 100% ethanol and triple-flame sterilization between
samples). DNA was extracted with minor modifications to previous publications [34]: a
volume of 900 μL of ILB buffer with 100 μL Proteinase K was added to each tube, tubes
were incubated at 56 ◦C for 30 min and vortexed on Genie 2 vortex at max speed for 5 min,
followed by 1.5-h incubation at 56 ◦C. Tubes were centrifuged at 2000× g for 2 min and
~700 μL of lysate transferred to a clean tube containing 1.4 mL of 5 M GuSCN buffer; all
resulting volume was applied to Epoch Biolabs column in three subsequent centrifugation
steps at 6000 g (each 700 μL transfer). Silica membrane was washed 1× with 400 μL of
PWB, 2× with 700 μL of WB, and dried at 56 ◦C for 20 min. DNA was eluted in 100 μL
of EB buffer at 11,000× g. DNA was transferred into a 96-well plate in 3 replicates per
sample. After extraction, we followed a two-step PCR approach with the first round
employing conventional primers, while the diluted PCR product served as a template for
a second round of PCR with fusion primers containing sequencing adapters and UMI-
tags. A 184–187 bp segment of the barcode region of COI was amplified with two primer
sets (AquaF2/C_FishR1, AquaF3/C_FishR1). The PCR reactions employed the master
mix described previously [35] and Platinum Taq. The first round of PCR employed the
following thermal regime: 94 ◦C for 2 min, 40 cycles of 94 ◦C for 40 s, annealing at 51 ◦C for
AquaF2 or 50 ◦C for AquaF3 for 1 min, and 72 ◦C for 1 min, with a final extension at 72 ◦C
for 5 min. PCR resulting products were diluted 2× and used for second round PCR with
fusion primers for 20 cycles to create IonXpress MID-tag labeled libraries. The PCR regime
for the second round consisted of 94 ◦C for 2 min, 20 cycles of 94 ◦C for 40 s, annealing
at 51 ◦C for 1 min, and 72 ◦C for 1 min, with a final extension at 72 ◦C for 5 min. PCR
products were visualized on an E-Gel96 (Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA).

The library for each unique primer pair was pooled without normalization and pu-
rified using magnetic beads with a 0.5:1 bead to product ratio for the uppercut and 0.8:1
ratio for the lower cut. Each library was diluted to 26 pM and mixed in a 1:1 ratio for the
S5 run using Ion 510/520/530 chef kit. Each DNA replicate for each primer combination
was processed under a separate IonXpress MID-tag.

197



Diversity 2021, 13, 292

The following procedure to process the raw NGS reads: Cutadapt (v1.8.1) was used to
trim primer sequences; Sickle (v1.33) was used for size filtering (sequences from 150–250 bp
were retained), while Uclust (v1.2.22q) served to recognize OTUs based on the >98% identity
and a minimum read depth of 2 thresholds. The Local Blast 2.2.29+ algorithm was then
used to compare each OTU to the reference sequences in five datasets: public fish data
from BOLD filtered to genus and species ID level (130,357 sequences), and public BOLD
data for Amphibia, Aves, Mammalia, and Reptilia represented by the following datasets:
DS-EBACAMPH (11,018 sequences), DS-EBACAVES (28,914 sequences), DS-EBACMAMM
(39,890 sequences), DS-EBACREPT (5424 sequences). Raw Blast output results were parsed
using custom-built Python scripts. Processed results in tab-delimited format were imported
to MS Excel, then filtered by a minimum score of 250 and 97–100% percent identity range.
Blast search results were parsed and concatenated using custom-built Python scripts,
exported to Excel, and visualized using Tableau software.

2.5. Statistical Analyses

Since data are absence–presence, variation in species composition between sampling
places was performed using the Sørensen index of dissimilarity [36–38]. All analyses were
performed with Betapart Package in R software, version 1.5.4 [39].

3. Results and Discussion

All aquatic ecosystems studied here, except Tres Reyes 1, are of transparent blue water
(see Figure 2). Accordingly, most of the aquatic systems in the Yucatan Peninsula, which
are oligotrophic, show an average Secchi disk of 7.6 m [40] and exhibit a predominant
presence of diatoms [41].

3.1. DNA Barcoding Baseline

Briefly, 1037 specimens were processed in total for DNA barcodes. We had success
for 1035, corresponding to 99.8%. These results are remarkable because we used for all
groups presented here only a single pair of primers, Zplank forward and reverse [42].
We followed all recommendations by Elías-Gutiérrez et al. [16] concerning the fixation
of the material with cold ethanol and preservation in cold storage the first week. We
consider these procedures contributed to the high success obtained here. All sequences
and chromatograms passed the quality controls of BOLD, and none was contaminated,
or with stop codons, only some few sequences were shorter than 500 bp (see dataset
DS_BASKAAN, Baseline Sian Ka’an dx.doi.org/10.5883/DS-BASKAAN in BOLD).

A total of 43 species were identified to species level, and they are coincident with the
BINs assigned by BOLD (Figures 3–6), with less than 2% of intraspecific divergence. All
others remained as a MOTU (= BIN), a putative species.

The list of species and potential species, represented by the BINs presented here, is
the largest published freshwater biota of Sian Ka’an reserve with 167 (Supplementary File
1). It includes many groups not considered as “true” zooplankton, such as the water mites
or chironomids. However, Montes-Ortiz & Elías-Gutiérrez [25] discussed the presence of
these groups in the zooplankton community.

We found that each system has a unique assemblage of species, and Muyil and
Chunyaxché have a unique distribution of the species, which will be discussed later.

Arachnida were represented by water mites, with 209 specimens comprising 11 fami-
lies and two orders, with 40 BINs.
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Figure 3. Simplified ID tree for Arachnida represented in the samples. All of them belong to
Trombidiformes. Some of the sequences presented here are public [43]. Numbers represent the
aquatic system, as presented in Table 1. The last number corresponds to the BIN assigned in BOLD.
Support bootstrap values are on each branch.
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Figure 4. Simplified tree for Crustacea present in the samples. Numbers represent the aquatic system
as presented in Table 1. The last number corresponds to the BIN assigned in BOLD. Bootstrap support
values are shown in each branch.
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Figure 5. Simplified tree for Insecta. Numbers represent the aquatic system as presented in
Table 1. The last number corresponds to the BIN assigned in BOLD. Bootstrap support is shown in
each branch.
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Figure 6. Simplified tree for Actinopterygii. Numbers represent the aquatic system, as presented in
Table 1. The last number corresponds to the BIN assigned in BOLD. Bootstrap support is shown in
each branch.

The high diversity of mites in this region was noticed in two previous studies [16,43].
Their relevance as indicators of water quality is well known [40,44]. Their taxonomy
remains unresolved, and they have a limited distribution in many cases, with possible en-
demics. Some of them as representatives of Limnesia (ACY7380) and Unionicola (AEB1594),
or some Pionidae (AEA4808) and Eylaidae (AEA5669 and AEA4696) were present in only
one system (Figure 3) [43].

Crustaceans were represented by 436 specimens comprising five classes, five orders,
and 13 families, corresponding to 62 BINs, 20 of them allowing identification to species.
Another seven were previously identified as possible comparable species but possibly
different (cf.). Finally, seven more were identified to genus, and all remaining can be
considered putative species after the BIN.

The Cladocerans were represented by 30% of the total crustaceans and usually were
not dominant in the samples. Although scarce, Sminov and Elías-Gutiérrez [41] found eight
cladoceran genera after a survey in sediments from 25 systems in Yucatan. For example,
recent studies on 56 systems from Mexico and Central America [45,46] found only three
taxa in five out of 19 systems located in the Yucatan Peninsula. These numbers indicate, as
Smirnov & Elías-Gutiérrez [41] suggested, that cladocerans´ preference for littoral areas
and their rapid decomposition in the bottom mud impedes preservation. From the 15
branchiopod BINs found, only four could be identified with certainty, confirming the need
to improve the taxonomy for this group [3,47].

It was surprising to find that the sinkhole Tres Reyes 2, with blue and clear water
(number 8 in Figure 4), is highly dominated by a species of the daphniid Ceriodaphnia, with
more than 90% of the total zooplankton. Named here Ceriodaphnia cf. rigaudi, it is possibly
an undescribed species with previous records in Yucatan [3]. All the other systems were
dominated by copepods (calanoids and cyclopoids). Tres Reyes 2 is quite remarkable in a
region were cladocera seem to have vanished as the dominant group. We cannot explain
the reason for this phenomenon, but the system where Ceriodaphnia cf. rigaudi dominates
seems to be a deep oligotrophic sinkhole with vertical walls. This particular system requires
further studies, but access to it is difficult.

The ostracods were found in ten systems (Figure 4). They did not appear in all systems,
probably because sampling was conducted only with light traps. It is necessary to compare
results using different devices such as plankton tows to clarify if this group was under-
represented here. Although recently several publications included this group [48–50], we
could identify only Darwinula stevensoni to species level. Ostracods are an important group
in the Yucatan Peninsula, more abundant in sediments than cladocerans [41], with great
value as paleobioindicators [49]. Although the study of the diversity of this group is just
starting here, a new genus was described recently [48].
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The most common and dominant members of the planktonic community in most sys-
tems were the copepods, represented by two groups: Calanoida and Cyclopoida. Among
the identified species, only the copepod Mesocyclops edax is distributed from Yucatan to
Canada. We cannot establish if it was introduced or not. Previous Mexican records of
this species are only from Yucatan [28]. Even though some of the taxa registered here are
restricted to Yucatan or the south of Mexico, others have a more global range, such as
Tropocyclops prasinus and Macrocyclops albidus, which are found from the southern lowlands
to highlands of the central plateau of Mexico [28]. However, these two species seem to be a
complex of a sibling or translocated species [28,51], requiring a detailed study.

The analyses of these animals in Yucatan allowed the discovery of new species, possi-
bly endemic in sinkholes [52] where cyclopoids have been barcoded since 2008 [3], allowing
the identification of ten species of the 24 BINs found. In the case of calanoids, we identified
the four BINs found to species. However, two could be cryptic, named Arctodiaptomus cf.
dorsalis and A. cf. dorsalis 1 [3]. Calanoids were absent in five systems (Km 48, Tres Reyes
2, Santa Teresa, El Toro, and Pucté 2), but cyclopoids were present in all. When calanoids
were present, they were usually the most common group in the samples.

From the six BINs representing Decapoda, we identified only Palaemonetes intermedius.
This caridean shrimp that can penetrate from the sea to freshwater systems, widely dis-
tributed on the Western Atlantic coast of the continent [53]. Most decapods, mainly
represented by zoea larvae, were found in specific sites of Muyil and Chunyaxché lagoons,
both with direct connection to the Caribbean, located 10 km away in a straight line, through
a series of channels.

In the case of insects, from the 53 BINs found, Chironomids were the most important
group present in all samples (Figure 5). We also found three other three orders and four
families. In total, 44 BINs were chironomids, and all of them need further studies since
most of this fauna is not well known in the study area. Three BINS were shared in three
clusters, but the number of sequenced specimens is still low (two of them are singletons),
and this phenomenon has been noticed before in aquatic insects [54]. Chironomids were
represented basically by pupae, but some adults emerged inside the trap. Recently, in a
study about subfossil Chironomidae present in sediments from Yucatan Peninsula, the
maximum resolution was to groups of species, and the authors concluded that due to poor
sedimentation and preservation of remains, cenotes have limited potential for palaeolim-
nological studies [40]. This conclusion highlights the urgency to bio-assess this community
in the present day. Our material was sequenced, but taxonomical parts (head and tail) are
preserved in the zooplankton reference collection at ECOSUR Chetumal, allowing future
identification of the BINs. The only detailed recent study on this fauna is the description
of six new species from several systems of Yucatan [55]. Previously, the same author
pointed out that this region remains unknown regarding chironomid fauna [56]. In the list
presented by these latter authors, they identified only 13 species (most of them represented
by adults) from a total list of 86 potential taxa. Another small report lists 42 genera from
Calakmul reserve in the south of the Yucatan Peninsula [57], with no comments. Other
insects less common but important in some systems were the larvae of Chaoboridae, mostly
restricted to the three southernmost areas (Figure 5). These were represented by two BINs.
It is remarkable the presence of two Ceratopogonidae BINs because most of the larvae
for these tiny biting midges are known to be associated with wetlands but have not been
reported as part of the “true” zooplankton from lakes or sinkholes. In this case, the larvae
swim into the trap, attracted by the light, although they do not seem to be common. Cer-
atopogonids were only found at Muyil Lake and El Toro sinkhole. From the whole group,
only two BINs could be identified to species level: the common chironomid Cladopelma
forcipes and the odonate Argia translata. All others need further studies to assign the correct
species name.

Finally, chordates collected with light traps were represented by 94 fish (Figure 6),
mostly larvae. They included six orders, seven families, 11 genera, and 12 species with
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a total of 12 BINs. All fish species collected with the light trap were also detected with
metabarcoding. The latter method added 15 more species (Table 2).

Table 2. Primers used in the eDNA process. All listed primers are 5′ to 3′. The explanation is in the text.

Primer Name Direction Primer Sequence Reference

AquaF2_t1 F [M13F]ATCACRACCATCATYAAYATRAARCC [34]
AquaF3_t1 F [M13F]CCAGCCATTTCNCARTACCARACRCC [20]

C_FishR1 cocktail: Cocktail primers (FR1d: FishR2; 1:1) [35]
FR1d_t1 R [M13R]ACCTCAGGGTGTCCGAARAAYCARAA

FishR2_t1 R [M13R]ACTTCAGGGTGACCGAAGAATCAGAA

M13-tails
M13F F TGTAAAACGACGGCCAGT [58]
M13R R CAGGAAACAGCTATGAC [58]

NGS-fusion

IonA-M13F-ion1-96 F CCATCTCATCCCTGCGTGTCTCC[GACT]
[IonExpress-MID][M13F]

Ion Torrent, Thermo Fisher
Scientific

trP1-M13R R CCTCTCTATGGGCAGTCGGTGAT [M13R] Ion Torrent, Thermo Fisher
Scientific

The fish have a complete taxonomy work, and construction began on the database for
them in Yucatan Peninsula in 2005 [4]. All BINs from the light traps could be identified
to species. Only one of them, with a clear, unique haplotype (Atherinella), still needs
clarification about its identity. This species was found in three sinkholes (Pucté Cafetal
1, Pucté 2, and Sijil Noh Há), but records from BOLD indicate a distribution of this BIN
(AAI4788) in the southeast of Mexico. All other species are well known in this region. The
rest of the fish species we found have been previously reported in Yucatan Peninsula.

3.2. Metabarcoding and eDNA

Metabarcoding was focused only on vertebrates, particularly fish. Negative controls
did not produce any visible PCR products and meaningful data. Human DNA was
detected and filtered from the final results. Only high-quality reads assigned to correct
Ion Express MID tags were used for the analysis. In total, 172,244 valid sequences were
obtained from a total of 17,944,836 reads. They are summarized in Table 3. In total, 25 fish
species, two reptiles, five mammals, and three birds were found. All of them matched our
previous baseline. From the total, one slider (Trachemys sp.) and two fishes (Bramocharax-
Astyanax and Cyprinodon beltrani-simus complexes) had a low interspecific resolution that
has been highlighted previously [8]. The site with more species was Muyil 1 with 12 species.
Meanwhile, Sijil Noh Há had the lowest number (two species). All systems were positive
for eDNA, and all these species had previous records here or in the nearby systems [59].
Not any alien species were found among the fish. A previous old record of the alien tilapia
(Oreochromis mossambicus) [19] in Chancah Veracruz (= Yodzonot in the old record) was
not found. However, this species was found in a previous eDNA survey of Bacalar Lake,
located about 70 km to the south of the Sian Ka’an reserve [8]. All species of larvae found
in the light traps were confirmed with metabarcoding.

In a broader scenario, the Muyil, Pucté, Cafetal sinkholes and Chunyaxché lagoon
had the higher number of OTUs with 54 (40 invertebrates, 14 fish), 44 (33 invertebrates,
11 fish), 40 (30 invertebrates, 10 fish), and 40 (30 invertebrates, 10 fish), respectively.
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Table 3. Summary of identification results after metabarcoding, filtered by min score 250 and genus/species identity filter.
Genera (species complexes) with low interspecific resolution are marked with *. Numbers correspond to sequences matched.
Muyil 2 and Chunyaxché 2 were not sampled for this analysis. + A possible new species.
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Aramides cajaneus 13
Megaceryle torquata 1887
Meleagris gallopavo 10
Artibeus lituratus 5

Lampronycteris brachyotis 47
Lonchorhina aurita 95
Oryzomys couesi 5063

Pteronotus parnellii 3
Kinosternon acutum 3

Trachemys sp. 610
Atherinella sp. + 290 77

Belonesox belizanus 287 3
Bramocharax-Astyanax * + 321 2 2 2 3 4678

Cribroheros robertsoni 23 130 83
Cryptoheros chetumalensis 2 3033 13265

Cyprinodon beltrani-simus * + 969
Dormitator maculatus + 66

Gambusia sexradiata 4 2840 1563 816
Gambusia yucatana + 2 31 4 9 2

Gerres cinereus 71 381
Gobiomorus dormitor 9

Hyphessobrycon compressus 1332
Garmanella pulchra + 411

Lutjanus griseus 108
Mayaheros urophthalmus + 69 10 16 18 29 1723

Ophisternon 233
Parachromis friedrichsthalii 25

Petenia splendida 919 3927
Poecilia mexicana 9 2 4 28 6 2 528 2
Rhamdia quelen 2 8 2 15 4 4 156 6

Rocio octofasciata 42
Thorichthys helleri 15

Thorichthys meeki + 4 7
Trichromis salvini + 6 26 2 3 39 6 20 2780

Vieja melanura + 2 4 2196
Aves

Mammalia

Reptilia

Actinopterygii

3.3. Species Composition Comparison

The Sørensen index of dissimilarity indicates high differences among the BINs assem-
blages of sampled places. They reached a value of 0.87 ± 0.006 SD. Based on the pair-to-pair
comparison, the cluster analyses reflect a high dissimilarity in the BINs assemblages among
sampled sites (Figure 7). The Sørensen dissimilarity plot indicates lower dissimilarities
between Chunyaxché 1 and Chunyaxché 2 (0.43), between Chunyaxché 2 and Muyil 2
(0.49), and between Muyil 1 and Chunyaxché 1 (0.55). The remaining dissimilarity values
between pairs are higher than 0.60 (Figure 7).
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Figure 7. Similarity dendrogram of the localities sampled. Abbreviations: Tres Reyes sinkhole 2, Rey2; Chunyaxché 2,
Chunya 2; Pucté 2 sinkhole, Pucté; Chancah Veracruz, Chancah; Santa Teresa sinkhole, Teresa; Laguna Muyil 1, Muyil 1;
Pucté Cafetal sinkhole, Cafetal; Tres Reyes sinkhole 1, Rey1; Minicenote sinkhole, Mini; Sijil Noh Há sinkhole, NohHa;
Chunyaxché 1, Chunya1; Km 48, Km48; El Toro sinkhole, Toro; Laguna Muyil 2, Muyil 2.

Chunyaxché and El Muyil have well-differentiated zones, with a different community
in the eastern localities (Muyil 1 and Chunyaxché 2, see Figure 8). However, these two
systems are permanently connected by an ancient channel possibly built by the Mayan
culture. Mayans also erected an important ceremony center near the shore of the lagoon
with the same name currently. Then the two lagoons keep a similar assemblage of species,
as we can observe after Sørensen (Figure 7).

Minicenote, in the southern limit of the reserve, hosts a unique assemblage of species.
The peculiarity of this system [14] allowed describing a particular pattern of migration
of the Mastigodiaptomus nesus population here to the walls [60]. A later, more detailed
study of Minicenote concluded it as an oligotrophic system inhabited by 18 taxa, 13 of
them rotifers and five crustaceans, and not any chironomids [61]. Our study confirmed the
presence of a bosminid in this sinkhole, named by them Bosmina hagmanni, and that DNA
barcodes allowed to distinguish it as a confusing morpho of Bosmina tubicen present in
several systems of the Yucatan Peninsula [47]. The presence of M. nesus and Thermocyclops
inversus was also confirmed, but not any rotifer. It seems most rotifers are not attracted by
the light of the traps, although some have been reported [16].

Though several BIN’s are shared among all systems, the Sørensen analysis shows that
each system has a unique assemblage of species. This singularity for each aquatic system
makes evident the fragility of these ecosystems in the whole region and confirms previous
analyses with mites [43]. We do not know why each system has a unique assemblage
of species if they eventually can be connected in the surface after floods or through the
complex underground system of rivers. For example, M. siankaanensis was found only in
two sinkholes (Tres Reyes 2, co-existing with the dominant C. cf. rigaudi and Pucté Cafetal).
Meanwhile, Mastigodiaptomus nesus was more widespread and common in the samples.
The original localities of the description for M. siankanensis near Vigia Chico (Aguada Vigia
Chico, Savannah 2 and Aguada Limite de la Reserva, the type locality) [20] were dry during
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our survey, as was previously mentioned. We do not know anything about the biology of
any zooplankter in this region. However, an apparent genetic structure in the haplotypes
of M. siankaanensis was recently detected from the center to the south of Yucatan [62], with
some different haplotypes and other possibly in the process of differentiation.

Figure 8. Sorensen dissimilarities among sampling aquatic systems. Abbreviations are the same as Figure 7.

From the origin of the water and possible water flows derived from remote sensing
and fault structure, it is suggested that there is a fault from NE-SW communicating systems
from Sian Ka’an to the Hondo River (the border between Mexico and Belize) [63,64].
Nevertheless, the biological communities of zooplankton seem to respond more to local
variables that could be predation or morphometry of the systems [14] and other unknown
factors. This uniqueness of each system or group of systems, e.g., Muyil and Chunyaxché,
highlights their vulnerability to environmental issues and the urgency of a permanent
bio-monitoring system based on the knowledge of most species dwelling in each water
body. This study could be considered a basis to understand any posterior change in these
water systems.

3.4. General Remarks and Future Biomonitoring

With the baseline provided here, we have a reliable source of information to apply
next-generation techniques connected to eDNA. We demonstrated the usefulness of the
DNA barcodes database to identify all species with non-invasive methods with the fish.

In the different freshwater zooplankton groups, there is no laboratory with the ability
to identify all the species found in any given aquatic ecosystem. This situation is even
worse in megadiverse countries such as Mexico that is the fourth country with the highest
biological diversity in the world [65]. Although most of the BINs found with this study
have no formal name to species, all material was deposited and photographed. With time,
some specialists will collaborate to identify this material.
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Though the work to document Mexican freshwater zooplankton with DNA barcodes
has been an example for several years [10], most species remain poorly known. The use of
new collecting methods such as the light trapping dramatically increased dramatically the
species found in neotropical systems of Mexico [16,26]. With the DNA barcode baselines,
we can apply the metabarcoding immediately. These methods will allow for the detection
of any change in the aquatic community if a periodic biomonitoring system is established.
These methods should have the same efficiency with bulk samples of the zooplankton
(Elías-Gutiérrez, unpublished).

The subsequent phases should be continuing with the baseline to expand it to more
water systems and seasons of the year. Knowledge of the aquatic diversity will help
calibrate metabarcoding methodologies to detect any environmental threat from alien
species introduction (carrying changes in predation, for example) to pollution. It has
been demonstrated that zooplankton responds rapidly to these stressors [66], making it an
excellent element to assess any change in the environment [67].

4. Conclusions

We can currently construct a fast baseline of the species in any neotropical aquatic
environment despite the taxonomic impediment. If the species are unnamed, they can be
kept in a scientific collection. Meanwhile, the genetic data for their identification should
be stored in a public database (as BOLD). With time, these BINs will receive a name
if the institutions where the collections are deposited maintain a policy to continue the
taxonomical studies and encourage the curation of specimens.

This previous step will allow the implementation and continuity of non-invasive
biomonitoring with all new tools for eDNA currently available. However, this second step
will depend on society being committed to conservation and sustainable development. On
the other side, it will depend on the institutions with the equipment and knowledge to
perform these complex but efficient techniques.

The economy of Quintana Roo state in the Yucatan Peninsula depends almost entirely
on tourism. All the visitors are looking for the natural attractions that this region offers [68].
The recent presence of sargassum in the shoreline of the Mexican Caribbean caused many
visitors to move to inland freshwater sinkholes and archaeological sites. As a result, Bacalar
(located south of Sian Ka’an) doubled the number of visitors from 2017 to 2018. Currently,
there is a noticeable effect of these activities on the microbialites from this site that are
unique in the world [69].

Even though Sian Ka’an reserve is a natural protected area, the water systems that
support the equilibria in this region are vulnerable to the indirect or direct effects of
pollution of the underground or surface water, the introduction of exotic species, and all
effects derived from mismanaged tourism. We consider it urgent to consider a proposal to
monitor, in a fast and reliable way, all future changes in this environment, as suggested here.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13070292/s1, Figure S1: ID tree of all specimens found in the dataset used for this paper.
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Abstract: The diversity of freshwater zooplankton is still little known in Mexico, particularly in refer-
ence to insular zooplankton communities. Diaptomid copepods (Crustacea: Copepoda: Calanoida)
are a widespread group worldwide, and Mexico harbours high diaptomid diversity. Based on a
recent sampling of freshwater zooplankton on a Caribbean Island of Mexico, we present the first
record of a diaptomid copepod from an island freshwater ecosystem. It shows the well-known
tendency of Neotropical diaptomids to have restricted distributional patterns and high levels of
endemism. The species recorded, Mastigodiaptomus ha (Cervantes-Martínez, 2020) appears to have
a restricted distribution in the Yucatan Peninsula (YP), and the island as well. In order to explore
potential differences between the island and continental populations of this species, its phenetic and
genetic diversity was analysed by performing morphological comparisons and also by exploring
differences of the habitat conditions and genetic sequences (CO1 gene). Our analysis revealed a low
(average = 0.33%) genetic divergence between both populations; likewise, both the morphology and
habitat conditions closely resemble each other in these two populations. The low genetic divergence
between the continental and island populations of M. ha suggests an early common origin of the
species in the geological history of the YP.

Keywords: barcoding; Calanoida; diaptomids; freshwater; insular water bodies; new record

1. Introduction

The diverse zooplankton community inhabiting the epicontinental and underground
freshwater ecosystems of the Yucatan Peninsula (YP) can be largely constituted by calanoid
copepods belonging to the most successful freshwater group; the family Diaptomidae.
Diaptomids tend to have restricted distributional patterns, with many endemic species in
the Neotropical region [1].

Mastigodiaptomus is one of the most diverse genera in Mexico, currently including
13 species. The genus is widely distributed in the Neotropical region, including the
Caribbean islands, Central America, and areas of the Southern United States [2,3].

Recently, Gutiérrez-Aguirre et al. [3] described three new species of the genus from
Mexico; Mastigodiaptomus cihuatlan (Gutiérrez-Aguirre, 2020), M. alexei (Elías Gutiérrez,
2020), and M. ha (Cervantes-Martínez, 2020). The latter was found in sinkholes (locally
known as cenotes) in the northeastern continental zone region of the YP.

After 15 years of basic studies on the freshwater and anchialine zooplankton in
Cozumel Island [4–6], this is the first report of a diaptomid copepod on a Mexican is-
land. Previously, M. ha has been recorded in continental freshwater systems in the north-
northeastern region of the YP [3]. In this study we analysed the phenetic and genetic
distances between the island and continental populations, and specimens from the type
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locality of M. ha, adding new molecular barcodes revealing that, despite the fact that
these two populations were isolated for over 8000–6000 years, they are phenotypically and
genetically similar.

This work confirms that YP copepod fauna provides the best-known Mexican region
for harbouring the greatest diversity of the Mastigodiaptomus species in Central America
and the Caribbean region [2,3,7].

2. Materials and Methods

2.1. Study Sites and Sampling Methods

Cozumel Island is located off the northeastern coast of the YP, in the northwestern
region of the Caribbean Sea (Figure 1) and, because of its area (~500 km2), it is the third
largest island in Mexico and the most populated. An 18 km wide channel separates it from
the continental YP.

 
Figure 1. Collection sites for zooplankton samples in the YP, Mexico (2005–2020), where diaptomids are present. Black
circles are negative records of Mastigodiaptomus ha; triangles are positive sites for records of M. ha. The red triangle is the
place where the species was founded on Cozumel Island. Blue circles indicate probable presence of this species.

The YP is considered one of the largest karstic aquifers in Mexico and the world [8]; a
system that includes Cozumel Island, which was once part of the continental YP geologic
plate of the YP (~25 Mya). Like all karstic aquifers, underground aquatic systems are
extended (freshwater or anchialine); sinkholes and some superficial lagoons are the surface
features of karstic environments [9,10]. Cozumel island has some similar aquatic systems
to those mentioned before, but they differ in area, size, and depth [11,12].

2.2. Zooplankton Analysis

During the last 15 years, a systematic sampling of freshwater and anchialine zooplank-
ton has been performed on the YP and Cozumel Island (Figure 1), with high zooplankton
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diversity and crustacean endemicity [4–6,13]. Water samples for biotic and abiotic variables
were collected on the southern part of the island, after the atypical influence of tropical
storms in September–October 2020 on Cozumel Island [14].

The species classification of Copepoda was performed according to the methods
outlined by Elías-Gutiérrez et al. [15] and Suárez-Morales et al. [16], several specimens
were compared with the recently described M. ha, inventoried in the north-northeastern
region of the YP continental plate [3].

Then, the phenetic variability between the continental vs. island populations of M. ha
was determined, considering the morphological, environmental, and geological features
of the locations inhabited by the copepods. Chemical environmental variables, related to
the ionic content, and temperatures were measured in situ with a professional-plus YS
Datasonde® (Xylem Inc., Yellow Springs, OH, USA). The trophic status of these systems
was determined by the chlorophyll a concentration [9]. The sequence of the COI gene was
used as evidence of the genetic variability between continental and insular populations of
M. ha.

2.2.1. Continental Populations Analysed

1. Adult female holotype, dissected on semi-permanent slide (ECOCH-Z-10319),
adult male allotype, dissected, mounted on semi-permanent slide (ECOCH-Z-10320),
and 20 adult females and 20 males preserved in 96% ethanol and one drop of glycerine
(ECOCH-Z-10321). Cenote 7 Bocas, Quintana Roo, Mexico, 20◦52′36′′ N; 87◦02′37′′ W, the
type locality of Mastigodiaptomus ha.

2. Specimens obtained from Verde Lucero (n = 30, ECOCH-Z-10327; 20◦52′09.57′′ N,
87◦04′37.52′′ W) and Boca del Puma (n = 6, ECOCH-Z-10326; 20◦52′179′′ N, 87◦03′18′′ W)
in Quintana Roo, Mexico were also analysed.

2.2.2. Cozumel Island Population

Twenty-two adult females and 36 adult males from 25 Horas Lagoon (20◦18′39.7′′ N,
86◦56′14.2′′ W) (ECO-CH-Z-10539). The acronym ECOCH-CH-Z refers to the Zooplankton
Reference Collection held at El Colegio de la Frontera Sur, Chetumal, Mexico.

The morphological variability between the two groups of populations was analysed
with dissected and whole specimens using a compound Nikon Eclipse 50i microscope.
Light microscopic images of variable features were captured with a Lumenera Infinity1 Y-
IDT camera (Teledyne Lumenera, Ottawa, Canada) and arranged in Adobe Photoshop V.
6.0 following the current taxonomic standards for the genus Mastigodiaptomus [2,17,18].

The DNA extractions of the COI gene, PCR products, and sequence alignment between
populations were conducted following the methods of Ivanova et al. [19], Hebert et al. [20],
Prosser et al. [21], and Elías-Gutiérrez et al. [22], in accordance with the protocols of the
Barcoding Laboratory of Life (ECOSUR, Chetumal, Mexico). Two specimens from the
type area, three from the Verde Lucero, and two from the Boca del Puma were considered
the continental populations in the genetic analysis, and 28 specimens from the Cozumel
population were all included.

Cluster analyses of these sequences were performed to obtain a graphic representa-
tion of the divergences among the specimens by using Molecular Evolutionary Genetics
Analysis (MEGA X) software (MEGA Freeware, University of Pensilvania, Philadelphia,
PA, USA).

Sequences were aligned to 600 base pairs (pb) with CLUSTAL W, and the Kimura 2 pa-
rameter (KP2) distance model was used to calculate the sequence divergences. Neighbour-
joining (NJ) clusters were created with the gamma distribution model.

All sequences > 500 pb were added to the public data dataset named Mastigodiaptomus,
created in the Barcode of Life Data Systems portal (BOLDSYSTEMS, http://boldsystems.
org/index.php, accessed on 15 April 2021). In the dataset DOI: 10.5883/DS-MMASTIGO
(The Barcode of Live Data System, University of Guelph, Guelph, Canada, accessed on
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15 April 2021), the individual sequences, trace files, collection data, and primer details
are available.

3. Results

3.1. Variability of Environmental, Genetic and Morphological Features

Mastigodiaptomus ha is a freshwater, free-living diaptomid copepod, that is apparently
endemic to the north and northeastern zones of the YP. The aquatic ecosystems inhabited by
this species showed the following environmental features: low elevations (13.2 ± 6.0 masl),
oligo-mesotrophic conditions (≤0.70 mg/m3 of chlorophyll a), low oxygen concentrations
(1.5 ± 1.8 mg/L), tropical climates (26.8 ± 1.9 ◦C), freshwater (0.7 ± 0.2 ppt), low conduc-
tivities (1396 ± 559.2 μS/cm3) (Table 1), and physically the sinkholes where M. ha was
recorded are type 2, 3, and 4 sinkholes according to Hall [23] (Table 1).

Table 1. Limnological characteristics of the aquatic habitats inhabited by Mastigodiaptomus ha (Quintana Roo, Mexico).
Elev = elevation (masl), T = water temperature, O2 = dissolved oxygen (mg/L), EC= electrical conductivity (μS/cm3),
Sal = salinity (ppt), TS = trophic state.

Place Name Coordinates Sinkhole Classification [23] Elev T O2 EC Sal TS

Chemuyil 20◦21′38.7′′ N
87◦23′98.1′′ W

Vertical walls with wide aperture
(as a glass) 10 29.2 4.6 2274 1.1 Oligotrophic

Verde Lucero 20◦52′08.7′′ N
87◦04′37.5′′ W

Vertical walls with wide aperture
(as a glass) 18 24.7 1.8 1414 0.8 Mesotrophic

7 Bocas 20◦52′35.8′′ N
87◦02′37.5′′ W

Cavern, with lateral entrance
leading to a chamber with water 16 25.6 0.3 1365 0.7 Oligotrophic

Boca del
Puma

20◦52′17.9′′ N
87◦03′18′′ W

Cavern, with lateral entrance
leading to a chamber with water 18 26.3 0.7 1170 0.6 Oligotrophic

25 Horas 20◦18′39.7′′ N
86◦56′14.2′′ W Superficial lagoon (“aguada”) 4 28.6 0.2 742 0.4 Oligotrophic

This kind of aquatic ecosystem is common on the northern and the eastern fringe zones
of the YP, where the most recent, highly permeable sediments (i.e., Miocene, Pliocene, and
Quaternary) are widespread [8,24]. These regions are therefore dominated by underground
currents or superficial lagoons that formed recently in geological time [8].

3.2. Genetic Variability

The consensus tree with the highest log likelihood is shown in Figure 2. The bootstrap
percentages of trees, in which the associated taxa were clustered together, are shown next
to the branches. The extended dendrogram displays that the four continental populations
and one island population analysed showed one group with low genetic divergence: the
BOLDsystems generated the BIN AAU1038 (The Barcode of Live Data System, University
of Guelph, Guelph, Canada, accessed on 15 April 2021). The genetic divergence between
populations was 0.33% on average (Table 2).

Table 2. Sequence divergence distribution at each taxonomic level examined. To avoid confusion, in this analysis continental
vs. island specimens were labelled as two different species, Mastigodiaptomus ha vs. Mastigodiaptomus sp. (= M. ha-island
population), to perform a comparison between the populations.

Label N Taxa Comparisons Min Dist. Mean Dist. Max Dist. SE Dist.

Within
species 36 2 416 0.00 0.33 2.22 0.00

Within genus 37 1 179 0.34 4.64 20.15 0.04

216



Diversity 2021, 13, 279

Figure 2. Analysis for Mastigodiaptomus ha (Quintana Roo, Mexico) with the maximum likelihood method to observe
genetic relationships between continental and insular populations (1000 replicates), based on the COI gene. The scale length
represents the percentage of genetic distance between branches.

The body sizes of specimens of the island population of M. ha were larger than those
of the continental population specimens; in the continental populations, the total body
lengths were similar between females and males, ranging from 1.2 to 1.3 mm; whereas the
females of Cozumel island are larger (i.e., 1.6 to 1.78 mm, n = 28); males are also larger in
the island population (1.45 to 1.5 mm, n = 35).

The rostral points shape was also variable in all the analysed continental and island
populations: short with rounded points, medium-sized with rounded points or even, large
and acute in females (Figure 3A–B). Whereas only 20% of the continental females bear a
dorsal keel-like process on the fifth prosomite, all the examined females of the island pop-
ulation (~60 specimens) possess one dorsal, triangle-shaped process (Figure 3C). Twenty
percent of the surveyed island females bear large egg sacs with 23–30 eggs (Figure 3D),
whereas continental females did not bear egg sacs.
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Figure 3. Mastigodiaptomus ha, adult female from 25 Horas Lagoon (island population): (A) large
curved rostral spines; M. ha, adult female from Verde Lucero Lagoon (continental population):
(B) short acute rostral spines; M. ha, adult female from 25 Horas Lagoon: (C) dorsal process, lateral
view; (D) egg sac, dorsal view; (E) modified setae on antennulary segment 11. M. ha, adult male from
25 Horas Lagoon: (F) right antennule segments 13, 14; (G) same, segments 15, 16.

In M. ha, the presence of modified setae on both female and male antennules was
notable as a distinctive feature; these setae are large, flattened, and distally expanded
(Figure 3E). In the island population, the spines of male right antennulary segments 13–16
are proportionally larger than those of all the continental populations (Figure 3F–G).

4. Discussion

After systematic surveys of freshwater and anchialine zooplankton were conducted for
approximately 15 years in the YP, including on Cozumel Island, this is the first finding on
record of a freshwater, free-living calanoid diaptomid on a Mexican island. In the southern
region of Cozumel Island where M. ha was collected, the pools are flooded in the rainy
period (July to October) and the 25 Horas Lagoon suffers a reduced catchment area during
the dry season (March to May), with a proportional decrease in the copepod’s population.
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Therefore, it is hypothesised that M. ha is an endemic form of some freshwater systems
located in the north-northeastern regions of the YP, and is probably present on other
Caribbean islands with geological histories that are homologous to that of Cozumel Island.

The physiography of the YP has been influenced by successive marine regression and
transgression processes: during the Cretaceous Period (~145 Mya) and the Pleistocene
Yarmouth interglacial stage (220–170 Kya, during which the sea level rose 30 m above the
current level), the YP was submerged [7,25]. The YP and Cozumel have been separate
since the early Cenozoic Era (~65 MYa) [26]. Allopatric speciation has been advanced as a
possible explanation for the divergence of two species of anchialine remipedes: Xibalbanus
cozumelensis (island species) and X. tulumensis (continental). A weak gene flow between
these two populations was deemed probable because the marine regressions likely gave
place to intermittent communication between these populations, which is not the case for
epigean freshwater crustaceans.

The eastern coast of the YP remained submerged for about 33 MY, between the
Paleocene and Oligocene periods. During these periods of marine regression, freshwater
forms could have recolonised the emerged lands. According to Suárez-Morales [7], one
of these forms was an ancestor of the genus Mastigodiaptomus, probably related to M.
albuquerquensis, currently deemed to represent a species complex. This ancestral form
successfully radiated across the Yucatan Peninsula, including its central core and eastern
coast [7]. The occurrence records of M. ha more or less seem to fit the area flooded by seas
in the Pleistocene interglacial period, which suggests that this freshwater species could be
relatively young (<220–170 Kya).

The most recent soils on the coastal fringe of the peninsula were formed during the
Pleistocene Epoch (~1.8 Mya) and the Holocene Epoch (11 Kya) with predominant calcites
and dolomites as the most common mineral (of organic origin) [27]. The current physiogra-
phy of the YP (including its islands and its complex and extensive hypogean landscapes)
was present approximately 8–6 Kya [7,27,28]. The specific natures (freshwater, anchialine,
or strictly marine) of the cavernous ecosystems in the region were influenced by the in-
termittent drought/cold periods that took place between 8 and 7, and 6 and 5 Kya [7,28],
called stadial and interstadial periods during the Holocene period (~9 Kya). These dry and
cold conditions in the YP during the Holocene period [29], the high reproductive rates in
copepods, and phoresis of micro-crustaceans by birds [30], probably represented adequate
conditions promoting the dispersal of epigean freshwater copepods through glacial refuges
in emerged (probably cold lands), including the presence of M. ha in Cozumel Island and
the eastern coast of the YP.

Additionally, the north and northeastern zones of the YP are considered to have low
elevational contrasts, with plains lower than 20 masl, and these regions are apparently
separated from the geologically older Meridional Peninsula by hills with elevation levels
of 50 to 300 masl [31]. The groundwater ecosystems that span these plains are home to
the greatest diversity of species and the highest number of endemic crustaceans in the
YP [32]. In accordance with the distribution of other freshwater fauna, such as fish [33],
the distribution of freshwater crustaceans that inhabit the plain region can apparently be
explained by these geographic barriers.

The presence of M. ha individuals in this region supports the hypothesis that the
YP is the area with the greatest known diversity and with the highest endemism of the
Mastigodiaptomus species in the Neotropical region, probably resulting from its habitat
diversity and complex geologic history [2,7]. In the YP, seven diaptomid species have been
recorded: Arctodiaptomus dorsalis (Marsh, 1907); Leptodiaptomus novamexicanus (Herrick
1895); M. nesus (Bowman, 1986); M. reidae (Suárez-Morales and Elías-Gutiérrez, 2000);
M. maya (Suárez-Morales and Elías-Gutiérrez, 2000); M. siankaanensis (Mercado-Salas,
Khodami, Kihara, Elías-Gutiérrez and Martínez-Arbizu, 2018), and M. ha (Cervantes-
Martínez, 2020). The latter four are considered YP endemics [3,7,34]. The late Eocene marine
regression exposed most of the YP [7]. This combination of geological, climatological, and
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ecological conditions probably promoted the isolation conditions for local crustacean
speciation and its current distributional patterns in the area [7].

Because low genetic divergence was revealed in and between the analysed continental
and island populations of M. ha, it is hypothesised that the island population did not result
from a very recent invasion process by humans, who have occupied the Cozumel island
since 300 BC [35]. Instead, it is suggested that both the continental and island populations
have an early common origin, and these populations were isolated after the Pleistocene
Yarmouth interglacial stage; the slight morphological divergences featured, found within
and between the examined populations of M. ha, support the previous statement, as well as
a lack of evidence that the distribution of the Mastigodiaptomus species is promoted through
resistance (or diapause) structures.

The genetic divergence found between populations was remarkably low, ranging
between 0 and 2.22%: among the Mastigodiaptomus species, the greatest differences recorded
within populations reach 2.76% on average [2]. The relatively low genetic, inter- and intra-
population divergences found in M. ha might indicate the young age of the species. These
low divergences have been found in freshwater fish whose current distributional ranges
were glaciated during the Pleistocene period in America [36], and are probably related to
the reduced population size in glacial refuges causing bottlenecks [37].

Morphological variabilities were described among and within the continental pop-
ulations of M. ha in their original description [3]. In this study, when the continental
populations were compared with the island population, a morphological variation was
observed in body size (with striking differences between females and males), the rostrum
shape, and the size of the spiniform process of the male right antennulary segments 13–16.

In addition, the presence/absence of a dorsal process in females is a variable feature
between and within populations of Mastigodiaptomus texensis, M. amatitlanensis, M. albu-
querquensis, M. montezumae, and M. ha [38]. We speculate here that the variability of this
character appears to be related to the presence of fish co-occurring with Mastigodiaptomus:
the dorsal process is absent or very reduced in presence of predator fish, but mostly present
and well-developed when fish predation is absent or negligible (unpublished data).

This is the third report of a Mastigodiaptomus species inhabiting Caribbean islands
with an elevation below 100 masl: M. nesus was recorded on San Salvador Island, the
Cayman Islands, the Bahamas, and Cuba; M. purpureus in Cuba [39], and M. ha in Cozumel
(this report). Five species of this genus have been recorded at altitudes ≥ 1000 masl:
M. montezumae [40], M. patzcuarensis, M. albuquerquensis [3,41], M. suarezmoralesi [38], and
M. amatitlanensis [3]. It is likely that the ability of diaptomid genera to dwell in wide
elevation and latitudinal ranges is a factor promoting the high regional diversity of Mastigo-
diaptomus.

Individuals of Mastigodiaptomus that inhabit island populations appear to be larger on
average than their continental counterparts; for instance M. purpureus, exclusively recorded
in Cuba, is one of the largest species (females = 2.5 mm long, males = 2.2 mm) [42,43]. The
length of M. nesus in Cuban populations is 1.48 mm in females, and 1.34 in males [39] vs.
0.9–1.0 mm in both sexes in the continental populations [3,44]; the length of M. ha from
Cozumel is 1.73 mm in females and 1.5 mm in males vs. 1.2–1.3 mm in both sexes in the
YP continental populations [3]. As discussed above, it is likely that the presence of fish is
related to decreasing copepod size, because in all mentioned cases in which larger island
specimens occur, fish are absent.

5. Conclusions

After almost two decades of basic study on freshwater and anchialine zooplankton on
Cozumel Island, this is the first report on Mastigodiaptomus ha (Cervantes-Martínez, 2020),
a freshwater, free-living diaptomid copepod on a Mexican island.

This copepod was previously recorded in freshwater continental ecosystems on the
north and northeastern region of the continental plate of the YP; this region is historically
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and geologically similar to Cozumel Island, and slight morphologic and genetic differences
were found between the continental and the island populations of M. ha.

Because low genetic divergences were observed between the analysed continental and
island M. ha populations, both populations of the species probably resulted from the same
founder effect.

The YP is the region in which the greatest number of copepod inventories has been
documented and the greatest known diversity of the Mastigodiaptomus species has been
confirmed among the central and northern regions of Mexico, Central America and
the Caribbean.

Finally, analyses combining morphological and genetic characteristics in the conti-
nental populations of freshwater copepods (and other zooplankton groups) are still scarce.
These kinds of studies are even more rare for insular, freshwater organisms. Our study
is the first work in Mexico and the Caribbean region, which combined the genetic and
morphological tools in research on the freshwater copepod diversity in insular freshwa-
ter bodies.
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Abstract: Monstrilloid copepods are protelean parasites with a complex life cycle that includes
an endoparasitic juvenile phase and free-living early naupliar and adult phases. The monstrilloid
copepod genus Caromiobenella Jeon, Lee and Soh, 2018 is known to contain nine species, each one
with a limited distribution; except for two species, members of this widespread genus are known
exclusively from males. Hitherto, members of Caromiobenella have not been recorded from tropical
waters of the South Western Atlantic (SWA). The nominal species Monstrilla brasiliensis Dias and
Suárez-Morales, 2000 was originally described from female specimens collected in coastal waters of
Espírito Santo and Rio de Janeiro (Brazil), but the male remained unknown. The failure to reliably link
both sexes of monstrilloid species is one of the main problems in the current taxonomy of the group,
thus leading to a separate treatment for each sex. New zooplankton collections in coastal waters and
intertidal rocky pools of the SWA yielded several male and female monstrilloid copepods tentatively
identified as Monstrilla brasiliensis. Our results of both morphologic and molecular (mtCOI) analyses
allowed us to confirm that these males and females were conspecific. We also found evidence
suggesting that Caromiobenella is not a monophyletic taxon. Our male specimens are morphologically
assignable to Caromiobenella, therefore, females of the nominal species Monstrilla brasiliensis, are
matched here with the aforementioned males and, thus, the species should be known as C. brasiliensis
comb. nov. (Dias and Suárez-Morales, 2000). This finding represents the third documented discovery
of a female of Caromiobenella, the first record of the genus in the Southwestern Atlantic, and the
first documented record of monstrilloids from coastal tidepools. With the addition of C. brasiliensis,
Caromiobenella now includes 10 valid species worldwide. This work represents the second successful
use of molecular methods to link both sexes of a monstrilloid copepod. The male of C. brasiliensis is
herein described, and a key to the known species of Caromiobenella and data on the habitat and local
abundance of C. brasiliensis are also provided.

Keywords: Brazil; integrative taxonomy; monstrilloid copepods; new record; parasitic copepods
tropical zooplankton

1. Introduction

Monstrilloid copepods are protelean parasites of benthic invertebrates, including
polychaetes, molluscs, and sponges [1–3]; most juvenile stages are endoparasitic and
free-living adult individuals lacking mouthparts are non-feeding reproductive forms that
briefly become part of the zooplankton community [1]. As endoparasites they can cause
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strong inflammatory processes to their hosts [4]. Because of their rarity in the plankton and
taxonomic and nomenclatural complexity [5,6], there are large geographic areas in which
the monstrilloid copepod fauna remain largely unknown [2,7]. According to a previous
analysis of their known diversity and distribution [2], the regions with the highest number
of monstrilloid records are the Northeastern Atlantic (32 species), the northwestern Tropical
Atlantic (including the Caribbean Sea and the Gulf of Mexico) (24), and the Indonesia-
Malaysia-Philippines, and Japan Seas region (23+). The Brazilian-Argentinean coasts are
known to harbor a relatively low monstrilloid diversity (16 species).

The Brazilian monstrilloid copepods have been studied for more than 20 years [4,8–12].
Several new species of Monstrilloida have been described from Brazilian coastal waters,
some of them from females only (i.e., Monstrilla pustulata Suarez-Morales and Dias, 2001,
M. satchmoi Suárez-Morales and Dias, 2001, M. careli Suarez-Morales and Dias, 2000,
M. brasiliensis Dias and Suárez-Morales, 2000, and M. bahiana Suarez-Morales and Dias,
2001), others from males (i.e., Monstrillopsis fosshageni Suárez-Morales and Dias, 2001,
Cymbasoma rochai Suárez-Morales and Dias, 2001). These taxonomic works [8–10] also
include a new geographic record of M. brevicornis Isaac, 1974 in the Atlantic Ocean [9,10],
ecological aspects of a species of Cymbasoma [11], and the discovery and description of the
female of C. rochai [12]. The male specimens collected in the surveyed area were tentatively
identified as Monstrilla and presumed to belong to one of the Brazilian species previously
known only from females. A more detailed analysis allowed us to recognize our males as
members of Caromiobenella. Both morphologic and molecular analyses were performed on
our male and female specimens to reveal if they are conspecific.

Matching both sexes of monstrilloid species has been raised as one of the main
obstacles to determine the true diversity of the group [2,13]. Individuals of both sexes are
mixed with those of other species in the plankton samples. Reliable methods to link the
sexes of a species include: (1) particular autapomorphies shared by males and females of
a species, (2) finding them emerging from the same host and mating, and (3) the use of
molecular tools.

The goals of this survey were to: (1) to reveal the taxonomic identity of the male speci-
mens collected from the Rio de Janeiro area, and reliably link them to the female through
morphological and molecular analyses; (2) present data about their habitat and local abun-
dance; (3) provide an updated identification key to the known species of Caromiobenella.

2. Materials and Methods

2.1. Sampling

Zooplankton samples were collected monthly between August 2017 and December
2018 in marine coastal waters and rocky tidepools at five localities in the State of Rio de
Janeiro, Southeastern Brazilian coast (Figure 1). Some of these samples contained male
and female monstrilloid copepods that were taxonomically examined. Monstrilloids were
firstly found in three rocky tidepools of the municipality of Rio das Ostras (Areias Negras
beach: 22◦31′47.60” S, 41◦55′32.22” W, Remanso beach: 22◦31′40.57” S, 41◦55′21” W) and
Armação de Búzios (Rasa beach: 22◦43′59.6” S, 41◦57′26.2” W), and subsequently in a
shallow costal area in the municipality of Rio das Ostras (Cemitério beach: 22◦31′52.21” S,
41◦56′32.18” W) (Figure 1, Table 1).

The water in the rocky tidepools was drained with an electric bilge pump (12 V) and
the zooplankton was retained in a 100 μm mesh filter attached to the end of the water
pipe. The drained water volume was recorded to calculate the zooplankton densities
(individuals/m3). The water temperature and salinity were recorded with a thermos-
alinometer (YSI Yellow Spring Pro 2030). The samples used in taxonomic examination
and descriptions were fixed in 4% formaldehyde, analyzed in a stereomicroscope, and
quantified in a Dollfus chamber.
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Figure 1. Map showing zooplankton sampling sites in the Rio de Janeiro coast, SW Atlantic, with the
coastal municipalities where monstrilloid copepods were collected. Dots: collection in tidepools of
rocky shores. Solid triangle: collection in shallow coastal zone (<5 m depth). (A) Remanso beach,
(B) Areias Negras Beach, (C) Cemiterio beach, (D) Rasa beach.

To complete the genetic analysis, five additional collections were carried out between
September and December 2018 (Table 1) in Cemiterio beach, coastal region beyond the surf
zone, in an area without rocky shores. These collections were made with a 100 μm mesh
plankton net towed by a kayak without using a flowmeter, thus without density estimates.
These samples were preserved in 92.8◦ GL ethanol and monstrilloids were sorted and
taxonomically examined in the laboratory.

2.2. Morphologic Analysis

A few male specimens, including those presented here, were tentatively assigned
to the genus Monstrilla Dana, 1849. A reexamination of these male individuals allowed
us to recognize them as a species of Caromiobenella, largely known from males and with
distinctive morphological characters [3]. One of these specimens (MNRJ30136) was selected
to be described. Our description of this male followed the current upgraded descriptive
standards in monstrilloid taxonomy [1,13,14] and included the distinctive characters of
Caromiobenella [3,15]. The morphologic terminology follows Huys and Boxshall (1991) [16].
The Brazilian male specimens were deposited in the collections of the Museu Nacional-
Federal University of Rio de Janeiro (MNRJ) and Invertebrate Collection of the Instituto de
Biodiversidade e Sustentabilidade (NUPEM/UFRJ) (CIN-NPM), where they are available
for inspection.

2.3. Molecular Analysis

Total DNA was extracted from four females and two male copepods by the Chelex
resin protocol [17,18] as follows. Ethanol-preserved copepods were picked up with plastic
pipettes under a stereomicroscope and then transferred to 0.6 mL Eppendorf vials. The
excess of ethanol was then removed and left to dry at room temperature for at least 1 h.
Afterwards, 10 μL proteinase-k (10 mg/μL) was added directly over the copepod body,
followed by 75 μL lysis buffer 2x (0.1 mM Tris, 0.01 mM EDTA, pH 8.0), 75 μL 12% chelating
resin (Chelex 100), SIGMA, shaken in vortex, and incubated overnight at 55 ◦C.
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Table 1. Collection sites data. TD = Tidepool drainage, PN = Plankton net in shallow coastal area, M = male, F = female,
temp = water surface temperature (◦C), sal = surface water salinity. NA = no data available. Collections at Cemiterio beach
were not made in tidepools, but in the coastal zone without using a flowmeter, thus without volume and density estimates.

Date Site Collection
Type

C. brasiliensis Zoopl. Density
(ind. m3)

Tidepool
Volume

(L)

Drained
Volume

(L)
Catalog Number Temp Sal

N◦ , Sex
Density

(ind. m3)

08.08.17 A.Negras TD 3M 15.0 155 345 200 NPM00020 (1M *), (2M * lost%) 24.2 30.0
21.09.17 Remanso TD 2F 5.0 206 1900 400 NPM000021 (1F), (1F lost%) 20.4 34.3
16.10.17 Remanso TD 1 M 5.0 991 1900 200 1M (dissected) 21.5 33.2
16.10.17 Remanso TD 2M 10.0 335 600 200 NPM00022 (1M *), MNRJ30136 (1M *) 21.2 33.6
31.10.17 Rasa TD 1F 2.5 77 1440 400 NPM00023 (1F) 22.6 28.1
03.02.18 Remanso TD 1M 2.5 870 1900 400 1M * (dissected) 28.8 32.0
19.09.18 Cemiterio PN 1F/2M NA NA NA NA MNRJ28990 (1M), 1M #, 1F $ * - -
20.10.18 Cemiterio PN 1F/1M NA NA NA NA 1M #, 2F $ - -
21.10.18 Cemiterio PN 2F/1F NA NA NA NA 2F #, 1F $ * - -
28.10.18 Cemiterio PN 1F NA NA NA NA 1F # * - -
24.11.18 Cemiterio PN 2F NA NA NA NA MNRJ28991 (1F), 1F # - -
25.11.18 Cemiterio PN 1F NA NA NA NA NPM00024 (1F) - -
02.12.18 Cemiterio PN 1F NA NA NA NA NPM00025 (1F) - -

* used in morphometrics, # used in DNA analysis with success; % lost in handling.

The anterior region of the mitochondrial cytochrome c-oxidase, subunit I (COI) was
amplified by the polymerase chain reaction (PCR) from 5 and 10 μL of extracted DNA, using
Folmer et al. (1994) [19] primers, HCO2198 (TAAACTTCAGGGT GACCAAAAAATCA)
and LCO1490 (GGTCAACAAATCATAAAGATATTGG) in a 25 μL final reaction volume
containing 1x reaction buffer, 3 mM MgCl2, 0.24 μM of each dNTP, 0.12% Triton-X-100,
0.4 μM of each primer, 2 U of DNA polymerase. PCR was performed in a thermocycler
(Gradient Mastercycler, Eppendorf) as follows: 1 cycle at 94 ◦C for 4 min; 35 cycles at
94 ◦C, 48 ◦C and 72 ◦C for 1 min each; and a final cycle at 72 ◦C for 7 min. DNA fragments
were visualized after electrophoresis over ultraviolet (UV) light using the fluorescent stain
UniSafe dye (Uniscience) and PUC19 ladder for fragment size determination. Amplicons
were sequenced by the automation system of capillary electrophoresis sequencing (ABI
3730xl System; Sanger method). Sequences were edited using the Chromas Pro, v. 2.1.8
software and then aligned with Clustal W online tool. Edited and revised sequences were
analyzed by the Basic Local Alignment Search Tool (BLAST) to find similar sequences
deposited in GenBank and verify their proximity to the expected taxonomic group. Multiple
alignment and gap insertions were performed retaining conserved coding regions at the
same positions.

Pair-wise p-distances and Tamura-Nei distances were obtained for the Brazilian group.
For comparisons with species from different genera, Tamura-Nei and Kimura-2 parameters
distances were used. Maximum likelihood (ML) trees were obtained using Tamura-Nei
distance and using 1000 bootstrap iterations for the branch confidence. A parsimony tree
was also obtained. Phylogenetic and molecular evolutionary were conducted using MEGA
version 6 [20,21]. Sequences of copepod species of other genera obtained from GenBank
were used for comparisons and to verify the position of sequences of local copepods. Some
of the sequences of other monstrilloid genera available in GenBank were shorter than those
found in the present study for the Brazilian copepods. Therefore, to include a greater
number of species in the comparison, it was necessary to work with a smaller region,
but present in all of them. These comparisons were only possible at over 582 bp DNA
fragment of the Brazilian copepods. It was not possible to include Caromiobenella ohtsukai
(MH638358) and Monstrillopsis longilobata (MF447160; MF447163) because they were shorter
at the 5′ end.

3. Results

3.1. Taxonomy

Subclass Copepoda Milne-Edwards, 1840
Order Monstrilloida Thorell, 1859
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Family Monstrillidae Dana, 1849
Genus Caromiobenella Jeon, Lee and Soh, 2018
Caromiobenella brasiliensis (Dias and Suárez-Morales, 2000) comb. nov.

3.1.1. Material Examined

Eight adult males: 08/08/2017 (1♂NPM-00020, 2♂lost in shipping), 10/16/2017
(1♂NPM-00022, 1♂MNRJ30136, and 1♂dissected), 02/03/2018 (1♂dissected), and 09/19/2018
(1♂MNRJ28990). Specimens NPM-00020, NPM-00022, and MNRJ28990 fixed in 4% formalde-
hyde and 1 ♂undissected, mounted on semi-permanent slide with glycerin, sealed with
acrylic varnish.

3.1.2. Type Locality

Camburi, Baía do Espírito Santo (20◦16.383′ S, 40◦15.900′ W) [8].

3.1.3. Diagnosis (Female and Male)

Female Monstrilla with medium-sized, robust body, cephalothorax with dorsal and
ventral scattered fields of striae. Urosome 4-segmented, ovigerous spines short: fifth
legs elongate, bilobed, divergent; outer lobe long, slender, with three setae, inner lobe
short, cylindrical, with single seta. Antennule 4-segmented, first segment partially fused
to cephalothorax, segments 3–4 fused; combined third segment with outer surface pro-
duced, forming proximal rounded process furnished with field of coarse cuticular ridges.
Caudal rami with 6 setae. Male: Monstrilla-like, medium-sized, body segmentation as in
Caromiobenella (body length ~0.98 mm), cephalothorax representing ~49% of total body
length. Pedigerous somites 2–4 representing 39% of total body length. Oral papilla at
34% of way back along ventral surface of cephalothorax. Cephalothorax with dorsal and
ventral scattered pores and fields of cuticular striae. Antennules 5-segmented, representing
~35.6% of total body length, geniculated between segments 4–5; first segment partially
fused to cephalothorax; second segment with outer margin produced into rounded process
ornamented with field of deep transverse wrinkles. Distal antennulary segment with usual
armature of genus. Fifth pedigerous somite with reduced fifth legs represented by pair of
knob-like processes. Preanal somite with medial pair of small keel-like acute processes
on postero-ventral surface. Genital complex of type I, represented by short robust shaft
with short, thick distal lappets, branches separated by deep longitudinal slit. Caudal rami
armed with 6 setae including short, slender biserially plumose innermost seta.

3.1.4. Description of Adult Male

Body shape and tagmosis as in Caromiobenella (see Jeon et al., 2018) (Figure 2A–C). Body
robust, total body length of examined individual = 0.98 mm, measured from anterior end
of cephalothorax to posterior margin of anal somite. Additional measurements in Table 2.
Body short, robust, cephalothorax incorporating first pedigerous somite representing ~49%
of total body length. Succeeding pedigerous somites 2–4 each bearing pair of biramous
swimming legs; pedigerous somites 2–4 combined accounting for 39% of total body length
in dorsal view. Dorsal surface of pedigerous somites 2 and 3 each with pair of “crater-
like” cuticular processes; those on third somite being smaller (Figure 2A,C). Cephalic
region of cephalothorax wide, smooth, bilaterally protuberant in dorsal view, slightly
narrower than cephalothorax; outer margin of cephalic protuberances weakly corrugate.
Pair of small dorsal pit setae between antennulary bases. Forehead moderately produced,
weakly rounded, with transverse striation fields on dorsal anterior and lateral surfaces;
no other cephalic ornamentation was observed on dorsal anterior surface (Figure 2A).
Cephalothorax robust, 0.36 mm long, representing almost 37% of total body length; dorsal
surface with scattered dorsal pores (Figure 2A). Anterior ventral surface with rounded
preoral projection (Figure 3C) between antennule bases and oral papilla, visible in lateral
view. Oral papilla at 34% of way back along ventral surface of cephalothorax, with adjacent
field of transverse cuticular striae (Figure 3C). Cephalothorax with eyes consisting of
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relatively small, unpigmented paired lateral cups separated medially by length of less than
one eye diameter plus medial cup slightly larger than lateral cups. One pair of relatively
small nipple-like cuticular processes present on anterior ventral surface between antennule
bases and oral papilla (arrowed in Figure 2B); nipple-like cuticular processes surrounded
by field of wrinkles (Figure 2A).

Figure 2. Caromiobenella brasiliensis (Dias and Suárez-Morales, 2000) comb. nov., from Rio de Janeiro
area, adult male (MNRJ30136). (A) Habitus, dorsal view; (B) Habitus, lateral view; (C) Same, ventral
view. Arrows indicate antero-ventral nipple-like cuticular processes. Legend: pp = preoral process,
op = oral papilla.
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Figure 3. Caromiobenella brasiliensis (Dias and Suárez-Morales, 2000) comb. nov., from Rio de Janeiro area, adult male
(MNRJ30136). (A) Right antennule, dorsal view showing setal elements (segments 1–4 [14], segment 5 [1]; (B) Left fifth
antennulary segment; (C) Anterior part of cephalothorax, lateral view (pp = preoral process, op = oral papilla); (D) Leg
1 exopod; (E) Leg 3 exopod. Arrow indicates wrinkled outer process on second segment. Legend: pp = preoral process,
op = oral papilla.
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Table 2. Additional measurements of male specimens of Caromiobenella brasiliensis observed in this
study (1♂NPM-00020, 1♂NPM-00022, 1♂MNRJ30136, 1♂03/02/2018 (dissected).

Measure Min (mm) Max (mm) Mean (mm)

Total length 0.816 1.170 1.004
Antennule length 0.187 0.373 0.323

Cephalothorax height 0.186 0.269 0.240
Cephalothorax length 0.339 0.475 0.413
Cephalothorax width 0.283 0.456 0.381

Metasome length 0.172 0.239 0.211
Urosome length 0.816 1.170 1.004

Incorporated pediger 0.180 0.256 0.225
Free pediger 1 0.211 0.294 0.266
Free pediger 2 0.164 0.220 0.200
Free pediger 3 0.131 0.203 0.178
Genital somite 0.082 0.810 0.273
Preanal somite 0.065 0.660 0.216

Caudal ramus length 0.053 0.066 0.059
Caudal ramus width 0.036 0.058 0.046

Antennule length = 0.35 mm, representing ~35.6% of total body length. Antennule
relatively short, 5-segmented, type III [16] representing 36% of total body length, and
73% of cephalothorax length; antennules indistinctly 5-segmented, segments 1–4 sepa-
rated by incomplete sutures. First antennulary segment subrectangular, partially fused to
cephalothorax proximally and to second segment distally. Second segment with bulging
lateral process on outer proximal half; process furnished with deep transverse cuticular
wrinkles (arrow in Figure 3A). Fourth segment being longest, representing 37% of total
antennulary length. Geniculation between segments 4 and 5 (Figure 3A). In terms of the
pattern described by Grygier and Ohtsuka (1995) [14] for antennular armature of segments
1–4 and complemented with Huys et al.’s (2007) [1] nomenclature for elements on the male
fifth antennule segment, element 1 present on first segment; element spiniform, lightly
pinnate, relatively short, barely reaching midlength of succeeding second segment. Second
segment armed with long, lightly plumose elements 2d1,2, 2v1–3, and slender seta IId.
Third segment partially fused with second, subquadrate, armed with setiform elements 3,
IIId, and IIIv. Setal element 3 lightly pinnate, reaching proximal 1/3 of succeeding fourth
segment. Fourth segment subrectangular, elongate, about 3.5 times as long as wide, bear-
ing normally developed elements 4d1,2 and 4v1,2 as well as long setae IVd and IVv; long,
slender aesthetasc 4aes on mid-ventral position. Elements of group 4v short, setiform,
lightly pinnate; element 4v3 not discernible in the specimen examined. Distal segment with
conspicuous proximal geniculation, armed with 11 setal elements (sensu Huys et al., 2007)
including elements 1–5 and A–E plus apical aesthetasc 5aes.

Intercoxal sclerites of legs 1–4 subrectangular, smooth. As in other members of
Caromiobenella [3,15], basis with inner margins produced, forming rounded expansions
(arrows in Figure 4A–D); outer margin of basipods of legs 1–4 with lightly setulose basipo-
dal seta; on leg 3, basipodal seta about twice as long as and slightly thicker than in other
legs (Figure 4C). Endopodites and exopodites of legs 1–4 triarticulated, outer margins of
exopodites smooth. Third exopodal segment of legs 1–4 with 6 setal elements (Figure 3E)
except for leg 1 with only 5 elements (Figure 3D). Ramus setae all biserially plumose
except for robust apical spiniform seta on exopodal segment 3 (Figure 3D,E); spiniform
apical seta on legs 1–4 long, with inner margin spinulose and outer margin lightly setulose
(Figure 3D,E). Intercoxal plates of legs 1–4 rectangular, smooth. Armature of legs 1–4 as in
Table 3.
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Figure 4. Caromiobenella brasiliensis (Dias and Suárez-Morales, 2000) comb. nov., from Rio de Janeiro
area, adult male (MNRJ30136). (A) Leg 1; (B) Leg 2; (C) Leg 3; (D) Leg 4. Arrows indicate expanded
inner margins of basipod.

Table 3. Armature of legs 1–4 including basis, exopods and endopods. Roman numerals indicate
spiniform elements, Arabic numbers indicate setiform elements [13,14].

Leg Basis Endopod Exopod

Leg 1 1–0 I-1; 0–1; 2, 2, 1 I-1; 0–1; 2, 2, 1, I
Legs 2–4 1–0 0–1; 0–1; 2, 2, 1 I-1; 0–1; 2, 2, 1, I

Urosome relatively short, representing about 19% of total body length, consisting of
fifth pedigerous somite, genital somite (carrying genital complex), and two short free post-
genital somites (Figure 5A–C). Anal somite short, with straight outer margins. Fifth pediger-
ous somite ventrally produced, carrying reduced fifth legs represented by pair of knob-like
processes (Figure 5B,C) and proximal half (Figure 5C). Genital somite slightly shorter than
preceding fifth pedigerous somite; genital complex of type I [15,20], represented by short,
robust, ventrally expanded shaft; genital complex with short, medially conjoined lappets,
both tapering distally into apical subtriangular opercular process (Figure 5C–E). Lappets
with rugose anterior surface and coarsely striated distal half, branches parallel, separated
medially by deep smooth slit (Figure 5E). Preanal somite slightly longer than anal somite,
furnished with pair of small keel-like processes on postero-ventral surface, visible in lateral
view (arrow in Figure 5C). Caudal rami subrectangular, approximately 1.3 times as long as
wide, about 1.3 times as long as anal somite. Each ramus armed with five subequally long
caudal setae (setae I–V) [16] plus short, slender, lightly setose caudal seta VI (Figure 5A,B).
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Figure 5. Caromiobenella brasiliensis (Dias and Suárez-Morales, 2000) comb. nov., adult male
(MNRJ30136). (A) Urosome, dorsal view; (B) Urosome, ventral view showing reduced knob-like fifth
legs (arrows); (C) Urosome, lateral view showing genital complex with ventral keel-like processes
arrowed; (D) Detail of genital lappets, lateral view; (E) Genital lappets, ventral view.

3.1.5. Additional Male Specimens Measured

Five specimens: 3♂collected in 08/08/2017 (NPM-00020), 1♂10/16/2017 (NPM-
00022), 1♂02/03/2018 (dissected). Body length ranged from 0.878 to 1.170 mm. Cephalotho-
rax length ranged from 0.339 to 0.475 mm representing between 38.6% to 44.2% of the
total body length (see Table 2). Antennule length between 0.330 to 0.373 mm representing
51.8% to 97.3% of the cephalothorax and between 22.9% to 37.6% of the total body length.
Urosome representing 19.4–22.6% of total body length.

3.1.6. Female Specimens Measured

Based on the examination of the additional specimens: 1♀10/21/2018, 1♀09/19/, 1♀10/28/2018. Total body length was measured from anterior end of cephalic somite to
posterior margin of anal somite. The body length of three females ranged between 2.08 and
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2.35 mm. Cephalothorax length ranged between 0.863 and 1.044 mm, thus representing 41.6–
44.7% of total body length. Antennule length representing 41.2–52.2% of cephalothorax
length and 18.3–21.7% of total body length. Urosome representing 20.5–23.5% of total body
length. Caudal rami length between 0.11 and 0.13 mm.

3.2. Molecular Analysis

Six monstrilloid copepods including four females (identified as M. brasiliensis) and
two males (tentatively assigned to M. brasiliensis), underwent molecular analysis to verify
that they belong to the same species. We amplified all specimens’ 5′ end of the COI
gene successfully, corresponding to a fragment of 681 bp (Table S1). The region showed 21
variable sites including 12 that were phylogenetically informative (shared). These copepods
are conspecific, as shown by the distances among them (Table 4) with mean distances of
0.014 ± 0.003, characteristic of intraspecific individuals. The male MZ223434 clustered
with MZ223430 female and the male MZ223435 clustered with the other females (Figure 6),
confirming that the males belong to the same species of the studied females.

Table 4. Pair-wise genetic distances between monstrilloid copepods from Rio das Ostras (Sate of Rio de Janeiro, Brazil)
based on 681 pb COI (cytochrome c-oxidase, subunit I) fragment. Distances: (below diagonal) p-distance; (above diagonal)
Tamura-Nei distance.

Female Female Female Female Male Male

GenBank
Accesion

MZ223430 MZ223431 MZ223432 MZ223433 MZ223434 MZ223435

MZ223430 0.018 0.019 0.023 0.015 0.006
MZ223431 0.018 0.010 0.010 0.009 0.018
MZ223432 0.020 0.010 0.006 0.010 0.019
MZ223433 0.022 0.010 0.006 0.013 0.019
MZ223434 0.015 0.009 0.010 0.013 0.015
MZ223435 0.006 0.018 0.019 0.019 0.015

The branch in the ML tree (Figure 6) that contains exclusively the six Brazilian cope-
pods (Rio das Ostras, RJ, Brazil) was 100% supported by bootstrap. This Brazilian branch
appears as a sister group of Monstrilla ilhoii (see Table 5), followed by Caromiobenella branch,
which includes also in its branch the species Caromiobenella hamatapex (Monstrilla hamatapex
in Genbank and in Figure 6). More distantly is grouped Caromiobenella helgolandica (as
Monstrilla helgolandica in Genbank and in Figure 6) and the branch of Maemonstrilla. The
most distant group from the examined Brazilian copepods was the genus Cymbasoma and
Monstrillopsis longilobata (KR049000 and KY553229).

Table 5. Mean pair-wise genetic distances over 582 pb COI fragment among different monstrilloid genera or branches
as shown in Figure 6 for the comparisons with Brazilian copepods from Rio de Janeiro coast. See Table S1 for sequences
obtained from GenBank. Distances: (below the diagonal) Kimura-2 Parameter; (above the diagonal) Tamura–Nei distance.

Branches/Spp 1 2 3 4 5 6 7 8
(1) C. brasiliensis 0.305 ± 0.026 0.308 ± 0.023 0.470 ± 0.038 0.366 ± 0.031 0.464 ± 0.030 0.505 ± 0.041 0.535 ± 0.036

(2) M. ilhoii 0. 299± 0.025 0.401 ± 0.028 0.459 ± 0.039 0.388 ± 0.033 0.446 ± 0.030 0.595 ± 0.054 0.576 ± 0.038
(3) Caromiobenella 0.302 ± 0.022 0.390 ± 0.027 0.443 ± 0.031 0.417 ± 0.031 0.503 ± 0.028 0.540 ± 0.041 0.545 ± 0.035
(4) C. helgolandica 0.452 ± 0.035 0. 435± 0.035 0.428 ± 0.029 0. 398± 0.033 0.542 ± 0.037 0.573 ± 0.054 0.620 ± 0.043
(5) Maemonstrilla 0.353 ± 0.028 0.374 ± 0.029 0.406 ± 0.029 0.385 ± 0.031 0.489 ± 0.032 0.550 ± 0.052 0.579 ± 0.041

(6) Cymbasoma 0.451 ± 0.028 0.434 ± 0.028 0.488 ± 0.027 0.517 ± 0.033 0.471 ± 0.030 0.596 ± 0.042 0.593 ± 0.034
(7) M. longilobata 0.481 ± 0.036 0.543 ± 0.041 0.515 ± 0.026 0.519 ± 0.040 0.500 ± 0.039 0. 561± 0.034 0.397 ± 0.027
(8) External group 0.522 ± 0.034 0.554 ± 0.034 0.532 ± 0.033 0.588 ± 0.037 0.553 ± 0.035 0.573 ± 0.032 0.388 ± 0.025

(1) Brazilian Copepods (females: MZ223430, MZ223431, MZ223432, MZ223433 and males: MZ223434, MZ223435); (2) Monstrilla ilhoii
(KY553214); (3) C. hamatapex (KR048992), C. castorea (KY553209, type species) and C. polluxea (KY553211); (4) C. helgolandica (KT209330 and
KT209379); (5) Maemonstrilla sp. (KY553231, KY553232) and Maemonstrilla simplex (KR049003); (6) Cymbasoma sp. (KR048989), Cymbasoma
reticulatum (KR048990) and Monstrillopsis longilobata (KY553229); (7) Monstrillopsis longilobata (KR049000); (8) Tigriopus japonicus (KR049009),
Lepeophtheirus salmonis (KR049053) and the planktonic [22] Calanus helgolandicus (AY604521), Caromiobenella hamatapex and C. helgolandica
appear as Monstrilla in GenBank.
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Figure 6. Maximum likelihood tree (Tamura-Nei) showing the position of Brazilian copepods from Rio de Janeiro coast in
relation to other monstrilloid genera and species obtained from GenBank. Female Brazilian copepods in red and males
in blue. See Table S1 for specific names and GenBank accession numbers for the partial sequences of C. brasiliensis used.
Caromiobenella hamatapex and C. helgolandica appear as Monstrilla in GenBank.

4. Discussion

The males examined herein can be morphologically identified as members of Car-
omiobenella Jeon, Lee and Soh, 2018 by their possession of distinctive genus characters [3],
as follows: (1) the modified distal half of the male fifth antennulary segment, with a series
of brush-like processes is the main distinguishing character of Caromiobenella [3] and our
specimens clearly have this character (Figure 3A,B); (2) the body shape and tagmosis and
the urosome segmentation are also typical of Caromiobenella [3] (see Figure 1A–C); (3) the
presence of 6 caudal setae with innermost apical caudal seta VI clearly shorter and slen-
derer than the others is another synapomorphic character shared with Caromiobenella ([3],
Figure 5A,B); the male genital complex is also of the same type (type I) as that described
for this genus ([3] Figure 5B–E). The results of our mtCOI analysis and comparison support
the designation of our specimens as a species of Caromiobenella.

A reliable morphologic method to link the sexes of a monstrilloid species consists
of finding particular autapomorphies shared by both sexes [2]. Thus, having a complete
description of both sexes of the nominal M. brasiliensis ([8], present data), it was possible to
use this morphologic criterion. It was previously applied to designate a male preliminarily
identified as a subspecies of M. wandelli Suárez-Morales and Islas-Landeros, 1993 as the
true male of M. mariaeugeniae Suárez-Morales, 1994 [23]. During our examination of the
males and females from our samples, we were able to find a distinctive autapomorphy
shared by both sexes of Caromiobenella brasiliensis comb. nov. This key character is the
peculiar wrinkled protuberance on the male and female antennules; it is sexually dimorphic,
present on segment 2 in the male and on segment 3 in the female ([8], Figure 4A,B); this
character has not been observed in any other monstrilloid species. In addition, both
sexes of C. brasiliensis share a short, spiniform element 1 ([8,14], Figure 3A) and a first
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antennulary segment partially fused with the cephalothorax ([8], Figures 3B and 5A).
Another option to link both sexes is by using molecular and genetic markers, a method that
was successfully tested to match males and females of Korean monstrilloid copepods [24].
Overall, Caromiobenella brasiliensis can be morphologically distinguished from its known
congeners by the distinctive process on the second antennulary segment and by the paired
keel-like processes on the ventral surface of the preanal somite.

Currently, there are nine species of Caromiobenella recorded from different geographic
regions: C. polluxea Jeon, Lee and Soh, 2018, C. castorea Jeon, Lee and Soh, 2018, and
C. ohtsukai Jeon, Lee and Soh, 2019 from South Korea, C. helgolandica (Claus, 1863) and
C. serricornis (Sars, 1921) from Europe and Canada, C. arctica (Davis and Green, 1974)
from northern Canada, C. hamatapex (Grygier and Ohtsuka, 1995) from Japan and Korea,
C. pygmaea (Suárez-Morales, 2000) from the Mediterranean, C. patagonica (Suárez-Morales,
Ramírez and Derisio, 2008) from the Beagle Channel, and now C. brasiliensis (Suárez-
Morales and Dias, 2000) from off Southeast Brazil (Southwestern Atlantic).

4.1. Ecology

As far as we are aware of, monstrilloids have not been hitherto reported from tidal
pools of rocky reefs. Rocky reefs are coastal shores made from solid rock and considered
reef-like ecosystems. Monstrilloids parasitize of marine benthic invertebrates including
benthic polychaetes, but also pyramidellid and vermetid gastropods [1,2] and mussel [4].
Interestingly, the largest known aggregations of monstrilloids have been recorded from
reef-related areas [25–27].

In addition, the occurrence of monstrilloids in this coastal region, and particularly in
the rocky tide pools, may be related to the abundance of host species. So far, the hosts of
C. brasiliensis remain unknown, but a potential, locally abundant host species is the brown
mussel Perna perna (Linnaeus, 1758), previously found, either directly [4] or indirectly [28],
in association with Monstrilla sp. in southern Brazil.

Most (78.3%) individuals of C. brasiliensis from both coastal waters and rocky tidepools
were collected during spring. In the rocky tidepools, the densities of C. brasiliensis ranged
between 2.5 and 15 ind./m3 and contributed up to 6% of the total copepod community in
August (Table 1). Caromiobenella brasiliensis was found in water with temperatures ranging
between 20.4 and 28.8 ◦C and salinities between 28.1 and 32.0.

4.2. Molecular Remarks

The genetic analysis based on the 681 bp COI fragment confirmed that the six copepods
from Rio das Ostras (State of Rio de Janeiro, Brazil) investigated here form a single intraspe-
cific group, and confirm that males showing the described morphology are conspecific with
the females found in the surveyed area, designated here as Caromiobenella brasiliensis comb.
nov. The phylogenetic tree (Tamura–Nei), based on 582 pb COI fragment, showed that
the Brazilian species clustered in a major branch (69% bootstrap confidence) containing
Monstrilla ilhoii, the most closely related species (D = 0.299, Kimura-2-Parameter), followed
by a distance of 0.302 (D, Kimura-2-Parameter) by the branch containing three species
of Caromiobenella, C. polluxea, C. castorea (the type species), and C. hamatapex. All other
groups showed distances over 0.450 (D, Kimura-2-Parameter) with respect to the Brazilian
copepods. The obtained phylogenetic tree (ML) suggests that the genus Caromiobenella is
not monophyletic.

4.3. Key to Known Species of Caromiobenella (Males)

1. Antennule with wrinkled protuberance on second antennulary segment....................
C. brasiliensis (Dias and Suárez-Morales, 2000)

1A. Antennule lacking special processes on second segment ............................................. 2
2. Element 1 (sensu Grygier and Ohtsuka, 1995) long, reaching well beyond midlength

of succeeding second segment.................................... C. polluxea Jeon, Lee and Soh, 2018
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2A. Element 1(sensu Grygier and Ohtsuka, 1995) not as long, not reaching halfway of
second segment .......................................................... C. ohtsukai Jeon, Lee and Soh, 2019

3. Element 2d2 (sensu Grygier and Ohtsuka, 1995) remarkably long, reaching halfway of
fourth segment...................................................... C. castorea Jeon, Lee and Soh, 2018

3A. Element 2d2 (sensu Grygier and Ohtsuka, 1995) not as long, barely reaching distal
margin of third segment or shorter.................................................................................... 4

4. Body length (excluding caudal rami) less than 0.5 mm, 5 caudal setae..........................
........................................................................................ C. pygmaea (Suárez-Morales, 2000)

4A. Body length (excluding caudal rami) more than 1.0 mm, 6 caudal setae.................... 5
5. Elements 2v1–3 (sensu Grygier and Ohtsuka, 1995) relatively long, elements 2v2,3

reaching beyond halfway of succeeding third segment .................................................. 6
5A. Elements 2v1–3(sensu Grygier and Ohtsuka, 1995) short, barely reaching halfway of

third segment................................................................................. C. serricornis (Sars, 1921)
6. Antennulary segment 4 with proximal bulging process..............................................

............................................. C. patagonica (Suárez-Morales, Ramírez and Derisio, 2008)
6A. Antennulary segment 4 lacking proximal bulging process............................................7
7. Fifth leg present.................................................................................................................... 8
7A. Fifth leg absent...................................................................................................................... 9
8. Fifth leg 1- lobed, inner margin straight............................. C. helgolandica (Claus, 1863)
8A. Fifth leg 1-lobed, with two setae, inner margin produced...............................................

........................................................................ C. hamatapex (Grygier and Ohtsuka, 1995)
9. Antennulary setae A–D (sensu Huys et al., 2007) branched......................................

........................................................................................ C. arctica (Davis and Green, 1974)

5. Conclusions

The integrative taxonomy approach proved to be useful in solving this particular
case among the Monstrilloida by allowing us to: (1) confirm its identity as a member of
Caromiobenella and (2) reliably match females and males of C. brasiliensis. This nominal
species has remained as Monstrilla brasiliensis for the last 21 years, but the molecular analy-
sis does not support Caromiobenella as a monophyletic genus. Therefore, our findings of
the males and those from molecular analysis, allowed us to place the Brazilian species
in Caromiobenella, thus representing the first discovery of this genus in the Southwestern
Atlantic Ocean and the first record of monstrilloids from a restricted habitat (i.e., coastal
rocky tidepools). This work represents the second successful use of integrative taxon-
omy (molecular + morphologic) methods to link both sexes of a monstrilloid copepod.
Caromiobenella now includes 10 species worldwide.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13060241/s1, Table S1: GenBank sequences used for comparisons with Brazilian copepods
sequences (present study) and for the construction of Maximum Likelihood Tree.
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Abstract: The Penaeidae family includes some of the most economic and ecological important marine
shrimp, comprising hundreds of species. Despite this importance and diversity, the taxonomic
classification for penaeid shrimp has constantly been revised, and issues related to the species
identification are common. In this study, we implemented DNA barcoding analyses in addition
to single-gene species delimitation analyses in order to identify molecular operational taxonomy
units (MOTUs) and to generate robust molecular information for penaeid shrimp based on the
cytochrome oxidase subunit I (COI) mitochondrial gene. Our final data set includes COI sequences
from 112 taxa distributed in 23 genera of penaeids. We employed the general mixed Yule coalescent
(GMYC) model, the Poisson tree processes (PTP), and the Bayesian PTP model (bPTP) for MOTUs
delimitation. Intraspecific and interspecific genetic distances were also calculated. Our findings
evidenced a high level of hidden diversity, showing 143 MOTUs, with 27 nominal species not
agreeing with the genetic delimitation obtained here. These data represent potential new species or
highly structured populations, showing the importance of including a non-distance-based species
delimitation approach in biodiversity studies. The results raised by this study shed light on the
Penaeidae biodiversity, addressing important issues about taxonomy and mislabeling in databases
and contributing to a better comprehension of the group, which can certainly help management
policies for shrimp fishery activity in addition to conservation programs.

Keywords: penaeids; COI; GMYC; PTP; hidden diversity

1. Introduction

Occurring in all oceans, especially in tropical and subtropical regions, the Penaeidae
family includes some of the most important marine shrimp, comprising, up until 2020,
32 genera with 224 species [1], some of which are considered the crustaceans of most major
economic importance in the world [2–4]. The world production of shrimp, adding catches
and shrimp farming, represents the most important fish product traded internationally in
terms of value. While catches of shrimp reached new records in recent years, the world
aquaculture production of crustaceans in 2018, for instance, consisted of 9.4 million tons,
representing 11.4% of the world total aquaculture production of aquatic animals [3]. In
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several tropical developing countries, shrimp fishing represents the most valuable export
product and an important employment-generating activity [5].

Due to their great commercial value, many species of the penaeid group have been
economically overexploited, especially in tropical regions [3,5–11]. Such overexploitation
can led to a marked decline in their natural stocks, promoting disruption of the marine
environment where it occurs by affecting important ecological functions and ecosystem
services, causing changes in competition and predation, loss of spawning biomass, removal
of juveniles, reduction in water and habitat quality, modification of species composition
and interaction, potential local extinctions, and decreasing biodiversity [12,13].

The implementation of management actions appropriate to regional realities can lead
to the recovery of fishing stocks, as shown in the study that evaluated the effect of manage-
ment reforms (2013–2017 period) aligned with the FAO Code of Conduct for Responsible
Fisheries 2013, on Colombian shrimp stocks, employing fisheries’ performance indicators.
The results revealed that a regulatory reform implementation improved ecological per-
formance by increasing stock size and decreasing bycatch, also showing positive social
outcomes [14]. In India, a study conducted to evaluate the trends in penaeid shrimp
landings for a period of approximately ten years (2001–2010) suggested the restriction of
fishing efforts to ensure sustainability of this resource [9].

Overexploitation and depletion of key penaeid species can negatively impact higher
trophic levels with a possible erosion of other fishery resources. Regional studies, such as the
analysis of the population dynamics of the commercial species Parapenaeopsis coromandelica
from the coastal waters of Teluk Penyu in Indonesia, show that the rate of exploitation per
year (E) for females and males is above the sustainable level (E = 0.5) [15]. The presence of the
Atlantic seabob Xiphopenaeus kroyeri, in high densities in coastal waters of Suriname, for exam-
ple, plays an important role for trophic ecology, since this species is the main high-density
epibenthic organism found up to 30 m deep, acting as a vector for energy from intertidal
primary production to secondary subtidal production and serving as prey for fish species [16].
In addition, recent genetic studies show that the number of penaeid species is still underesti-
mated, evidencing hidden cryptic diversity and taxonomic inconsistencies [1]. Delimitation
analysis of penaeid shrimps from Southeast Asia indicated 94 putative species within 71 rec-
ognized species, including Kishinouyepenaeopsis cornuta, K. incisa, Mierspenaeopsis sculptilis, M.
hardwicki, Parapenaeopsis coromandelica, and the giant tiger prawn Penaeus monodon [1]. These
results show that even known species of great commercial importance for fishing or shrimp
farming, such as P. monodon, can cover up the existence of several cryptic species, hindering
the implementation of effective measures for the management and conservation of natural
stocks and/or of genetic-based selective breeding programs [17].

Despite the ecological and economic importance of penaeid shrimp, the taxonomic clas-
sification for this group has constantly been revised, mainly because of some disagreements
regarding the morphological characters and their related adopted criteria [4,18]. Morphologi-
cal distinctions among some penaeid species are often quite subtle, especially involving close
species that are distinguishable only due to slim differences in genitalia [2]. Consequently,
penaeid species delimitation frequently requires a high level of knowledge and training on
specific diagnostic characteristics. Thereby, some approaches based on molecular analyses,
such as DNA barcoding, have been proposed as an efficient alternative tool to aid species
identification of several crustaceans [19,20], including crabs [21,22], lobsters [23], and shrimp
and prawn [24–26]. Within penaeids, DNA barcoding has been applied to identify species
from a specific site [1,26], discriminating cryptic species [18,27–29], identifying juveniles and
larvae individuals [30], and characterizing a given genus, as reported for Metapenaeopsis [25].

The implementation of the DNA barcoding can effectively contribute to a prompt iden-
tification of penaeid shrimp, decreasing or even avoiding misidentification and mislabeling
products [31,32]. This approach can also disclose hidden diversity [33], revealing lineages
or pointing out new species [18] that would be eventually managed inadequately if they
remained unknown. Overall, in this study, we employed the DNA barcoding approach
combined with three non-distance-based single-gene species delimitation analyses in order

242



Diversity 2021, 13, 460

to identify consensus MOTUs (molecular operational taxonomy units) and to test the utility
of this combined approach to reveal hidden diversity. Our hypothesis is that there is a
degree of hidden diversity in the family Penaeidae that could be detected using species
delimitation methods. Our study analyzed COI sequences for an expressive number of
penaeid genera and species around the world, highlighting relevant information for this
important economic and ecological resource.

2. Materials and Methods

2.1. Sampling

Sampling was performed following all legal requirements determined by the gov-
ernmental laws of each country (Brazil, Mozambique, and Peru) for the ethical fishery of
marine shrimp stocks. In total, we sampled 114 specimens from 18 nominal species, i.e.,
taxonomically valid species, that were collected in Southeast Pacific (5), Southwest Atlantic
(7), and Southeast Indic (6) oceans (Table S1), comprising nine genera. Fragments of mus-
cle tissue (about 1–2 cm3) were fixed in 96% ethanol kept at 4 ◦C until DNA extraction
procedures. Firstly, an initial species identification was performed by the visualization of
morphological traits following taxonomic references for penaeid shrimp recognition at the
species level [2,34–39]. Voucher information for the sampled species is provided in the
Supplementary Material (Table S1).

Additionally, 596 DNA barcode sequences were obtained for 108 nominal species
from 23 genera through data downloaded from the Barcode of Life Data System (BOLD;
available at http://www.boldsystems.org/, accessed on March 2021). BOLD data were
filtered by deleting data for individuals with dubious species identification, in which a
single specimen was clustered with several individuals from the non-corresponding species
in a preliminary phylogenetic clustering before implementing subsequent deeper analyses.

Our final data set includes a total of 710 sequences for 112 nominal species from
24 genera of penaeids (Table S1), distributed as follows: Alcockpenaeopsis (1), Artemesia (1),
Batepenaeopsis (1), Farfantepenaeus (9), Fenneropenaeus (5), Funchalia (1), Ganjampenaeopsis
(1), Kishinouyepenaeopsis (5), Litopenaeus (5), Marsupenaeus (2), Megokris (3), Melicertus (6),
Metapenaeopsis (23), Metapenaeus (12), Mierspenaeopsis (2), Parapenaeopsis (3), Parapenaeus (16),
Penaeopsis (2), Penaeus (3), Rimapenaeus (1), Sicyonia (1), Trachypenaeopsis (1), Trachysalambria
(4), and Xiphopenaeus (4). Additionally, five species were included as outgroups: Acetes
chinensis (Sergestidae), Aristeus mabahissae (Aristeidae), Benthonectes filipes (Benthesicymi-
dae), Robustosergia robusta (Sergestidae), and Solenocera crassicornis (Solenoceridae). This
dataset includes a broad sampling of Penaeidae species that account for most of the family
distribution.

2.2. DNA Extraction, Amplification, and Sequencing

Total DNA was extracted using a standard phenol-chloroform method based on the
protocol proposed by Sambrook et al. [40]. Fragments of the cytochrome oxidase subunit I
(COI) mitochondrial gene were amplified through the polymerase chain reaction (PCR).
For the species from the Southwest Atlantic and Southeast Indic oceans, we used a set
of primers specifically designed for penaeid group using the Primer 3 software [41], the
forward (F) and reverse (R) primer pair: COIPenF2 (3′-AGATTTACAGTCTATCGCCTA-5)
and COIPenR (3′- ATACCAAATACRGCTCCYATTGA-5′). PCR was carried out on a final
volume of 30 μL, using 200 μM dNTPs, 1X PCR buffer, 0.3 μM of each primer, 2.5 mM
MgCl2, and 1U of Taq polymerase; using a Veriti™ Thermal Cycler (Applied Biosystems)
programmed according to the following parameters: 35 cycles at 94 ◦C for 50 s, 51 ◦C for
80 s, and 72 ◦C for 60 s. For the species from the Southeast Pacific Ocean, we used the
pair of primers LCO1490 and HCO2198 [42]. PCR was carried out on a final volume of
18 μL, using 125 μM dNTPs, 1X PCR buffer, 0.25 μM of each primer, 2 mM MgCl2, and 1U
of Taq polymerase, using a VeritiTM Thermal Cycler (Applied Biosystems), following the
parameters: 35 cycles at 95 ◦C for 50 s, 49 ◦C for 50 s, and 72 ◦C for 70 s.
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PCR products were purified using the PEG (polyethylene glycol 20%) protocol [43]
and then COI amplicons were Sanger-sequenced for both strands using an ABI3730XL auto-
matic sequencer (Applied Biosystems, Foster City, CA, USA). The obtained sequences were
visualized and manually edited using the software Bioedit [44]. Stop codons and indels
were checked, and low-quality regions were deleted. Sequence data were deposited in both
public databases: GenBank (https://www.ncbi.nlm.nih.gov/genbank/) from the National
Center for Biotechnology Information (NCBI) and BOLD (http://www.boldsystems.org/).
GenBank accession, and BOLD record numbers for the sequences analyzed here are shown
in Table S1.

2.3. DNA Barcoding and MOTU Delimitation Analyses

For the MOTUs investigation, we employed three species delimitation methods: the
general mixed Yule coalescent (GMYC) model with a single threshold [45], the Poisson
tree processes (PTP), and the Bayesian implementation of the PTP model (bPTP) [46]. As
input for these methods, firstly an ultrametric tree was generated using Beast 2.6 [47],
with a log normal relaxed clock, a birth and death model, and a GTR+I+G substitution
model chosen by jModelTest 2 [48], with 200 million MCMC generations, sampled every
30,000 iterations, and a burn-in of 10%. Convergence and adequate sample size (greater than
200) were evaluated in Tracer v. 1.7 [49]. The different delimitation outputs were compared
using the pipeline SPdel (https://github.com/jolobito/SPdel, accessed on July 2021) that
generates a consensus delimitation (Consensus MOTUs) and provides image visualizations.
Additionally, intraspecific and interspecific genetic distances, with a K2p substitution model,
were calculated for nominal species and consensus MOTUs using SPdel as well.

3. Results

The alignment of COI sequences resulted in 609 base pair fragments, with 256 parsi-
mony informative sites without gaps. The single-gene species delimitation analyses evi-
denced 144 MOTUs (p < 0.0001) for the GMYC, 143 MOTUs for the PTP, and 142 MOTUs for
the bPTP analyses (Figures 1–5). SPdel summarized the previous results in 143 consensus
MOTUs, of which only 85 matches with valid nominal species (Figures 1–5). The mean
intra-group distances, the maximum intra-group distance, the nearest neighbor (NN), and
the NN’s minimum distance for both consensus MOTUS and nominal species are shown
in Supplementary Material (Table S2). The overall mean of intraspecific distances was
1.3%, the maximum intraspecific distance was 19.7% (Trachysalambria curvirostris), and the
minimum interspecific distance was 0% (Farfantepenaeus duorarum, Farfantepenaeus notialis,
Melicertus latisulcatus, Melicertus plebejus, Metapenaeopsis palmensis, Metapenaeopsis provocatoria,
Metapenaeopsis toloensis, and Metapenaeopsis velutina). No barcode gap was found, and the
intraspecific distance for 16 nominal species was higher than the interspecific one (Table S2).

For consensus MOTUs, the overall intra-MOTU distances were 0.27%, the maximum
intra-MOTU distance was 2.18% for Trachysalambria curvirostris from China and Egypt
(Table S3), and the minimum inter-MOTU distance was 1% for both MOTUs of Farfante-
penaeus isabelae (Table S3). Few MOTUs (two for consensus MOTUs) whose intra-MOTU
distance was slightly higher than inter-MOTU distance were found and no barcode gaps
were observed using any delimitation method (Table S3).
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Figure 1. Bayesian tree showing the clustering of the MOTUs obtained by the species delimitation analyses for the genera
Fenneropenaeus, Funchalia, Marsupenaeus, and Melicertus.
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Figure 2. Bayesian tree showing the clustering of the MOTUs obtained by the species delimitation analyses for the genera
Farfantepenaeus, Litopenaeus, and Penaeus.
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Figure 3. Bayesian tree showing the clustering of the MOTUs obtained by the species delimitation analyses for the genera
Artemesia, Parapenaeus, Penaeopsis, Metapenaeopsis, and Sicyonia.
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Figure 4. Bayesian tree showing the clustering of the MOTUs obtained by the species delimitation analyses for the genus
Alcockpenaeopsis, Megokris, Metapenaeus, Rimapenaeus, Trachypenaeopsis, and Trachysalambria.
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Figure 5. Bayesian tree showing the clustering of the MOTUs obtained by the species delimitation analyses for the genera
Batepenaeopsis, Ganjampenaeopsis, Mierspenaeopsis, Kishinouyepenaeopsis, Xiphopenaeus, and Parapenaeopsis.
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4. Discussion

Our integrated approach, combining DNA barcoding with non-distance-based single-
gene species delimitation methods, was efficient in raising some issues and pointing
inconsistences out for the penaeids analyzed herein. These methods are advantageous
because they are independent of a distance criterion (cut-off threshold value) and do
not require prior delimitation. It is known that such strategy can constitute a powerful
tool for MOTU delimitation, aiding the knowledge about species diversity in different
taxa [1,28,50–52]. Here, we present a meaningful COI dataset for different species from
the most commercially important shrimp family, highlighting novelties on the penaeid
biodiversity, including 114 new records for little-studied areas, and demonstrating the effec-
tiveness of species delimitation (Consensus MOTUs) to accelerate the study of biodiversity.

Despite of the economic importance of the Penaeidae group, our findings evidenced
a high level of hidden diversity, showing 143 MOTUs distributed in 112 nominal species,
with 27 nominal species not agreeing with the genetic delimitation obtained here. These
data represent potential new species or highly structured populations that have probably
not been managed or protected adequately by the existing fishery policies legislation. The
degree of hidden diversity found herein (143 MOTUs in 112 species, 27.6%) is similar to that
found for penaeids from South-East Asian waters (94 MOTUs in 71, 32%) [1]; however, the
methodology used herein is based on three different coalescent species delimitation methods
and COI barcoding region, while the latter used ABGD (a species delimitation method
based on distance) and bPTP in two different COI regions. Such a high level of hidden
diversity likely reflects the already-mentioned difficulties in identifying and discriminating
penaeid shrimp species using only morphological characters [2,18,34]. Moreover, for some
penaeid genus, the species identification is commonly based on the genitalia morphology
of adults, requiring a high level of expertise to correctly identify the species [2,18,34]. This
fact usually implies misidentification, compromising the data reliability available in public
databases (e.g., GenBank or BOLD) as observed for Metapenaeopsis mogiensis. Our results
showed this species to be polyphyletic, with three unrelated groups, including one species
more related to Megorkis sedili than Metapenaeopsis (Figure 4). These findings at least indicate
that a revision of the vouchers reported in the BOLD database is needed to determine the
correct identification of these specimens.

The potential presence of cryptic species also challenges the correct discrimination of
species with similar morphology. For Melicertus plebejus and M. latisulcatus, for example, we
observed three MOTUs (Figure 1), two of them including only specimens from one nominal
species and a third one including specimens of both species. Indeed, these penaeids share a
similar morphology and coloration, and they have been considered sister species [53]. In this
sense, we observed this third MOTU to be more related to the MOTU including only M. plebejus
(Figure 1), likely representing a potential cryptic species hidden by a resembling morphology.

A similar case encompasses Farfantepenaeus duorarum and F. notialis (Figure 2), which
was found herein distributed in two MOTUs, one including only F. notialis specimens;
however, a different clade clustered both F. notialis and F. duorarum species. The minimum
inter-MOTU genetic distance between these groups was 1.69%. In fact, F. notialis and
F. duorarum are morphologically very similar, F. notialis being initially described as a
subspecies of F. duorarum [4]. In previous molecular studies, the validity of these species
was questioned due to the low genetic distance and the lack of reciprocal monophyly [54].
Our results, using species delimitation methods, supports the existence of two MOTUs,
suggesting the existence of different species but not supporting the current taxonomy
identification of F. notialis and F. duorarum sampling. In this sense, a study including
samples from the entire geographical distribution of both species and conclusive taxonomic
diagnose is still necessary to correctly delimitate these taxa.

The current nominal valid species subdivided here in two or more MOTUs, correlated
with the geography and with high intra-MOTU genetic distance, may include potential
cryptic species, indicating therefore the need of further taxonomic studies [55]. This
is the case observed in Funchalia villosa, Litopenaeus stylirostris, Metapenaeopsis toloensis,
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Mierspenaeopsis hardwickii, Parapenaeus investigatoris, and Rimapenaeus constrictus (Table 1).
Overall, an integrative taxonomic approach, also including broader sampling, is imperative
to understand the meaning of the findings raised here for these species.

Table 1. Penaeid species exhibiting more of one MOTUs.

Species Consensus MOTUs Previous Genetic Studies References

Farfantepenaeus brasiliensis MOTU 1: South West Atlantic South West Atlantic [54]MOTU 2: North West Atlantic North West Atlantic

Farfantepenaeus isabelae MOTU 1: Brazil One single clade [54]MOTU 2: Brazil

Fenneropenaeus indicus MOTU 1: West Indian West Indian
[56,57]MOTU 2: East Indian Ocean East Indian Ocean

Fenneropenaeus merguiensis
MOTU 1: China Sea China Sea

[1,58,59]MOTU 2: Andaman Sea, Arabian Sea, and
Persian Gulf Andaman Sea

Funchalia villosa
MOTU 1: Gulf of Mexico - -

MOTU 2: Portugal - -

Kishinouyepenaeopsis cf.
cornuta

MOTU1: Indian Ocean Indian Ocean

[1]
MOTU 2: Strait of Malacca Strait of Malacca

MOTU 3: Andaman Sea and Strait of Malacca Andaman Sea and Strait of Malacca
MOTU 4: South China Sea South China Sea

Litopenaeus stylirostris MOTU 1: Mexico - -
MOTU 2: Peru - -

Marsupenaeus japonicus MOTU 1: Japan, China, Turkey Japan
[60]MOTU 2: Mozambique Mozambique

Metapenaeopsis palmensis
MOTU 1: China South China Sea

[1]MOTU 2: Taiwan East China Sea
MOTU 3: Taiwan

Metapenaeopsis toloensis MOTU 1: India - -
MOTU 2: China - -

Metapenaeopsis toloensis/M.
palmensis MOTU: Malaysia, China - -

Metapenaeus dobsoni MOTU 1: Mozambique Mozambique
[60]MOTU 2: North West Indian North West Indian

Metapenaeus monoceros MOTU 1: East Indian East Indian [57]MOTU 2: West Indian Ocean West Indian Ocean

Mierspenaeopsis hardwickii MOTU 1: China - -
MOTU 2: India and Bangladesh - -

Parapenaeus investigatoris MOTU 1: Philippines - -
MOTU 2: India - -

Penaeus monodon
MOTU 1: Australia South-East Africa

[57]MOTU 2: Mozambique, India, and Sri Lanka South and South-East Asia

Penaeus semisulcatus

MOTU 1: Malaysia Indian Ocean

[29]
MOTU 2: India Indian Ocean, South China Sea,

Strait of Malacca
MOTU 3: Egypt and Iran Indian Ocean

MOTU 4: India, Sri Lanka, and Egypt Strait of Malacca, South China Sea,
Andaman Sea, Celebes Sea

Rimapenaeus constrictus MOTU 1: Brazil - -
MOTU 2: USA - -

Trachypenaeopsis mobilispinis
MOTU 1: Pacific Pacific

[61]MOTU 2: Loyauty Island Loyauty Island
MOTU 3: Caribbean Sea Caribbean Sea

Trachysalambria curvirostris
MOTU 1: Israel Yellow Sea

[62]MOTU 2: China and Egypt South China Sea
MOTU 3: China

Xiphopenaeus riveti MOTU 1: Costa Rica Costa Rica [34]MOTU 2: Mexico Mexico
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Despite such novelties, the species delimitation methods employed herein supported
taxonomic uncertainties previously reported in the literature for ten species (Table 1)
as follows: Farfantepenaeus brasiliensis [54], Fenneropenaeus indicus [56,57], Fenneropenaeus
merguiensis [1], Kishinouyepenaeopsis cf. cornuta [1], Marsupenaeus japonicus [1], Metapenaeus
dobsoni [60], Metapenaeus monoceros [57], Penaeus semisulcatus [1], Trachypenaeopsis mobil-
ispinis [61], and Xiphopenaeus riveti [34]. Additionally, our species delimitation analyses
supported molecular groups distinct from the molecular studies prior reported for four
species (Table 1): Farfantepenaeus isabelae [54], Metapenaeopsis palmensis [1], Penaeus mon-
odon [57], and Trachysalambria curvirostris [62]. Some of these species, such as T. curvirostris,
are considered as morphological species complex [63].

For Metapenaeopsis provocatoria, M. velutina and M. quinquedentate the analyses evi-
denced interesting results grouping these species within a single MOTU, with a maximum
intra-MOTU distance of 0.49%. As discussed by Cheng et al. [25], the three nominal species
are morphologically distinguishable, but some morphological traits might vary depending
on the environmental conditions. In this way, an integrative study considering more repre-
sentative sampling using a larger number of molecular markers is still necessary to address
the taxonomy status of these species. Additionally, the possibility of misidentification of
these samples should be explored.

In sum, our findings state that the family Penaeidae still holds a large unknown
diversity that was revealed here after combining the DNA barcoding approach with robust
species delimitation methods, showing the importance of including this approach in
biodiversity studies. The data raised by this study shed light on the penaeid biodiversity,
addressing important issues about taxonomy and mislabeling in databases and contributing
to a better comprehension into the group that can certainly help management policies for
shrimp fishery activity, in addition to conservation programs.
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Abstract: Pyromaia tuberculata is native to the north-eastern Pacific Ocean and currently established in
distant regions in the Pacific Ocean and southwest Atlantic. Outside its native range, this species has
become established in organically polluted enclosed waters, such as bays. The Tagus estuary, with
a broad shallow bay, is one of the largest estuaries in the west coast of Europe, located in western
mainland Portugal, bordering the city of Lisbon. In this study, sediment samples were collected in
the estuary between 2016 and 2017. Several adult specimens of P. tuberculata, including one ovigerous
female, were morphologically and genetically identified, resulting in accurate identification of the
species. The constant presence of adults over a 16-month sampling period suggests that the species
has become established in the Tagus estuary. Moreover, their short life cycle, which allows for the
production of at least two generations per year, with females reaching maturity within six months
after settlement, favours population establishment. Despite being referred to as invasive, there
are no records of adverse effects of P. tuberculata to the environment and socio-economy in regions
outside its native range. However, due to its expanding ability, its inclusion in European monitoring
programmes would indeed be desirable.

Keywords: Decapoda; DNA barcoding; European marine waters; larval stage; macrobenthos; new
record; non-indigenous species

1. Introduction

Brachyuran and crab-like anomuran decapods are worldwide-spread taxa and there-
fore easily established beyond their native regions. Brockerhoff and McLay [1] reported
that 48 of the 73 (i.e., 66%) worldwide non-indigenous species of brachyuran and crab-
like anomuran decapods became established. Pyromaia tuberculata (Lockington, 1877) is
a brachyuran decapod, belonging to the family Inachoididae. This species is native to
the north-eastern Pacific Ocean, from the Gulf of California to the Panama Canal [2], and
lives under rocks, among sponges and seaweed, on wharf piles, and on sand and mud,
from the intertidal zone to 650 m depth [1]. P. tuberculata is widely distributed and al-
ready established in distant regions in the Pacific Ocean, where the first record out of
its native region was in Japan, before 1970 [3]. Approximately two decades after, it was
found in Brazil, southwest Atlantic Ocean. However, its occurrence was considered as a
natural distribution pattern [4]. More recently, Tavares and Mendonça [5] recognized it
as a non-indigenous species in the southwest Atlantic Ocean, with records in Brazil and
Argentina (Figure 1). Out of its native distribution range, P. tuberculata has been reported in
organically polluted ecosystems, such as Tokyo Bay (Japan) and Guanabara Bay (Brazil) [5].
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Figure 1. Location and date of collection of P. tuberculata specimens. Green pinpoints: native
locations; orange pinpoint: non-native locations; blue pinpoints: new records. Available geographical
coordinates were used for the United States, Mexico, and Panama [2], Japan and South Korea [3,6–8],
Australia and New Zealand [9–12], and Argentina and Brazil [13,14]. The map was created using
Google Map Maker (https://www.google.com/maps/d/) (1 March 2020) and edited with GNU
Image Manipulation Program (GIMP) 2.10.8.

Due to the complexity of taxonomy, experts generally work with local or regional
dichotomous keys for identifying species. Identifying non-indigenous species which are
not expected to occur in a specific locality is not an easy task. In those situations, genetic
tools are very useful and can help to identify species faster, easier and more accurately.
The barcode region of the mtDNA gene cytochrome c oxidase I (COI-5P) is broadly used
to identify and discriminate crustacean species [15–17], including decapods [18]. In this
study, the species Pyromaia tuberculata was identified through integrative taxonomy, com-
bining morphological and genetic approaches, which provided a robust and consistent
identification of the specimens, recorded for the first time in the east Atlantic.

2. Materials and Methods

2.1. Sampling and Sample Processing

Several sediment samples were collected between 23 May 2016 and 28 September
2017, using a 0.1 m2 Smith-McIntyre grab in the Tagus estuary, bordering the city of Lisbon
in western mainland Portugal (from 38◦41.773′ N, 9◦10.231′ W to 38◦47.245′ N, 9◦5.244′
W) (Figure 1). The sampling stations were located close to the effluents of wastewater
treatment plants of the city of Lisbon. Sediment subsamples were used for total organic
matter determination and grain size analysis. The remaining sediment samples were sieved
through a 500 μm mesh sieve, the specimens were stored in absolute ethanol and then
photographed with a digital camera.

2.2. Sediment Grain Size Analysis

Grain size analysis was performed by dry sieving, following the procedure described
in Gaudêncio et al. [19]. Sediment fractions, expressed as a percentage of total dry weight
of each sample, were used to determine the descriptive parameters: median (P50 values)
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and sorting coefficient [20], calculated by the expression
√

Q3/Q1, where Q1 and Q3 are
the 1st and 3rd quartiles, respectively. Those values, as well as the percentage of fines
and gravel according to Folk’s classification [21], were used to classify the sediment types
according to the Udden/Wentworth scale [22].

2.3. Total Organic Matter Analysis

The total organic matter content of the sediment samples was estimated by mass Loss
on Ignition (LOI) in a muffle furnace. Pre-weighed, oven-dried (100 ◦C) and subsequently
mashed up samples were ignited at 450 ◦C to constant weight. After cooling in a desiccator
at room temperature, they were weighed again. The total organic matter content was
estimated by the difference between the weight of the oven-dried samples and the weight
of the combusted ones.

2.4. Morphological Analysis

Morphological identification was carried out under a stereomicroscope Leica MZ12,
using dichotomous keys [2,23,24] and descriptions of genus and species [2,13,24,25]. Speci-
mens’ measurements were obtained with a vernier calliper following Garth [24] and are
expressed in millimetres (mm). Specimens’ sex was determined by visual examination of
the shape of the abdomen. Life stage was identified according to morphometric data and
to the comparative description of adult and young specimens [2].

2.5. Molecular Analysis

A small piece of tissue (approximately 3 mm3) was extracted from each specimen in
order to perform molecular analysis. The genetic marker, Cytochrome c oxidase subunit I
(COI-5P), was amplified with puRe Taq Ready-To-Go PCR beads (Amersham Biosciences,
Little Chalfont, UK) and the primer pair, LoboF1 (5′-KBTCHACAAAYCAYAARGAYATHGG-
3′) and LoboR1 (5′-TAAACYTCWGGRTGWCCRAARAAYCA-3′) [26], using a BioRad
thermal cycler. The PCR thermal cycling conditions were as follows: (1) 5′ at 94 ◦C; (2)
5 cycles: 30′′ at 94 ◦C, 1′30′′ at 45 ◦C, 1′ at 72 ◦C; (3) 45 cycles: 30′′ at 94 ◦C, 1′30′′ at 54 ◦C,
1′ at 72 ◦C; (4) 5′ at 72 ◦C. Each reaction contained 1.5 μL (10 μm) of each primer, 4 μL of
DNA template and was completed with sterile milliQ-grade water to a total volume of
25 μL. PCR products were stained with Greensafe (NZYTech, Lisbon, Portugal) and then
separated by electrophoresis in 1.5% agarose gel in TBE buffer. Amplified products were
purified using magnetic beads and subsequently sequenced bidirectionally by StabVida,
using the BigDye Terminator 3 kit on an ABI 3730XL DNA analyser (Applied BiosystemsTM,
Foster City, CA, USA). All information about the specimens was compiled in a data set
created in BOLD (Data set DS-PTUBERCU): specimen details, images, taxonomy, collection
data and genetic information. GenBank accession numbers for the sequences obtained are
included between MZ261721 and MZ261725.

Molecular analysis was performed using MEGA version X [27]. Sequence trace files
were analysed and then the sequences were manually aligned. BOLD Identification System
tool (BOLD-IDS) [28] and GenBank BLASTn search [29] were used to search for matching se-
quences. Sequences belonging to the same species, plus other taxonomically related species,
were added to the alignment for subsequent analysis. An estimation of evolutionary diver-
gence between sequences was conducted using the Kimura 2-parameter model [30]. The
evolutionary history was inferred by using the Maximum Likelihood method and Tamura
3-parameter (T92) model [31]. T92 was indicated to describe the substitution pattern the
best, by having the lowest BIC score (Bayesian Information Criterion) in MEGA version X.

3. Results

3.1. Taxonomic Description

(1) Family Inachoididae Dana, 1851
(2) Subfamily Inachoidinae Dana, 1851
(3) Pyromaia Stimpson, 1871
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(4) Pyromaia tuberculata (Lockington, 1877)

Diagnosis: Carapace broadly pyriform. Surface granulate and tuberculate with fine
pubescence. Granulation more extensive in female. Three median tubercles: one gastric, one
cardiac, and one intestinal. Tubercles more prominent in male. Gastric and cardiac tubercles
enlarged; intestinal tubercle spiniform. Short spiniform tubercle on the first abdominal
segment. Female abdomen broad, rounded. Male abdomen narrow, with lateral borders
slightly concave and distal part subtriangular with rounded apex. Rostrum a simple spine.
Supraorbital arch with a tubercle (very short in female) at summit; postorbital spine large
curving around eye in male. Antero-external spine of basal antennal article incurving in
male, not incurving and shorter in female. Male cheliped shorter than pereopods II to IV,
and almost the same length as pereopod V. Female cheliped shorter than pereopods II to V,
slenderer than in male. Chela subglobular in male, slightly inflated in female. Dactyls long,
slightly incurved, unarmed.

Note: intestinal tubercle very short, almost indistinct in specimen Pt3 (male). Cheliped
longer than pereopod V in specimen Pt5 (male). Cheliped much shorter than pereopod
II, shorter than pereopods III and IV, almost the same length as pereopod V in specimen
Pt7 (male).

3.2. Material Examined

A total of 6 specimens collected at five stations in the Tagus estuary, Portugal (Figure 1).
One male and one ovigerous female are shown in Figure 2. Information about the sampling
stations is presented in Table 1.

 

Figure 2. Pyromaia tuberculata collected in the Tagus estuary, Portugal. Female (Pt2) dorsal (a) and
ventral (b) views; male (Pt3) dorsal (c) and ventral (d) views. Scale bar represents 10 mm.
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Table 1. Characterisation of the sampling stations of Pyromaia tuberculata in the Tagus estuary, Lisbon.

Station A8 T6 B11 C9 T1

WTP Alcântara Terreiro do Paço Beirolas Chelas Terreiro do Paço

Sampling device Smith-McIntyre
grab 0.1 m2

Smith-McIntyre
grab 0.1 m2

Smith-McIntyre
grab 0.1 m2

Smith-McIntyre
grab 0.1 m2 Beam trawl

Date 28 September 2017 27 September 2017 10 October 2016 12 October 2016 23 May 2016
Depth (m) 19.6 16.1 6.7 14.6 18–19

Latitude N 38◦41.773′ 38◦42.277′ 38◦47.245′ 38◦43.390′ 38◦42.421′ to
38◦42.315′

Longitude W 9◦10.231′ 9◦7.962′ 9◦5.244′ 9◦6.251′ 9◦7.612′
to 9◦7.887′

Surface salinity 34.69 33.79 15.30 30.40 NA
Gravel fraction (%) a 57.9 9.3 4.1 1.9 4.6–7.6
Sand fraction (%) b 34.5 66.6 95.8 37.3 76.5–69.5
Fine fraction (%) c 7.6 24.1 0 60.8 18.9–22.9

Median (μm) 2198 210 294 - 270–211
So 2 - 1.3 - 1.5–1.7

TOM (%) 3.6 3.6 2.7 4.7 1.6–2.9
Solids (%) 74 57 72 63 62–74

WTP: Wastewater treatment plant. a Particle size 8000–2000 μm. b Particle size 2000–63 μm. c Particle size < 63 μm. So: Sorting coefficient.
TOM: Total Organic Matter.

3.3. Biometry

Specimens measurements, as well as gender and life stage are shown in Table 2.

Table 2. Sex, life stage and measurements (mm), of Pyromaia tuberculata specimens collected in the
Tagus estuary, Lisbon.

Specimen Pt1 Pt2 Pt3 Pt4 Pt5 Pt7

Sex Male Female Male Male Male Male
Life Stage Adult Adult Adult Adult Adult Adult

Length of carapace, including
rostrum 15.0 16.0 17.0 19.0 20.0 13.0

Length of rostrum 4.5 4.0 4.0 6.0 4.0 4.0
Width of rostrum 3.5 3.0 4.0 4.0 4.0 4.0

Length of carapace without
rostrum 10.5 12.0 13.0 13.0 16.0 11.0

Width of carapace 9.2 10.0 12.0 15.0 16.0 9.0
Length of cheliped 16.5 15.0 20.0 26.0 28.0 14.0

Length of chela 7.0 1 6.0 9.0 13.0 14.0 7.0
Length of dactyl 4.0 2 4.0 5.0 7.0 8.0 4.0

Length of first walking leg 28.0 25.0 31.0 40.0 41.0 25.0
Length of second walking leg 26.0 24.0 29.0 35.0 36.0 23.0
Length of third walking leg 24.0 23.0 27.0 31.0 33.0 21.0

Length of fourth walking leg 21.0 20.0 26.0 30.0 30.0 19.0
1 Measure taken on the external margin (fixed finger). 2 Measure taken on the inner margin (mobile finger).

3.4. Distribution and Ecology

P. tuberculata is native to the north-eastern Pacific Ocean [2] and already established
in distant regions in the Pacific Ocean and southwest Atlantic. In this study we present a
new record of the species in the northeast Atlantic, Portugal, being the first one in Europe
(Figure 1). In its native region, the species lives under rocks, among sponges and seaweed
on wharf piles, on sand and mud, from the intertidal zone down to 650 m [1]. However, out
of its native range it is found mainly in organically polluted and large shallow bays from
the intertidal zone down to 80 m [5,32], close to populous urban areas and ports with dense
vessel traffic, as, for example, in Tokyo (Japan) and in Rio de Janeiro (Brazil). In the Tagus
estuary, it was found from 7 to 20 m depth in sediments with different physico-chemical
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characteristics, but always close to the effluents of wastewater treatment plants of the city
of Lisbon. The total organic matter of the sediments ranged from 2 to 5%, and sediment
grain size varied from sandy gravel to slightly gravely sandy mud (Table 1).

3.5. Genetic Analysis

The new COI-5P sequences, with 658 bp, obtained from all specimens found in the
Tagus estuary were identical; no genetic divergence was observed. The same pattern is
found when comparing our sequences to all available COI-5P sequences from Argentina,
Brazil, California (USA), and Japan. A phylogenetic tree is represented in Figure 3.

Figure 3. Maximum likelihood tree, generated from COI-5P sequences of Pyromaia tuberculata from
Argentina, Brazil, California (USA), Japan, and Portugal. 1000 bootstrap replications were applied.
Data coverage of the node is 82%. Scale bar represents 0.02 substitutions per site.

4. Discussion

The first record of P. tuberculata out of its native region was in Japan before 1970 [3].
Afterwards it was identified in Oere Point, New Zealand and Cockburn Sound, Australia,
in 1978 ([9,10], respectively), and Jukbyeon, Korea, in 1982 [33]. Later, in 1988, the species
was collected in the southwest Atlantic Ocean, in Paraná, Brazil [4] and recently, in 2000, in
Uruguay and in Samboronbón Bay and Mar del Plata, Argentina [13]. In the meantime, the
species was also expanding its distribution over the Pacific Ocean, with records in Japan
(Tokyo Bay, [6,7]), Australia (e.g., in Port Phillip Bay [11], east of Newcastle [12]) and Korea
(Gijang, Busan, [8]). Not only has the species been expanding its distribution around the
Pacific and southwest Atlantic, but it has successfully adapted to different environments,
being quite abundant in some locations [5].

Although this is the first record of P. tuberculata in the northeast Atlantic, it is not likely
that the species is newly arrived. It is probable that a population is already established
in the Tagus estuary, since several adult specimens were collected there over 16 months
(between May 2016 and September 2017), including one ovigerous female. Furota et al. [7]
observed that females reach maturity within 6 months after settlement, and the life cycle of
the species is short, completing at least two reproduction events per year. However, further
investigation is needed in order to confirm its establishment in Portuguese waters. Since
the pelagic larval stages of the species take approximately 17.5 days (two zoeal stages and
one megalopa) before settlement [11], its long-distance introduction pathway is likely to
be shipping, and ballast water the vector of introduction in Europe, as reported by other
authors for the South Pacific and West Atlantic (e.g., [1,6]).

The COI-5P barcode sequences of P. tuberculata generated in this study were compared
to those available in public databases and no divergences between them were found,
probably because the species dispersion is relatively recent. For this reason, haplotype
network analysis could not be performed in order to identify the population genetic
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structure to unveil the colonization process and potential population of origin, as several
studies have shown [34,35]. The availability of these sequences in public databases will
help to promptly detect new introductions through plankton communities, since ballast
water is a primary transport vector of species with a planktonic phase [36]. The use of
a high-throughput sequencing metabarcoding approach using plankton communities,
environmental DNA, or sediment samples (e.g., [37,38]), has demonstrated to be reliable
for application to non-indigenous species.

There are no adverse effects associated with the species so far [1]. Despite being widely
established outside its native range, P. tuberculata continues to expand. Its short life cycle,
resistance to quasi-anoxic conditions, and tolerance to a wide range of temperatures [7]
give the species the ability to establish in remote locations and to rapidly colonise local
habitats. Even so, it would indeed be desirable that its inclusion be considered in European
monitoring programmes of non-indigenous species, as a contribution to improve the scien-
tific knowledge required for the assessment of descriptor 2 (non-indigenous species) under
the European Marine Strategy Framework Directive, namely tracking and minimising new
introductions.
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Abstract: Angel sharks are distributed worldwide in tropical to subtropical waters. Across the Eastern
Pacific Ocean (EPO), two valid species are reported: The Pacific angelshark Squatina californica and
the Chilean angelshark Squatina armata; however, there is still uncertainty about their geographic
distribution, mainly along the northern Peru coast where the species have been reported to be
sympatric. The aim of this study is to describe the genetic differences between the genus Squatina
from the EPO, including samples from northern Peru, and using DNA barcoding and three species
delimitation models: Poisson tree processes (PTP) model, Bayesian implementation of the PTP (bPTP)
model and the general mixed Yule coalescent (GMYC) model. The three approaches summarized
19 nominal Squatina species in 23 consensus Molecular Taxonomic Units (MOTU). Only 16 of them
were in accordance with taxonomic identifications. From the EPO, four Squatina MOTUs were
identified, one from North America (S. californica USA/Mexico) and three sampled in northern Peru,
S. californica Peru, S. armata and Squatina sp. (a potential new species). This study contributes to
the management and conservation policies of angel sharks in Peru, suggesting the presence of an
undescribed species inhabiting the northern Peruvian coast. The use of molecular approaches, such
as DNA barcoding, has the potential to quickly flag undescribed species in poorly studied regions,
including the Southeast Pacific, within groups of ecologically and economically important groups
like angel sharks.

Keywords: elasmobranchii; Humboldt current; Eastern Pacific Ocean; biodiversity; mtDNA

1. Introduction

One of the most diverse groups of marine predators is the subclass Elasmobranchii
(i.e., sharks, skates, and rays). Among them, there is a small but highly distinctive group
of bizarrely-shaped benthic sharks, commonly called angel sharks. This group of ray-like
sharks belongs to the monophyletic family Squatinidae (Bonaparte, 1838) [1–3] encompass-
ing a unique genus, Squatina (Dumeril, 1805), with 22 extant species described based on mor-
phological characters or molecular information [4–7]. Although, there are two additional
species from the Gulf of Mexico described [8], Squatina mexicana Castro–Aguirre, Espinosa–
Pérez and Huidobro–Campos, 2007, and Squatina heteroptera Castro–Aguirre, Espinosa–
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Pérez and Huidobro–Campos, 2007, these two species are considered as not valid [9]
because of uncertainty about the validity of their morphological description [6,7,10–12].
Currently, S. mexicana and S. heteroptera are considered junior synonyms of Squatina dumeril
Lesueur, 1818 [7,10].

Angel sharks are distributed worldwide in tropical to subtropical shelf waters, al-
though most of the species have restricted distribution in regional seas (e.g., S. david
distributed within the Southern Caribbean Sea) [10]. Across the Eastern Pacific Ocean
(EPO), two valid and sympatric species occur: the Pacific angelshark Squatina californica
Ayres, 1859 and the Chilean angelshark Squatina armata (Philippi, 1887) [4]. Until recently
it was considered that S. californica was distributed off the coast of North America, from
Alaska to the Gulf of California [13]. However, some studies reported its presence in
Ecuador [14,15] and Peru [15]. On the other hand, S. armata has been reported to inhabit
waters from northern Peru to the central coast of Chile [4,16,17]. Nevertheless, the northern
limit of its distribution range is not clear since some studies have suggested its presence in
Ecuador [18], Colombia [19], and Costa Rica [20]. Current information such as the range of
its geographic extent and abundance has been used to determine the extinction risk by the
International Union for Conservation of Nature (IUCN) Red List of threatened species, clas-
sifying S. californica as ‘Near Threatened’ [21] and S. armata as ‘Critically Endangered’ [22].
Nonetheless, to establish management measures also at a national level, data concerning
its biology, ecology, as well as its taxonomic status, need to be resolved.

Several studies support the validity of both species based on morphological taxonomic
characters [10,16,23]; however, other studies consider these species as synonymous [1,23,24].
This conclusion that S. californica and S. armata were identical was made after the com-
parison of various specimens from the northern and southern hemisphere. Nonetheless,
neither information about the exact number of specimens nor how this comparison was
made is provided by the authors [25]. Subsequent publications [1,13,14] also do not provide
more detail to explain this suggested synonymy. The first species described in the EPO
was S. californica based on the revision of one single specimen (around 96 cm, unidentified
sex) collected in San Francisco Bay, United States, in September 1857 [26]. The specimen
were compared to Squatina dumeril and differed in qualitative characteristic and meristic
traits (i.e., form of the orbits, form of teeth, size of pectorals, form of pectorals, form of the
ventrals, form of the dorsal and number of teeth) [26]. S. armata, was described as Rhina ar-
mata, based also on a single male individual (103 cm) collected at Iquique, Chile (unknown
sampling date) [27]. The reference species used to compare external characteristics was
a specimen identified by the author as ‘Rhina squatina’ collected in Rio de Janeiro, Brazil,
although it might be one of the four known species of the Western Atlantic (i.e., S. dumeril,
S. argentina, S. guggenheim, S. occulta, or S. punctata) but not the extant S. squatina. This latter
species is excluded because its presence has been only reported at the Baltic Sea, North
Sea, Black Sea, Mediterranean Sea, and Canary Islands [9]. In this case, seven taxonomic
characteristics were reported to differ between S. armata and the specimen from Brazil (i.e.,
form of the pectoral fins, size of the pectoral fins, width of the head, shape and size of the
two spiracles, form of the tail, and presence of enlarged ‘denticles’ on the pectoral fin) [27].

Around the world, delimitation and the identification of angel shark species have
become important due to their biological characteristics (e.g., large size, reproductive cycle,
demersal nature) and because this group is susceptible and vulnerable to fisheries and
human activities [28,29]. Therefore, to achieve effective conservation and fishery man-
agement strategies, correctly delimiting sampling units (i.e., taxon ‘species’) is urgently
needed to generate species-specific data to support these strategies [30]. Over the last
decades, classical taxonomy (i.e., description and identification of species through tax-
onomic morphological characters) has been the main approach used to describe angel
sharks [6,8,24,26,27,31–34]. Nonetheless, the use of molecular tools, such as genomic data,
is increasingly being considered to support the process of species delimitation [5,30]. For
instance, instead of the use of morphological characters, the molecular approach uses
DNA sequences which are grouped into Molecular Taxonomic Units (MOTU). A MOTU
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is considered as an operational definition that groups individual DNA sequences (i.e.,
cluster of sequences) based on an explicit algorithm and is used to estimate diversity at
the species level. A powerful tool that uses standardized gene regions (e.g., cytochrome
c oxidase—COI) to delimit and identify species is DNA barcoding. This molecular tool
couples a comprehensive dataset of COI DNA sequences together with validated identified
voucher specimens to support taxonomic studies [35,36]. Among their benefits, DNA bar-
coding can assist in defining phylogenetic relationships and species geographic boundaries.
Furthermore, DNA barcoding together with single locus species delimitation methods
have recently shown to be an effective tool for validating elasmobranch identification and
describing new species in a number of fisheries [37–43].

Stelbrink et al. [4] employed COI and 16S rRNA markers to provide a comprehensive
global phylogeny of 17 Squatina species, including the two species found along the EPO,
S. armata and S. californica. In that study, S. armata is the first species to branch off the
clade that includes the North and South American species, indicating the existence of two
different species. However, in that study, only samples from the ends of both distributions,
in California and Chile, were used. Thus, the detailed distribution of both species along
the EPO remains uncertain, especially in the areas of North of South America where both
species have been reported [14,15,18,44]. Additionally, angel sharks are target species and
are captured by small-scale fisheries [28]. However, reports of landings are rather general
and likely include several species of angel sharks, thus molecular tools could serve well for
the accurate identification of the species landed, their distributions, and the fisheries with
which they interact [28].

In this regard, the aim of the present study is to describe the genetic differences within
the genus Squatina from the EPO, including samples of angel sharks from an area not
previously covered (i.e., northern Peru), and integrate them with mtDNA COI sequences
data from Barcode of Life Data (BOLD) System to evaluate species boundaries using species
delimitation methods and determine MOTUs.

2. Materials and Methods

2.1. Morphological Identification and Sample Collection

As part of the sampling campaign of the consortium for DNA barcoding of Peruvian
marine species (PeMar), a total of eight specimens of angel sharks were sampled between
2017 and 2018 from fish markets and landing sites in northern Peru (Figures 1 and 2). All
specimens collected were identified using external morphological characteristics following
a literature review [1,10,23]. Each specimen was photographed, and one specimen was
fixed and deposited in the fish collection of the San Marcos–Natural History Museum
(UNMSM) for further analyses. Muscle tissue samples were extracted from all specimens
and preserved in 96% ethanol at room temperature (17–20 ◦C). Sequences, sample records,
and voucher numbers can be viewed in Table 1.

2.2. DNA Extraction, Amplification and Sequencing

Total genomic DNA was isolated using Tissue Kit (Thermo Scientific) following the
manufacturer’s instructions. A partial fragment (~655 base-pair) of the mitochondrial Cy-
tochrome Oxidase subunit I (COI) gene was amplified through Polymerase Chain Reaction
(PCR) using primers FishF1-FishR1 or FishF2-FishR2 [35], that amplify an overlapping
region from the 5’ region of the COI gene. The PCR was performed with a final volume
of 25 μL containing 16.35 μL distilled water, 2.5 μL dNTP (8 nM), 0.6 μL of each primer
(5 μM), using just one pair of primers (i.e., F1/R1 or F2/R2) and 0.6 μL of Taq polymerase
(5 μ/μL). PCR conditions consisted of an initial denaturation at 95 ◦C for 2 min, followed
by 30 cycles including denaturation at 95 ◦C for 45 s, annealing at 52 ◦C for 45 s, and
extension at 72 ◦C for 60 s, and a final extension at 72 ◦C for 5 min. Amplified products
were checked on 1% agarose gel and both strands per amplicon were sent to Macrogen
(Rockville, MD, USA) for Sanger sequencing. The sequencing was carried out using the
same set of primers that was used in the PCR, however a greater number of samples were
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amplified and sequenced using the Fish F1 and Fish R1 primers, since these had better
efficiency for our samples. Sequences were cleaned and contigs were assembled using the
software CodonCode Aligner (CodonCode Corporation, Dedlham, MA, USA). Multiple
alignments were done using a ClustalW algorithm [45], implemented in the software
MEGA 7 [46] and were checked manually for misalignments and trimmed to the shortest
common sequence length.

Figure 1. Geographic distribution map and sampling sites of DNA sequences of Squatina species along Eastern Pacific Ocean.
(a) Current known distribution range adapted from Fricke et al., (2020) and sampling sites of Squatina californica (black
triangle) and Squatina armata (light blue triangle) reported by Stelbrik et al., 2010. (b) Sampling sites of Squatina californica
(purple circle), Squatina sp. (green circle), and Squatina armata (light blue circle) selected by PeMar Project in northern Peru.
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Figure 2. Specimens of angel sharks collected for this study: Dorsal (a) and ventral (b) images of one fresh specimen of
Squatina armata (Pemar_V0173). Detailed images of barbels (c), anterior nasal flaps (d) and thorns on snout, between eyes
and spiracles (e) observed on preserved specimen of S. armata (Pemar_V0174). Dorsal (f) and ventral (g) images of one
fresh specimen observed on Squatina sp. (Pemar_V0209). Detailed images of thorns along the middle line of the back (h),
denticles covering the edges of the pectoral fin (i) and concave between eyes (j) of specimens of Squatina sp. (Pemar_V0209
and Pemar_V0211). Dorsal (k) and ventral (l) images of one fresh pup of S. californica (LCT_2160). Detailed images of thorns
(m,n) and pale dorsal fins (o) of S. californica pup (LCT_2160).
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Table 1. Angel shark species sampled along the northern Peruvian coast, PeMar project code, BOLD code, voucher code,
sampling site (region and exact site), sex, and total length (TL).

Species Pemar Code BOLD Code Voucher Code Sampling Site Sex and Total Length

Squatina sp. Pemar_V0209 PMVTB124-21 - Piura/Mancora Female, unknown TL
Squatina sp. Pemar_V0210 PMVTB125-21 - Piura/Mancora Male, unknown TL
Squatina sp. Pemar_V0211 PMVTB126-21 - Piura/Mancora Male, unknown TL

Squatina armata Pemar_V0083 PMVTB046-20 - Lambayeque/Terminal Pesquero
ECOMPHISA Female, 81 cm TL

Squatina armata Pemar_V0173 PMVTB067-20 - Piura/close to Bayovar Port Female, 64.9 cm TL
Squatina armata Pemar_V0174 PMVTB068-20 MUSM 65818 Piura/close to Bayovar Port Male, 37.2 cm TL

Squatina armata Pemar_V0086 PMVTB047-20 - Lambayeque/Terminal Pesquero
ECOMPHISA Female, 93.4 cm TL

Squatina californica LCT_2160 FMCT1223-19 Tumbes/805 m off Punta Pico coast Female, 23.7 cm TL

2.3. Species Delimitation Methods

To apply several species delimitation methods to infer MOTUs, our samples were
combined with COI sequences from 19 Squatina nominal species (Table 2, Table S1) obtained
from the public repository BOLD (www.boldsystems.org, accessed on 5 February 2021),
GenBank (www.ncbi.nlm.nih.gov/genbank/, accessed on 5 February 2021), and from the
literature [5,35,36,43,47–56]. The set of DNA fragments were chosen following two criteria:
(1) the location of sampling mentioned in the public database (e.g., country, province,
region, sector, exact site, coordinates or FAO fishing zones) and (2) length of the DNA
fragment (i.e., ~610 bp). To reduce computational time, only 10 COI sequences were chosen
per species, when it was possible. The two sequences of Squalus used as an outgroup by
Stelbrink et al. [4] were also included in the molecular analysis.

We performed and compared three molecular species delimitation methods using the
pipeline SPdel (https://github.com/jolobito/SPdel, accessed on 8 March 2021) added to a
delimitation species method based on classical taxonomy. The first method implemented
was the general mixed Yule coalescent (GMYC) model [57] with a single threshold. The
GMYC model identifies the threshold value at the transition of branching patterns that are
characteristics of the speciation process [58] versus coalescence process [59], and identifies
significant changes in the branching rates in a time-calibrated ultrametric tree. The other
methods used were the Poisson tree processes (PTP), and the Bayesian implementation of
the PTP model (bPTP) [60]. These two methods directly use the number of substitutions
as opposed to the GMYC method that uses time. For all models, an ultrametric tree was
used as an input file which was generated in BEAUti v2.1 [61], with a normal relaxed
clock and a birth and death model, and a HKY+G substitution model suggested by the
Bayesian Information Criterion in jModeltest 2 [62]. The analysis was implemented with
60,000,000 million MCMC generations and with a burn-in of 10%. To run the analysis, we
used BEAST v2.5 [61] implemented in the Cyber Infrastructure for phylogenetic Research
(CIPRES; https://www.phylo.org, accessed on 8 March 2021) [63]. Convergence and
adequate sample size (greater than 130) were evaluated in Tracer v1.6.0. The pipeline
SPdel used for our analysis performs a comparison between the four chosen methods
and ultimately generates a consensus species delimitation considering three molecular
approaches. Only MOTUs supported by at least two of the applied delimitation methods
were considered consensus MOTUs. Furthermore, we quantified the degree of genetic
divergences for nominal species and for each one of the species delimitation methods used,
calculating the values of intragroup and intergroup Kimura 2–parameter (K2-P) genetic
distances in SPdel.
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Table 2. List of extant species, their current distribution (Fricke et al., 2020), number of COI sequences used in this study per
species, and sampling sites reported in BOLD System per species. See Table S1 for detailed list.

Extant Species Distribution BOLD System

N◦ COI Sequences Used
in This Study

Sampling Site (Country)

Squatina aculeata Cuvier 1829
Mediterranean Sea; eastern Atlantic:
southern Portugal south to Namibia,

including Selvagens Islands (Portugal)
10 Malta, Senegal, Turkey

Squatina africana Regan 1908 Western Indian Ocean: East Africa, South
Africa to Madagascar 11 South Africa and

Indian Ocean

Squatina albipunctata Last and White
2008 * Australia: Queensland to Victoria 10 Australia

Squatina australis Regan 1906
Southeastern Indian Ocean: Victoria,

Tasmania, South Australia and
Western Australia

10 Australia

Squatina armata (Philippi 1887) ** Southeastern Pacific: Ecuador south to Chile 3 Chile

Squatina californica Ayres 1859

Eastern Pacific: Puget Sound (Washington,
DC, USA.) south to Pacific coast of Baja

California Sur (Mexico); Ecuador south to
Chile (needs confirmation); questionable

from Alaska (USA)

10 Mexico, United States

Squatina david Acero P., Tavera,
Anguila and Hernández 2016 ***

Western Atlantic: Panama, Colombia,
Venezuela (southern Caribbean) 3 Colombia

Squatina dumeril Lesueur 1818 Western Atlantic (including Caribbean Sea) 8 United States

Squatina formosa Shen and Ting 1972 Western North Pacific 10 Taiwan, Japan

Squatina guggenheim Marini 1936 **** Southwestern Atlantic: Brazil south
to Argentina 11 Brazil, Argentina

Squatina japonica Bleeker 1858 Northwestern Pacific 1 Japan

Squatina legnota Last and White 2008 Off southern Indonesia 6 Indonesia

Squatina nebulosa Regan 1906 Western North Pacific 2 China, South China Sea

Squatina occulta Vooren and da
Silva 1991

Southwestern Atlantic: Brazil, Uruguay
and Argentina 7 Brazil

Squatina oculata Bonaparte 1840 Mediterranean Sea; eastern Atlantic:
Portugal south to Namibia 10 Malta, Senegal, Turkey

Squatina pseudocellata Last and
White 2008 Australia: Western Australia 7 Australia

Squatina squatina (Linnaeus 1758)

Western Baltic Sea; North Sea;
Mediterranean Sea; Black Sea; eastern

Atlantic: Norway south to Western Sahara,
including Canary Islands

10 Egypt, Ireland, Spain
(Canary Islands), Turkey

Squatina tergocellata McCulloch 1914 Southern and western Australia 8 Australia

Squatina tergocellatoides Chen 1963 North Pacific: Taiwan Straits, Vietnam,
Hong Kong, Malaysia 4 Malaysia, Vietnan

Squatina argentina (Marini 1930) Southwestern Atlantic: Brazil to Uruguay
and Argentina no sequences

Squatina caillieti Walsh, Ebert and
Compagno 2011 Philippines no sequences

Squatina varii Vaz and Carvalho 2018 Brazil no sequences

* Sequences identified in BOLD as Squatina sp. Pi24 and Squatina sp. Pi26 are included within this taxon. ** It is identified in BOLD as
Squatina californica. *** It is identified in BOLD as Squatina sp. JT-2016a. **** Sequences identified in BOLD as Squatina sp. MFSP273-09 is
included within this taxon.
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3. Results

3.1. Taxonomic Identification

Most of our sampled specimens were not retained because they were part of fishers’
daily catch. For this reason, identification was done mainly in the field (i.e., with fresh
specimens) and through photographs allowing for diagnostic taxonomic characters to
be assessed. The four specimens collected at the ECOMPHISA fish market and close to
the Bayovar Port were identified as S. armata (Table 1, Figure 1). For the identification
we used an illustrated guide [10] and a taxonomic key [15], distinguishing the following
combination of characteristics: reddish-brown to blackish dorsal surface (Figure 2a), white
ventral surface with dark brown edged of pectoral and pelvic fins (Figure 2b), narrow
and simple barbels (Figure 2c), anterior nasal flaps fringed (Figure 2d), and thorns on
snout, between eyes and spiracles (Figure 2e). One angel shark pup was collected off
the coast of Punta Pico (Table 1, Figure 1). It was identified as S. californica following the
aforementioned illustrated guide, distinguishing the following characteristics: reddish-
brown dorsal surface with scattered light spots (Figure 2k), white edged pectoral and pelvic
fins (Figure 2l), presence of thorns (Figure 2m,n), and pale dorsal fins (Figure 2o). Finally,
three specimens collected in Mancora (Table 1, Figure 1) were identified as S. californica in
the field, however after the molecular analysis, they were allocated to the taxon Squatina sp.
(Figure 2f–j).

3.2. MOTU Delimitation Analyses

We obtained eight sequences (610 base-pair) from two nominal species, S. armata
(n = 4), S. californica (n = 1), and Squatina sp. (n = 3), from northern Peru with 30 parsimony
informative sites. The final alignment of mtDNA COI sequences resulted in 591 bp (shortest
common sequence length) comprised of a total of 19 nominal species (Result S1).

The species delimitation analyses showed that PTP and the bPTP method delimited
the same 23 Squatina MOTUs (Figure 3), with a maximum intra-MOTU divergence of 0.99%
(for the MOTU of S. squatina) and a minimum inter-MOTU divergence of 0.49% (between
the MOTUs of S. californica collected in Peru and USA/Mex). On the other hand, the GMYC
method delimited Squatina 25 MOTUs with a maximum intra-MOTU divergence of 0.99%
(for the MOTU of S. squatina) and a minimum inter-MOTU divergence of 0.16% (between
the MOTUs of S. squatina collected in Ireland and Turkey). Single-locus species delimitation
results from PTP, bPTP, and GMYC approaches were summarized by using the pipeline
SPdel, in 25 consensus MOTUs. The maximum intra-MOTU distance was 0.99% (for the
MOTU of S. squatina) (Table 3) and the minimum inter-MOTU distance was 0.49% (between
the MOTUs of S. californica collected in Peru and USA/Mexico) (Table 3). In contrast, if
considering species delimited through traditional taxonomy, the maximum intraspecific
distance was 2.51% (between specimens morphologically identified as S. africana) (Table 3)
and the minimum interspecific distance was 0 between specimens of S. formosa (collected
in Thailand) and S. nebulosa (collected in China and Southern China Sea) (Table 3).
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Figure 3. Bayesian tree showing the clustering of the MOTUs obtained by the species delimitation analyses (PTP, bPTP, and
GYMC) and the consensus analysis. The red diamonds indicate nodes with supports higher than 0.9 Bayesian posterior
probability. The scale bar indicates nucleotide substitutions per site. Samples from the Eastern Pacific Ocean are delimited
by squares. Yellow squares indicate samples from northern Peru collected in this study.
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Table 3. Genetic K2-P distances of MOTUs and nominal species of angel sharks: mean intra-MOTU divergence (mean
intra-), maximum intra-MOTU divergence (maximum intra-), distance to the nearest neighbor (distance to NN) and the
nearest neighbor (NN).

Mean Intra- Maximum Intra- Distance to NN NN

Nominal
Squatina aculeata 0.06 0.16 6.22 Squatina legnota
Squatina africana 1.39 2.51 7.34 Squatina sp.
Squatina albipunctata 0 0 0.99 Squatina pseudocellata
Squatina armata 0 0 2.85 Squatina guggenheim
Squatina australis 0.03 0.16 5.33 Squatina albipunctata
Squatina californica 0.45 0.85 1.99 Squatina david
Squatina david 0.11 0.16 1.33 Squatina guggenheim
Squatina dumeril 0.43 0.99 2.52 Squatina david
Squatina formosa 0.13 0.33 0 Squatina nebulosa
Squatina guggenheim 0.31 0 6.99 Squatina occulta
Squatina japonica NaN 0 6.99 Squatina formosa
Squatina legnota 0 0 2.51 Squatina formosa
Squatina nebulosa 0 0 0 Squatina formosa
Squatina occulta 0 0 0.50 Squatina guggenheim
Squatina oculata 0 0 5.87 Squatina legnota
Squatina pseudocellata 0 0 0.99 Squatina albipunctata
Squatina squatina 0.52 0.99 6.61 Squatina aculeata
Squatina tergocellata 0 0 0.99 Squatina pseudocellata
Squatina tergocellatoides 0.25 0.50 4.44 Squatina legnota
Squatina sp. 0.22 0.33 1.50 Squatina guggenheim
Squalus acanthias NaN 0 7.70 Squalus cubensis
Squalus cubensis NaN 0 7.70 Squalus acanthias

Consensus MOTUs
Squatina aculeata 0.06 0.16 6.22 Squatina legnota
Squatina albipunctata 0 0 0.99 Squatina pseudocellata
Squatina armata 0 0 2.85 Squatina guggeheim
Squatina australis 0.03 0.17 5.33 Squatina albipunctata
Squatina david 0.11 0.16 1.33 Squatina guggeheim
Squatina dumeril 0.43 0.99 2.52 Squatina david
Squatina guggeheim 0.31 0.66 0.50 Squatina occulta
Squatina japonica NaN 0 6.99 Squatina formosa/nebulosa
Squatina legnota 0 0 2.51 Squatina formosa/nebulosa
Squatina occulta 0 0 0.50 Squatina guggeheim
Squatina oculata 0 0 5.87 Squatina legnota
Squatina pseudocellata 0 0 0.99 Squatina albipunctata
Squatina tergocellata 0 0 0.99 Squatina pseudocellata
Squatina tergocellatoides 0.25 0.50 4.44 Squatina legnota
Squatina sp. 0.22 0.33 1.50 Squatina guggeheim
Squatina squatina 0.52 0.99 6.61 Squatina aculeata
Squatina californica USA/Mex 0.41 0.85 0.49 Squatina californica Per
Squatina californica Per NaN 0 0.50 Squatina californica USA/Mex
Squatina africana 1 NaN 0 0.83 Squatina africana 2
Squatina africana 2 NaN 0 0.83 Squatina africana 1
Squatina africana 3 0.11 0.17 0.83 Squatina africana 2
Squatina africana 4 0 0 2.00 Squatina africana 2
Squatina formosa/nebulosa 0.15 0.33 2.51 Squatina legnota
Squalus acanthias NaN 0 7.70 Squalus cubensis
Squalus cubensis NaN 0 7.70 Squalus acanthias

From the 23 consensus Squatina MOTUs, 16 are in accordance with taxonomic identi-
fication: S. aculeata, S. albipunctata, S. armata, S. australis, Squatina sp., S. david, S. dumeril,
S. guggenheim, S. japonica, S. legnota, S. occulta, S. oculata, S. pseudocellata, S. tergocellata, S. ter-
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gocellatoides, and S. squatina. While seven consensus MOTUs do not match with the current
taxonomy: S. californica USA/Mexico, S. californica Per, S. africana 1, S. africana 2, S. africana
3, S. africana 4, and S. formosa/nebulosa. Both nominal species, S. africana and S. californica,
were split into four and two MOTUs, respectively (Table 3). The S. californica samples
formed a polyphyletic group, with two MOTUs closely related, one from the Northeast
Pacific (samples collected within the Gulf of California, Mexico, and in California, USA),
and the other composed by samples collected in northern Peru (Figure 3). The minimum
intra-MOTU divergence calculated for S. californica from Northeast Pacific was 0% and the
maximum intra-MOTU value was 0.83%. Furthermore, the minimum and the maximum
inter-MOTU divergences between the MOTU of S. californica from the northern hemisphere
and the southern hemisphere were 0.5 and 0.83%, respectively. Samples identified initially
as S. californica (Pemar_V0209, Pemar_V0210, and Pemar_V0211) from northern Peru, were
grouped into a clade, separately from S. californica and S. armata and for this reason they
were renamed as Squatina sp. The minimum and maximum intra-MOTU divergences for
Squatina sp. were 0 and 0.33%, respectively.

4. Discussion

Only two valid species had been previously described for the EPO: Squatina californica
and Squatina armata [7,10,28], and both species have been reported as sympatric for the
northern Peruvian coast [15]. Nonetheless, there is controversy about the validity of these
species due to the lack of taxonomic studies confirming their presence across the whole
range of their geographic extents [10]. Our results show a new scenario, reporting the
existence of four MOTUs along the EPO (Figure 3), revealing a hidden diversity that may
include at least one new species for the genus Squatina in the Southeast Pacific.

The Bayesian phylogenetic tree obtained shows a similar topology compared with
the comprehensive phylogenetic analysis carried out by Stelbrink et al. [4], and all species
delimitation analyses performed (i.e., PTP, bPTP, and GMYC) yielded mostly the same
result. The four MOTUs found in the EPO were grouped within the clade of North and
South American species described by Stelbrink et al. [4]. However, the four MOTUs are
not phylogenetically closely related with the exception of the MOTU of S. californica from
North America and the MOTU of S. californica from northern Peru that are sister MOTUs
(Figure 3).

All the algorithms used split the cluster of S. californica into two MOTUs. One group
includes specimens collected along the Pacific coast of the United States and specimens
from the Gulf of California, the other group includes sequences from Punta Pico located
in the region of Tumbes, Peru (Figure 3). In some previous studies, two different pop-
ulation lineages originated in the Northern Pacific and in the Gulf of California were
found [4,13,64], but this division was not supported by the coalescent species delimita-
tion methods herein used, instead of reciprocal monophyly. Nonetheless, the minimum
K2-P genetic distances within the MOTUs of S. californica from the northern hemisphere
(0.5%) are comparable to the lowest genetic distances found between Squatina nominal
species (0.5% for S. guggenheim and S. occulta). In regard to S. californica from the southern
hemisphere, it was discriminated as a different MOTU from the clade of the northern
hemisphere, even though the maximum K2-P genetic distances between both clades is
0.5%, similar to the values observed between the population from North America and other
Squatina nominal species. This significant heterogeneity between S. californica populations
may be promoted by their ecological behavior (e.g., limited ability for sustained swimming
due to their morphological and anatomical characteristics) [13], their reproductive behavior
(e.g., philopatric behavior) [28] but also due to geographic barriers (e.g., deep marine
basins as barriers to dispersal of these populations) [13]. To elucidate if the degree of
separation of these MOTUs of S. californica corresponds to a recent divergent species or
a strong population structure, more studies including specimens of different ontogenetic
stages collected along the Eastern Pacific, their morphological, anatomical, and ecological
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traits and nuclear markers to evaluate the degree of separation of these MOTUs, assessing
introgression and gene flow, are necessary.

A third EPO MOTU corresponds to samples matching the original S. armata description
(e.g., the presence of narrow and simple barbels and anterior nasal flaps fringed, and thorns
on the head). This MOTU clade is the first to branch off from the American clade and
includes samples from Chile and Peru. The last EPO MOTU corresponds to Squatina sp.
from northern Peru, a new lineage that represents a potential undescribed new species. The
MOTU was related to the clade formed by S. dumeril and the two MOTUs of S. californica, but
with a low posterior probability support and their exact evolutionary relationships remain
unknown (Figure 3). Additionally, the nearest species to Squatina sp. using K2-P distance
was S. guggenheim, with a higher value (1.5%) compared to other nominal Squatina species.
An integrative taxonomic study to evaluate if this MOTU corresponds to a new species is
imperative. In addition, since there are no taxonomic studies providing a direct comparison
of both EPO species, besides the two original descriptions, a revision is necessary of
S. armata and S. californica to clarify characteristics and dichotomous identification keys
that can help with field identification along the distribution.

The exact distributions of S. californica and S. armata or even of the four MOTUs remain
uncertain. Published studies reporting the presence of angel sharks off the coasts of South
America are based on literature reviews [16,17] or governmental reports that do not clearly
differentiate between both species, reporting angel sharks as Squatina spp. [65]. Similarly,
previous distributions reports could be erroneous due to the presence of the cryptic species
herein described or by the difficulties during species assignment due to the lack of clear
morphological taxonomic characters to distinguish these species.

The limited movement, site fidelity, and preference for coastal areas, as well as other
characteristics, such as their large body size and low reproductive output, make angel
sharks susceptible to overexploitation by fisheries [28]. In Peru, both S. californica and
S. armata have been reported as caught or landed by small scale fisheries by the Insti-
tute of Peruvian Sea (Instituto del Mar del Peru in Spanish; IMARPE) [19,65,66]. Before
1996, landings of angel sharks were reported under their common name in Spanish “an-
gelotes” [65]. Nonetheless, some fishing expedition reports, catalogues and identification
guides mentioned only the presence of S. armata [19,66,67].

From 1996 to 2010, all fishery landings of angel sharks along the coast were reported
by IMARPE as S. californica [65]. These reports showed a marked decline over the period
1996 to 2010 [65]. Currently, the fishery continues and there is still a lack of detailed landing
reports of angel sharks in Peru [68]. Managing angel sharks in groups (e.g., genus level) can
mask population declines and can represent an impediment to fisheries research but also it
may hamper the national enforcement regulation for conservation and management [69].
Landings information along the Peruvian coast (2010–2019) is still reported as Squatina sp.
by the Ministry of Production (Ministerio de Producción in Spanish; PRODUCE, Nro
Registro 00090925-2020) indicating, at least for the northern region of Peru (i.e., Tumbes,
Piura, Lambayeque, and La Libertad regions) a decline of caught specimens reported
in tons. Due to the complicated taxonomy of angel sharks added to a potential new,
undescribed species, landings reports might be underestimating the population decline
of all the species distributed in Peruvian waters. As well as in Peru, in the United States
and Mexico, a decline has also been observed [28,70–72], for instance, reported landings
from US fisheries showed a large decline influenced by fisheries regulation (e.g., minimum
landing size and ban on gillnets and trammel nets) [28].

In our species delimitation analysis, that included 19 from the 22 nominal Squatina
species, some differences were observed between MOTUs and nominal data that deserve
further discussion. All species delimitations split S. africana into four MOTUs. A recent
study which included sequences from South Africa and Indian Ocean specimens, found a
high number of haplotypes within S. africana [73] using DNA fragments of COI gene, and
with a high K2-P genetic distances (up to 2.5%), when compared with values reported in
this study between other pairs of nominal Squatina species (e.g., 0.99% between specimens
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of S. albipunctata and S. pseudocellata). Similar to S. californica, the split of S. africana into
4 MOTUs may be explained due to the life-traits of angel sharks and the geographical
barriers. Along the South African coast several barriers to gene flow have been detected,
which often coincide with patterns of ocean currents [74]. For example, the South-East and
East coasts include three marine ecoregions, the Agulhas Ecoregion, Natal Ecoregion, and
part of the Delagoa Ecoregion. Biogeographic forcing agents defining these ecoregions
include bathymetric or coastal complexity and currents [75]. This is evident along the
east side of South Africa, where a very narrow extension of the continental shelf and
wide, deep areas are observed between the northern part of the Agulhas Ecoregion and
the Southern part of the Natal Ecoregion. The South-East and East coasts appear to have
several population genetic boundaries for several rocky shore and estuarine species (e.g.,
the fishes Clinus cottoides, Clinus superciliosus, and Muraenoclinus dorsalis) [74,76]. Although
previous studies showed a genetic break in these areas, the effect of biogeographic barriers
on demersal shark species is still largely unknown and needs further investigation [77].
Finally, the MOTU S. africana 1 was collected in the Indian Ocean close to the Maldives, far
from the sampling area of MOTUs S. africana 3 and S. africana 4 which is characterized by
different oceanographic and geomorphologic features.

Samples of S. nebulosa (sampling location in Japan and Thailand) and S. formosa
(sampling location in China and Sea of South China) from BOLD System were clustered
in the same MOTU sharing the same haplotype. Diagnosing both species is particularly
challenging, their subtle external morphological differences may cause an overlap among
many characteristics used [31]. Due to the difficulties in the correct identification of
these species, the source from where we retrieved the sequences (i.e., GenBank which
lacks physical voucher information) and the fact the taxonomy for these individuals were
not revised, our result needs to be tested in an integrative taxonomic study including
morphology and genetic analyses.

Finally, our results have far-reaching implications for the management and conserva-
tion policies of angel sharks in EPO, suggesting the presence of an undescribed species
inhabiting the northern Peruvian coast, living in sympatry with the two species already
reported. Many species of angel sharks are affected by artisanal and industrial fisheries
and their populations have declined around the world [28]. All efforts to quantify the
impact of fisheries in South American angel sharks will be unsuccessful without a precise
identification of the species. The use of molecular approaches, such as DNA barcoding,
has a potential to quickly identify undescribed species in poorly studied regions like
the Southeast Pacific [78]; and in ecologically and economically important groups like
Elasmobranchii that hold a high level of taxonomic uncertainties [78].
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Abstract: Anguillid eels are widely acknowledged for their ecological and socio-economic value in
many countries. Yet, knowledge regarding their biodiversity, distribution and abundance remains
superficial—particularly in tropical countries such as Indonesia, where demand for anguillid eels is
steadily increasing along with the threat imposed by river infrastructure developments. We investi-
gated the diversity of anguillid eels on the western Indonesian islands of Sumatra and Java using
automated molecular classification and genetic species delimitation methods to explore temporal
patterns of glass eel cohorts entering inland waters. A total of 278 glass eels were collected from
monthly samplings along the west coast of Sumatra and the south coast of Java between March 2017
and February 2018. An automated, DNA-based glass eel identification was performed using a DNA
barcode reference library consisting of 64 newly generated DNA barcodes and 117 DNA barcodes
retrieved from BOLD for all nine Anguilla species known to occur in Indonesia. Species delimitation
methods converged in delineating eight Molecular Operational Taxonomic Units (MOTUs), with
A. nebolusa and A. bengalensis being undistinguishable by DNA barcodes. A total of four MOTUs were
detected within the glass eel samples, corresponding to Anguilla bicolor, A. interioris, A. marmorata,
and A. nebulosa/A. bengalensis. Monthly captures indicated that glass eel recruitment peaks in June,
during the onset of the dry season, and that A. bicolor is the most prevalent species. Comparing
indices of mitochondrial genetic diversity between yellow/silver eels, originating from several sites
across the species range distribution, and glass eels, collected in West Sumatra and Java, indicated a
marked difference. Glass eels displayed a much lower diversity than yellow/silver eels. Implications
for the management of glass eel fisheries and species conservation are discussed.

Keywords: species delimitation; DNA-based classification; genetic diversity; catadromy; conservation

1. Introduction

The freshwater eel family Anguillidae consists of 20 species and two genera [1], all
well known for their catadromous life-cycles. Adults spawn in marine environments, and
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hatched larvae, known as leptocephalus, migrate to inland waters. Upon approaching con-
tinental shelfs, larvae become competent (glass eels) before entering inland waters, where
they acquire pigmentation (elvers). Eels further grow up in freshwaters (yellow eels) until
they become sexually mature (silver eels) and return to marine spawning grounds [2–6].

Anguillid eels are a significant food resource around the world, and contribute greatly
to many national economies [2,7–10]. For example, approximately 150,000 tons of eels were
consumed each year both in Japan (2000–2002) and China (2012–2013) [11]. In Indonesia,
the annual eel trade is estimated to be worth 100 million USD [12]. Demand for anguillid
species has steadily increased in recent years; however, eel farming solely relies on wild-
caught juvenile eels (elvers, silver eels), as breeding in captivity is not yet commercially
viable [11,13,14]. The growing demand, in combination with habitat destruction and
fragmentation caused by dams and other infrastructures, has led to a precipitous decline
in populations across the globe, and some species have become endangered [2,15–19].
Unfortunately, scientific knowledge regarding eel diversity, distribution and abundance
is sparse [15,19]. In particular, little is known about the ecology of anguillid eels in the
tropics, even though such regions typically support relatively high abundances and species
richness’ of anguillid eels [7,20–22]. Indeed, two-thirds of the known species of the genus,
Anguilla, occur in the tropical Indian and Pacific Ocean, while the remaining species occur
in temperate parts of both the Pacific and Atlantic Ocean [1]. For Indonesia, a total of seven
to nine species has been reported, as the biological status of two species pairs (A. bengalensis
vs. A. nebulosa, A. borneensis vs. A. malgumora) is still under debate [7,22–24]. This diversity
is among the highest in the Indo-Pacific Ocean; however, few attempts have been made
to document diversity and distribution of Anguilla spp. in Indonesia. Previous studies
have mostly focused on either specific life stages or selected species [7,22,25,26]. Therefore,
there is a clear and pressing need to assess spatial and temporal patterns of all life stages of
tropical anguillid eels to gain a comprehensive understanding of their ecology.

Studies of biodiversity and distribution of tropical anguillid eels were long impeded
by difficulties in identifying species using morphological characters, particularly for early
life stages [27]. The development of standardized molecular approaches to automated
specimen identification, such as DNA barcoding [28,29], opened new perspectives for mon-
itoring and the exploration of species boundaries. Several studies have already successfully
applied DNA barcoding to characterize the Indonesian ichthyofauna in various contexts,
ranging from island inventories [30] over lineage-specific re-appraisals [31–36] to larval
identification [37,38].

This study investigated the diversity of anguillid eels on the western Indonesian
islands of Sumatra and Java using DNA barcoding. Anguillid glass eels are currently
being intensively harvested in the western parts of Indonesia, particularly A. bicolor and
A. marmorata on Java [22]. In addition, the rapid development of dams and other river
infrastructures is compromising upstream glass eel migration. Therefore, this study aimed
to: (1) establish a DNA barcode reference library for all known Anguilla species occurring
in Indonesia based on both available and newly generated Cytochrome Oxidase I (COI)
sequences, (2) apply this library to automated glass eel identification to examine temporal
patterns of recruitment and species composition of glass eel cohorts in western Indonesia,
where the fishing pressure is currently high.

2. Materials and Methods

2.1. Sampling

Sampling consisted of two distinct campaigns in Indonesia targeting freshwater life
stages (yellow/silver eels) and early life stages (glass eels/elvers) entering freshwaters.
Yellow/silver eels were sampled across several sites on Sumatra, Java, Bali, Lombok,
Sulawesi and Ambon Islands between November 2012 and July 2019 using electrofishing
and fishing rods (DS-ANGUILLA; doi:dx.doi.org/10.5883/DS-ANGUILLA). Specimens
were photographed, individually labeled and voucher specimens were preserved in a
5% formalin solution. Prior to fixation, a fin clip or a muscle biopsy was taken and
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fixed separately in a 96% ethanol solution for further genetic analyses. Both tissues and
voucher specimens were deposited in the National Collections at the Museum Zoologicum
Bogoriense (MZB), Research Center for Biology (RCB), Indonesian Institute of Sciences
(LIPI). Specimens were further identified using field guides [39–41]. Glass eels and elvers
were sampled using a systematic and standardized procedure, developed for the purpose
of this study, on Sumatra and Java between March 2017 and February 2018 (Figure 1). A
trap device (dimensions 3.5 m × 2 m × 0.8 m) was used for 6-h periods after dark once
every week (Figure 2). Glass eel and elver samples were collected and preserved in 70%
ethanol solution for further genetic analysis.

 

Figure 1. Collection sites for the 278 glass eels (white circle) and 64 yellow/silver eels (white squares)
sampled in this study. 1: Tengah Kedurang, Kedurang river, Bengkulu Selatan, Bengkulu (−4.462,
103,067); 2: Serayu River, Purwokerto, Jawah Tengah (−7.508, 109.296); 3: Kebumen, Jawa Tengah
(−7.768, 109.644).

2.2. DNA Extraction, Amplification and Sequencing

Total genomic DNA was extracted from muscle tissue using the Geneaid extrac-
tion procedure following manufacturer’s specifications (www.geneaid.com, accessed on
12 March 2020). A partial fragment of 652 bp of the mitochondrial COI coding gene,
corresponding to the standard DNA Barcoding fragment [42], was amplified using the
universal primers, Fish-COI-F and COI-Fish-R [43]. The primer sequences were as fol-
lows: Fish-COI-F, 5′-TAA TAC GAC TCA CTA TAG GGT TCT CCA CCA ACC ACA ARG
AYA TYGG-3′; COI-Fish-R, 5′-ATT AAC CCT CAC TAA AGG GCA CCT CAG GGT GTC
CGA ARA AYC ARAA-3′. Amplifications were performed in a 50 μL reaction volume
consisting of 16 μL of ultrapure water, 2 μL of each primer (1 μM), 25 μL of PCR ready
mixture solution (KAPA), and 25 μL of genomic DNA. The polymerase chain reaction
(PCR) cycling parameters included an initial DNA polymerase activation step of 15 min
at 95 ◦C, followed by 35 cycles of 30 s at 94 ◦C, 90 s at 55 ◦C and 30 s at 72 ◦C and
ending with a final extension of 5 min at 72 ◦C. The PCR products were visualized on a
1% agarose gel and purified (Thermo Scientific PCR purification kit). Yellow/silver eel
amplicons were bi-directionally sequenced and larval amplicons were sequenced with
the reverse primer (COI-Fish-R). Sequencing was done using the EZ-Seq service (Macro-
gen) for glass eels, and the Centre for Biodiversity Genomics (University of Guelph) for
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yellow/silver eels. Sequences were deposited in BOLD in the dataset DS_ANGUILLA
(doi:dx.doi.org/10.5883/DS-ANGUILLA) and GenBank (accession numbers MN961249-
MN961267; MT155391-MT155483). Additional publicly available COI sequences for the
Anguilla species occurring in Indonesia were retrieved from BOLD [44] and aggregated in
the dataset DS-ANGUILLA (doi:dx.doi.org/10.5883/DS-ANGUILLA).

 

Figure 2. Trap net specifically designed to collect glass eels. (A) general overview of the trap;
(B) collecting section; (C) close-up.

2.3. Data Analysis

As one main objective was to implement automated identification of Anguilla glass
eels and elvers through DNA barcodes, we first established a reference library. The
reference library was based both on sequences produced from yellow/silver eel specimens,
identified using morphological characters, and on DNA barcode records retrieved from
BOLD. To validate each reference, we examined the match of species boundaries, delineated
either by morphological characters, or Molecular Operational Taxonomic Units (MOTU),
representing diagnosable molecular lineages [45–47]. It is well accepted that a combination
of different delimitation approaches is capable of overcoming potential pitfalls arising
from uneven sampling [33,48–51]. Therefore, we used a scheme based on a 50 percent
consensus between four algorithms: (1) Refined Single Linkage (RESL) as implemented in
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BOLD and used to produce Barcode Index Numbers (BIN) [52], (2) Automatic Barcode Gap
Discovery (ABGD) [53], (3) Poisson Tree Process (PTP) in its single (sPTP) and multiple
(mPTP) rates version as implemented in the stand-alone software mptp_0.2.3 [54,55], and
(4) General Mixed Yule-Coalescent (GMYC) in its single (sGMYC) and multiple (mGMYC)
rates version as implemented in the R package Splits 1.0–19 [56].

As the mPTP algorithm uses a phylogenetic tree as an input file, a maximum likelihood
(ML) tree was first reconstructed using RAxML [57] based on a GTR+I+Γ substitution
model. An ultrametric, fully resolved tree was reconstructed using the Bayesian approach
implemented in BEAST 2.6.2 [58], to be later applied with the GMYC algorithm. Duplicated
sequences were pruned prior to reconstructing the ultrametric tree based on a strict-clock
of 1.2% per million year [59]. Two Markov chains, each with a length of 10 million, were
run independently using Yule pure birth and GTR+I+Γ substitution models. Trees were
sampled every 5000 states, after an initial burnin period of 1 million. Both runs were
combined using LogCombiner 2.6.2 and the maximum credibility tree was constructed
using TreeAnnotator 2.6.2 [58].

A final COI gene tree was reconstructed using the SpeciesTreeUCLN algorithm of
the StarBEAST2 package [60]. This approach implements a mixed-model, including a
coalescent component within species and a diversification component between species,
that allows accounting for variations of substitution rates within and between species [61].
StarBEAST2 jointly reconstructs gene trees and species trees, and as such requires species
designations, which were determined using the consensus of our species delimitation
analyses. The StarBEAST2 analysis was performed using the same parameters as the
BEAST analysis described above.

Finally, unknown sequences from early life stages were classified to the species level
using the R package BarcodingR [62]. A single sequence was randomly selected for each of
the MOTUs for classification using the following algorithms: (1) BP [62], (2) fuzzy-set [63],
and (3) Bayesian [64]. Similarly, the final assignment of an unknown to a known sequence
was established based on a 50% consensus.

Several parameters of genetic diversity were estimated using the R package pegas
0.14 [65], including the number of haplotypes (h), haplotype diversity (Hd) [66], nucleotide
diversity (π) [67], genetic diversity based on the number of segregating sites (θ) [68], and
Tajima’s D test of neutrality [69]. Kimura 2-parameter (K2P) [70] pairwise genetic distances
were calculated using the R package Ape 5.4 [71]. Maximum intraspecific and nearest
neighbor distances were calculated from the matrix of pairwise K2P genetic distances using
the R package Spider 1.5 [72].

3. Results

A total of 64 and 278 COI sequences were generated for all yellow/silver and glass
eels sampled, respectively. The yellow/silver eel COI sequences were combined with
117 sequences retrieved from BOLD into a DNA barcode reference library comprising
181 COI mostly full-length sequences (652 bp) for the 9 species of Anguilla occurring in
Indonesia [1,23].

DNA-based species delimitation analyses resulted in congruent delimitation schemes
with 7 MOTUS for mPTP, 8 MOTUs for RESL, ABGD and mGMYC, 10 MOTUs for sPTP
and 11 MOTUs for sGMYC; with a consensus scheme consisting of 8 MOTUs (Figure 3;
Table S1). All MOTUs matched the species boundaries defined by morphology-based
identifications, with the exception of Anguilla bengalensis and A. nebulosa, which displayed
tightly intertwined mitochondrial lineages (Figure 3). The coalescent tree of this species pair
was the youngest of the Anguilla mitochondrial gene trees, with a Most Recent Common
Ancestor (MRCA) dated around 500,000 years. By contrast the mitochondrial MRCA of
the Anguilla analyzed in our study dated back 5.3 million years (Myr). Species showed a
distinct barcoding gap, which is defined as the lack of overlap between the distributions of
maximum intraspecific and minimum interspecific genetic distance. Maximum intraspecific
distances were ten-fold higher on average than minimum interspecific distances (Table 1).
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Figure 3. Mitochondrial gene tree of Anguilla spp. inferred with SpeciesTreeUCLN, including
95% HPD interval for node age estimates, species boundaries according to morphology-based
identifications, and genetic species delimitation results for six methods and their 50% consensus.

Assignment of unknown glass eels/elvers sequences to known yellow/silver eels
sequences resulted in fully congruent classifications across the three methods (Table 1 and
Table S2). Fuzzy average yielded the lowest support, with assignment probabilities ranging
from 0.753 to 0.989 per species on average; while Bayesian assignments were all supported
by probabilities of 1 (Table 1). Among the 278 larvae sequences, 15 were assigned to A.
interioris, 26 to A. marmorata, 24 to the species pair A. bengalensis/A. nebulosa and 213 to A.
bicolor (Table S2). During the sampling period from February 2017 to March 2018, glass eels
were collected only between May and November 2017 (Figure 4). A peak of abundance was
observed in May and June, a period corresponding to the onset of the dry season and tightly
following the first peak of annual temperatures in May (Figure 4). Multi-species glass eel
assemblages were observed throughout the dry season between May and August, and later
in November, with a peak of species richness in June when 4 species were collected.
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Figure 4. Abundance and species diversity of glass eels collected between March 2017 and April 2018.
(A), monthly temperatures and rainfalls in South Sumatra and West Java between 1991 and 2016
(modified from World Bank); (B), number of monthly collected glass eels (N, number of individual);
(C), monthly proportions of species among collected glass eels.

All estimates of mitochondrial genetic diversity indicated that glass eels/elvers display
a much lower diversity than their species gene pools (Table 2). The number of haplotypes
(h) and the haplotypic diversity (Hd) were four-fold and three-fold lower, respectively, in
glass eels/elvers than in yellow/silver eels. A similar trend was observed at the nucleotide
level, with nucleotide diversity (π) and Theta (θw) being two-and-a-half-fold and ten-fold
lower, respectively, in glass eels/elvers than in yellow/silver eels. This result was also
reflected by noticeable differences in the Tajima D test, which shifted toward a positive D
value in larvae indicating a scarcity of rare alleles. However, none of the Tajima D tests
performed were significant, except for the A. bengalensis/A. nebulosa species pair among
yellow/silver eels with a significant negative D value.
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Table 2. Summary statistics of genetic diversity per species, including yellow/silver and glass eels/elevers, for the four
species detected among glass eel cohorts. N, number of individuals; h, number of haplotypes; Hd, haplotypic diversity; π,
nucleotide diversity; θw, theta; Tajima’s D test including D value and significance of the test (* significant). Regional refers
to estimates at the scale of species distribution ranges. Local refers to estimates at the scale of glass eel sampling sites.

Species Stage/Scale N h Hd π θw D p-Value

A. interioris Yellow-silver eels/Regional 35 9 0.718 0.004 2.428 −0.341 0.7330
Glass eels/Local 15 2 0.514 0.004 1.230 2.155 0.0312

A. marmorata Yellow-silver eels/Regional 58 6 0.539 0.003 5.381 −2.158 0.0308
Glass eels/Local 26 2 0.077 0.001 0.262 −1.156 0.2479

A. nebulosa/A. bengalensis Yellow-silver eels/Regional 91 16 0.667 0.002 4.132 −2.243 0.0249 *
Glass eels/Local 24 2 0.489 0.001 0.268 1.391 0.1642

A. bicolor Yellow-silver eels/Regional 15 11 0.952 0.013 6.766 0.050 0.9603
Glass eels/Local 213 7 0.476 0.003 1.179 0.997 0.3189

4. Discussion

The present study further highlights the usefulness of DNA barcoding in capturing
boundaries between Anguilla species [7,22,73–76]. Among the nine species included, seven
displayed well-differentiated mitochondrial lineages, with minimum genetic distances
to the nearest neighbor largely exceeding maximum intraspecific genetic distance. DNA
barcodes failed to differentiate between the species-pair Anguilla bengalensis and A. nebulosa.
The young age of their mitochondrial MRCA may be indicative of a recent divergence.
However, the persistence of ancestral polymorphisms between diversifying lineages [77]
tend to inflate genetic diversity in diverging pairs [78]. Here, genetic diversity indices
show no differences between this species pair and the other species, thus questioning their
distinctiveness. Although A. nebulosa and A. bengalensis are currently both considered
as valid species, they have a complex taxonomic history and were synonymized in the
past [23]. The lack of a declared type locality in the original description of A. bengalensis
is further confusing its taxonomic status. From a mitochondrial perspective, this species
pair behaves as a single cohesive lineage, which suggests that further studies are needed
across their distribution range to establish a more comprehensive assessment of their
genetic diversity.

Tropical river systems support assemblages of multiple anguillid species [26,79,80].
The co-occurrence of multiple species in the tropics, particularly Southeast Asia, is thought
to be the result of shorter migration routes, easing dispersal [24], and of higher productivity
leading to better growth rates and increased carrying capacities of aquatic habitats [81].
The detection of multiple species in glass eel cohorts in Sumatra and Java is consistent
with the co-occurrence of multiple species of anguillid eels. Although the four species
detected have been previously reported from Western Indonesia [1,23,82], little information
is available on diversity patterns and the abundance of yellow/silver eels upstream. In
particular, our results question how species abundance in glass eel cohorts translates into
yellow/silver eel communities. Ecological dynamics during growth may translate into
important shifts in species composition from larval to later stage assemblages, a trend
that was observed in previous DNA barcoding studies of early life stages of marine and
freshwater fishes [38,83–85]. An alternative explanation might be that anguillid eels are
typical r-strategists, producing a large number of offspring at the cost of low survival and
recruitment rates [5,21,86]. Such species are subject to important stochastic fluctuations of
their demographic parameters depending on temporal heterogeneity and environmental
disturbances [87]. Recent new records of amphidromous fishes (i.e., species for which the
adult breeds in freshwater and the larva drifts into the sea) in Java, particularly in the
family Gobiidae, based on a single or a few individuals, seem to corroborate the stochastic
nature of migratory fish recruitment in Western Indonesia [30].

A. bicolor, for instance, was extremely abundant during our glass eel sampling cam-
paign. Yet, yellow/silver eels of A. bicolor are known to be uncommon throughout the
species’ range distribution [88]. A. bicolor may have several spawning sites, one of which is
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supposed to be located off the Southwest cost of Sumatra [88]. The abundance of A. bicolor
in glass eel samples may corroborate this hypothesis; however, it questions the supposed
scarcity of yellow/silver eels. A similar trend has been observed for A. interioris, in which
most yellow/silver eel specimen records have been reported from New Guinea, while glass
eels have been observed in several western islands of Indonesia [25,81,88]. Due to this
knowledge gap on distribution and biology, A. interioris is currently listed as data deficient
in the IUCN Red List [6].

Comparison of mitochondrial genetic diversity between yellow/silver eels originating
from their known species range and glass eels from local streams in Sumatra and Java
indicated large differences. Several species, such as A. marmorata, A. bicolor and A. ben-
galensis/A. nebulosa, display wide range distributions throughout the Indian and Pacific
oceans. These differences might be explained by the existence of several spawning sites and
associated genetic population structuring [21,79]. Likewise, mechanisms inducing glass eel
migration choices may account for these large differences between glass and yellow/silver
eel mitochondrial genetic diversity. Natal homing, that is migration directed towards
parental habitats, is currently observed for A. anguilla and A. americana, which seemingly
share spawning grounds in the Atlantic Ocean and hybridize but whose yellow/silver
eels do not co-occur in Europe and North America [89–91]. Alternatively, inter-annual
variability in reproductive success and larval survival might be responsible for these large
differences between glass and yellow/silver eel genetic diversity in A. marmorata, A. bicolor
and A. bengalensis/A. nebulosa. This result is more intriguing for A. interioris, as its yel-
low/silver eels have been mainly observed in the northern rivers of New Guinea and it is
supposed to have a single spawning site offshore of northern New Guinea. The presence of
glass eels of A. interioris at low frequency in western Indonesia suggests random dispersal
of glass eels for A. interioris and very low recruitment outside of New Guinea. These results
suggest interspecific differences in life history traits, and phenotypic plasticity seems to be
an important driver of species-specific life history traits and adaptation in Anguilla [92].

The general trend towards lower mitochondrial genetic diversity among glass eels in
western Indonesia than among yellow/silver eels over species range distributions suggests
small effective population sizes as a consequence of either fragmentation and the existence
of several spawning sites or stochastic fluctuations in breeding and recruitment outcomes,
as well as potential migration preferences for some species. This pattern suggests that
Anguilla populations in South Sumatra and Java should probably be considered small
populations. If commercial harvesting of glass eels were to be intensified in the future, this
could bring them potentially close to an extinction vortex, i.e., a situation in which reduced
population size and increased demographic variance either induce spatial fragmentation or
a reduction in population adaptive potential [93,94]. Furthermore, the rapid development
of infrastructure during the last two decades in this part of Indonesia has already resulted
in fragmentation and reduced habitat availability, as well as water pollution associated
with industrial waste and agricultural run-off [95–98].

5. Conclusions

Given the intense harvesting of glass eels in Java, the present study calls for a broader
assessment of their recruitment dynamics to inform the sustainable management of these
fisheries. The presence of only a small portion of the species’ mitochondrial genetic di-
versity in Sumatra and Java glass eels sampled suggests that they have small effective
population sizes and are potentially endangered in some regions. It also suggests important
shifts of species abundance between glass and yellow/silver eels, pointing to major gaps
in our understanding of tropical Anguilla life cycle ecology, and highlighting inadequacies
in knowledge about glass eel recruitment per se for the sustainable management of An-
guilla fisheries. The yellow and silver eel life stages of these species should receive high
priority for conservation, given that they play an inherently important role in recruitment,
particularly in the context of fragmented and disconnected aquatic landscapes.
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Abstract: The fast development of aquaculture over the past decades has made it the main source of
fish protein and led to its integration into the global food system. Mostly originating from inland
production systems, aquaculture has emerged as strategy to decrease malnutrition in low-income
countries. The Nile tilapia (Oreochromis niloticus) was introduced to Madagascar in the 1950s, and is
now produced nationally at various scales. Aquaculture mostly relies on fry harvested from wild
populations and grow-out in ponds for decades. It has recently been diversified by the introduction
of several fast-growing strains. Little is known how local genetic diversity compares to recently
introduced strains, although high and comparable levels of genetic diversity have previously been
observed for both wild populations and local stocks. Our study compares DNA barcode genetic
diversity among eight farms and several strains belonging to three species sampled. DNA-based
lineage delimitation methods were applied and resulted in the detection of six well differentiated and
highly divergent lineages. A comparison of DNA barcode records to sequences on the Barcode of Life
Data System (BOLD) helped to trace the origin of several of them. Both haplotype and nucleotide
diversity indices highlight high levels of mitochondrial genetic diversity, with several local strains
displaying higher diversity than recently introduced strains. This allows for multiple options to
maintain high levels of genetic diversity in broodstock and provides more options for selective
breeding programs.

Keywords: aquaculture; DNA barcoding; domestication; exotic species; management; tilapia

1. Introduction

In the light of a global biodiversity decline and the wide-spread depletion of wild
fish stocks [1–3], aquaculture has become an increasingly important source of animal
protein in tropical countries [4,5]. With a global production of more than 160 million
tons of fish (in 2015) aquaculture has become an important component of the global food
system [5,6], with Asia contributing nearly 90% of the freshwater production. Globally it is
now producing nearly twice as much as fisheries [4], mostly through inland aquaculture. It
has been frequently integrated in national strategies to prevent malnutrition, particularly
in low-income, tropical countries [7].

Inland aquaculture mostly relies on three species or species groups: carp (Cyprinus carpio)
which is the most farmed fish worldwide with 13 million tons produced in 2017, followed
by tilapia (Oreochromis spp.) and catfishes, such as Pangasius spp., with 5 million tons each
produced in 2017 [5]. Their success lies mostly in the fast growth rate of these species and

Diversity 2021, 13, 281. https://doi.org/10.3390/d13070281 https://www.mdpi.com/journal/diversity
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the availability of protocols for farming and captive breeding. As a consequence, they were
introduced in numerous countries outside their native distribution ranges [8].

In Madagascar, freshwater fish aquaculture has a long tradition. The first introduc-
tions of exotic species for aquaculture trace back to 1857 (giant goramy-Osphronemus
goramy), 1861 (goldfish-Carassius auratus), 1912 (carp-Cyprinus carpio) [9], and the 1950s
(nile tilapia-Oreochromis niloticus) [10,11]. The successful introduction of these species led to
the establishment of multiple populations in the wild, further used as source of young fry
for farming [12]. Nile tilapia and carp have been used in semi-intensive productions in as-
sociation with rice cultivation in paddy fields since the earliest development of aquaculture
in Madagascar [13]. Adults and fry are traditionally caught in the wild and introduced to
paddy fields when rice plants are sown [12]. Aquaculture in ponds follows similar practices
leading to similar genetic diversity found between farmed and wild tilapia populations [14].
More recently, multiple strains of O. niloticus and other Oreochromis species were intro-
duced to upscale tilapia aquaculture by producing fry from imported strains known to
have desirable properties, such as fast growth rates [15]. Some of these strains, such as the
Genetically Improved Farmed Tilapia (GIFT) strain, are the result of multiple crossings
between several farmed strains and wild populations, as well as selective breeding [16,17].
As a result, strains of multiple origins are currently maintained in farmed stocks of tilapia
in Madagascar, but their genetic variability is not known.

The present study aims to estimate the genetic diversity of currently farmed strains
of Oreochromis in Madagascar, which now include local and recently imported strains
of O. niloticus, such as GIFT and JICA, as well as O. mossambicus and O. macrochir [14].
We opted for the use of a standardized mitochondrial marker, a 652 bp fragment of the
cytochrome oxidase I gene known as DNA barcode [18,19], for a variety of reasons: (1) it
can be easily retrieved thanks to the availability of universal primers for fish [20]; (2) a large
number of DNA barcode sequences are available for Oreochromis (>1200 public records
for most species) in the Barcode of Life Data System, BOLD [21]; (3) the mitochondrial
diversity of farmed tilapia Madagascar is largely unknown.

We generated DNA barcodes for currently farmed strains of tilapia, and applied
DNA-based delimitation methods to detect mitochondrial lineages among them and to
estimate their diversity. By using new DNA barcode records and published data from
BOLD, potential evolutionary origins of revealed lineages are discussed.

2. Materials and Methods

2.1. Sampling, Sequencing and International Repositories

In February 2016, a total of 262 specimens was collected at eight sites maintaining
breeding stocks (Figure 1). Collected information, including geocoordinates, are included
in the dataset DS-TILMADA (dx.doi.org/10.5883/DS-TILMADA) on BOLD. Specimens
were identified to the species level based on the information of the farmers. Specimens
were further photographed, individually labeled, and voucher specimens were preserved
in a 5% formalin solution. A fin clip or a muscle biopsy were taken from each specimen
and fixed in a 96% ethanol solution for further genetic analyses.

Genomic DNA was extracted from fin clip samples using a Qiagen DNeasy 96 tis-
sue extraction kit following manufacturer’s specifications. A 652-bp segment from the 5′
region of the cytochrome oxidase I gene (COI) was amplified using the primer cocktail
C_FishF1t1/C_FishR1t1 [20]. PCR amplifications were done on a Veriti 96-well Fast ther-
mocycler (ABI-AppliedBiosystems) with a final volume of 10.0 μL containing 5.0 μL Buffer
2X, 3.3 μL ultrapure water, 1.0 μL each primer (10 μM), 0.2 μL enzyme Phire Hot Start II
DNA polymerase (5 U), and 0.5 μL of DNA template (~50 ng). The following thermocycler
regime was used: initial denaturation at 98 ◦C for 5 min followed by 30 cycles denaturation
at 98 ◦C for 5 s, annealing at 56 ◦C for 20 s, and extension at 72 ◦C for 30 s, followed by a
final extension step at 72 ◦C for 5 min. PCR products were purified with ExoSap-IT (USB
Corporation, Cleveland, OH, USA) and sequenced in both directions. Sequencing reactions
were performed at the Centre for Biodiversity Genomics, University of Guelph, Canada,
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using the BigDye Terminator v3.1 Cycle Sequencing Ready Reaction kit following standard
protocols. Sequencing was performed on an ABI 3730xl capillary sequencer (Applied
Biosystems). Sequences and collateral information were deposited on BOLD [21], and are
available as a public dataset (dx.doi.org/10.5883/DS-TILMADA, Table S1).

Figure 1. Sampling sites in Madagascar for the 262 DNA barcode records of Oreochromis spp. analyzed
in this study. Site 1, O. niloticus GIFT strain at Matera (−18.0433, 49.3682); Site 2, O. niloticus GIFT
strain at Tamatave (−18.449, 49.3987); Site 3, O. niloticus local strain at Ampefy (−19.0408, 46.7363);
Site 4, O. niloticus JICA strain at Mahajunga (−15.6932, 46.3193); Site 5, O. niloticus local strain at
Fenerive (−17.3666, 49.3961); Site 6, O. niloticus local strain at Brickaville (−18.8172, 49.0674); Site 7,
O. mossambicus local strain at Fenerive (−17.3632, 49.3992); Site 8, O. macrochir local strain at Milasoa
(−18.2224, 47.1461).

2.2. Mitochondrial Lineage Delimitation and Genetic Diversity

Several methods for species delineation based on DNA sequences have been pro-
posed [22–26]. Each of these have different properties, particularly when dealing with
singletons (i.e., lineages represented by a single sequence) or heterogeneous speciation
rates among lineages [27]. A combination of different approaches is increasingly used to
overcome potential pitfalls arising from uneven sampling [28–32]. We used six different
sequence-based methods of species delimitation to identify Molecular Operational Taxo-
nomic Units (MOTU): (1) Refined Single Linkage (RESL) as implemented in BOLD and
used to generate Barcode Index Numbers (BIN) [25]; (2) Automatic Barcode Gap Discovery
(ABGD) [24]; (3) Poisson Tree Process (PTP) in its single (sPTP) and multiple rates version
(mPTP) as implemented in the stand-alone software mptp_0.2.3 [26,33]; (4) General Mixed
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Yule-Coalescent (GMYC) in its single (sGMYC) and multiple threshold version (mGMYC)
as implemented in the R package Splits 1.0–19 [34].

The mPTP algorithm and the GMYC both use phylogenetic trees as input file. We
reconstructed a maximum likelihood (ML) tree for the former using RAxML [35] with a
GTR + I + Γ substitution model. For the GMYC algorithm we calculated an ultrametric,
fully resolved the tree using the Bayesian approach implemented in BEAST 2.6.2 [36].
Sequences were collapsed into haplotypes prior to reconstructing the ultrametric tree using
RAxML, and Bayesian reconstruction was based on a strict-clock prior of 1.2% per million
year [37]. Two Markov chains of 20 million each were ran independently using Yule pure
birth and GTR + I + Γ substitution models, other tree priors were used as default. Stability
(ESS > 200) and convergence of Markov chains was verified using Tracer 1.7.1 [36]. Trees
were sampled every 5000 states, after an initial burn in period of 5 million states. Both runs
were combined with trees re-sampled every 20,000 states using LogCombiner 2.6.2, and
the maximum credibility tree was constructed using TreeAnnotator 2.6.2 [36].

A final COI gene tree was reconstructed using the SpeciesTreeUCLN algorithm of
the StarBEAST2 package [38]. This approach implements a mixed-model including a
coalescent component within species and a diversification component between species
that allows accounting for variations of substitution rates within and between species [39].
SpeciesTreeUCLN jointly reconstructs gene trees and species trees, and, as such, requires
the designation of species, which were determined using the consensus of our species
delimitation analyses. The SpeciesTreeUCLN analysis was performed with the same
parameters as mentioned above.

Several parameters of genetic diversity were estimated using the R package pegas
1.0 [40], including the number of haplotypes (h), haplotype diversity (Hd) [41], nucleotide
diversity (π) [42], genetic diversity based on the number of segregating sites (θ) [43], and
Tajima’s D test of neutrality [44]. Kimura 2-parameter (K2P) [45] pairwise genetic distances
were calculated using the R package Ape 5.4 [46]. Maximum intraspecific and nearest
neighbor genetic distances were calculated from the pairwise K2P distance matrix using
the R package Spider 1.5 [47].

3. Results

A total of 263 COI sequences were generated from six sites for O. niloticus, and
one site for O. mossambicus and O. macrochir. Sequences consisted of mostly full-length
sequences (652 bp) and no stop codons were detected, suggesting that the sequences
collected represent functional coding regions. DNA-based species delimitation methods
resulted in congruent delimitation schemes with 6 MOTUs for ABGD, RESL, and sPTP, 5
MOTUs for mPTP and sGMYC, and 8 MOTUs for mGMYC (Figure 2, Table S1). The final
consensus consisted of 6 MOTUs (Figure 2). Maximum distances within MOTU ranged
from 0 (BOLD:AAA8513, BOLD:ACR7163, BOLD:ADI0792) to 0.007 (BOLD:AAC9904),
and minimum distances between MOTUs ranged from 0.016 (BOLD: AAA8513, BOLD:
ADI0792) to 0.065 for BOLD:AAA6537 (Table 1). K2P distances were 7-fold higher on
average between than within MOTUs. None of the MOTUs were restricted to a single
strain, excepting BOLD:AAA8513 restricted to O. macrochir (Figure 2). The five remaining
MOTUs were shared between strains of O. niloticus and O. mossambicus (Figure 2, Table 1).

Shared MOTUs among species of Oreochromis were found on BOLD for several BINs
(Table 1). Records associated to: (1) BOLD:AAA6537 members mostly belong to O. niloti-
cus; (2) BOLD:AAA8511 members mostly belong to O. niloticus and O. mossambicus; (3)
BOLD:AAA8513 members belong to O. macrochir; (4) BOLD:AAC9904 members mostly
belong to O. niloticus; (5) BOLD:ACR7163 members mostly belong to O. urolepis; and (6)
BOLD:ADI0792 members mostly belong to O. mossambicus. A substantial proportion of
Oreochromis, BOLD records have not been identified to species particularly within the BINs
BOLD:AAA6537 and BOLD:AAA8513, resulting in a low frequency of sequences named.
Two discrepancies in the proportion of species per MOTU were detected between BOLD
records and sequences generated for the present study. BOLD:ACR7163 mostly contains
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records assigned to O. urolepis in BOLD although this species was never reported from
Madagascar. BOLD:ADI0792, mostly represented by O. niloticus, is a new occurrence of
this lineage for this species.

Figure 2. Mitochondrial gene tree for the 262 DNA barcodes of Oreochromis spp. inferred with SpeciesTreeUCLN, including
95% HPD interval for node age estimates, genetic lineage delimitation results for five methods (mGMYC discarded) and
their 50% consensus, BOLD Barcode Index Numbers (BIN) for each MOTU, and distribution of farmed strain individuals.
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As a result of the presence of multiple mitochondrial lineages in breeding stocks,
which are estimated to have diverged between 0.6 and 2.7 million years ago (Figure 2),
the nucleic diversity in most stocks is high, with π and θw above 0.015 and 8, respectively
(Table 2). However, the JICA stock of O. niloticus (Site 4, Table 2) and O. macrochir at Milasoa
(Site 8, Table 2) display much lower nucleic diversity. The high diversity estimates of
nucleic diversity are accompanied by high haplotype diversity at sites 1, 2, 3, 6, and 7, due
to the occurrence of a high number of haplotypes, peaking at 8 in site 2 (Table 2). None of
the Tajima’s D tests were significant, indicating that diversity was mostly balanced for the
eight breeding stocks, despite some negative values at site 2 (O. niloticus GIFT at Tamatave)
and site 4 (O. niloticus JICA at Mahajunga) indicative of a deficit of rare haplotypes.

Table 2. Summary statistics of genetic diversity per MOTU. N, number of individuals; h, number of haplotypes; Hd,
haplotypic diversity; π, nucleotide diversity; θw, theta; Tajima’s D test including D value and significance of the test (*
significant at 0.025 threshold, none of the tests were significant).

Species Strain Locality Site N h Hd π θw D p-Value

O. niloticus GIFT Matera 1 16 3 0.575 0.031 18.082 0.434 0.664
O. niloticus GIFT Tamatave 2 31 8 0.539 0.018 15.519 −1.262 0.207
O. niloticus Local Ampefy 3 58 7 0.622 0.016 8.209 0.554 0.579
O. niloticus JICA Mahajunga 4 46 4 0.243 <0.001 0.455 −1.481 0.127
O. niloticus Local Fenerive 5 30 3 0.393 0.008 8.582 −1.719 0.086
O. niloticus Local Brickaville 6 31 6 0.785 0.037 14.268 2.086 0.037

O. mossambicus Local Fenerive 7 13 6 0.718 0.037 23.52 0.067 0.947
O. macrochir Local Milasoa 8 37 2 0.054 <0.001 0.240 −1.131 0.258

4. Discussion

The present study highlights high levels of mitochondrial genetic diversity, both at
nucleotide and haplotype level, across most Oreochromis stocks assessed. Such high levels
of genetic diversity originate from the co-occurrence of multiple, highly divergent MOTUs
within most stocks, for both O. niloticus and O. mossambicus. However, high haplotype di-
versity also indicates the presence of substantial genetic diversity within each MOTU. These
likely have multiple origins. In their native range distribution, Oreochromis species are
known to easily hybridize after secondary contacts and can result in discordant evolution-
ary histories between genomes [48]. Multiple cases of introgression of both mitochondrial
and nuclear genomes have been reported [49–53]. This likely accounts for the evolutionary
success of the group. Hybrids with higher fitness than parental lineages, living outside
of the ecological range of their parental species, have been detected in cichlids [54,55]
and other perciformes [56]. In the context of fish farming, mitochondrial genomes re-
sulting from ancient introgression events are likely introduced during the building of
brood stock or through introductions into the wild. The occurrence of BOLD:ACR7163
and BOLD:AAA6537, mostly assigned to O. urolepis and O. aureus records on BOLD, re-
spectively, seems to support the assumption that heterospecific mitochondrial genomes
resulting from ancient introgression events were inadvertently introduced into Madagascar
stocks of O. niloticus, as O. urolepis and O. aureus have never been reported as introduced
species for Madagascar [57]. Alternatively, inadvertent and unrecorded introductions
of O. urolepis and O. aureus individuals within imported batches of O. niloticus cannot
be discarded, particularly if young, immature, and morphologically indistinguishable
individuals were introduced.

The high mitochondrial diversity and multiple occurrences of MOTUs among species
and strains might further reflect local breeding strategies and stock maintenance. Brood-
stock are known to display similar levels of genetic diversity in comparison with wild
populations, which is the result of introductions in the 1950s [14]. Our study suggests
tilapia production in Madagascar relies mostly on natural populations, with fry being
collected in rivers and grow-out occurrence in ponds. Alternatively, fry are produced
in ponds and broodstock genetic diversity is maintained by the regular addition of wild
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adults [14,58]. Relationships between broodstocks and wild populations depend on the
scale of the fish farms. Oswald et al. [58] identified at least three type of fish farms in Mada-
gascar: (1) small-scale, artisanal farms consisting of a single pond for fry production and
grow-out with production mostly devoted to local consumption; (2) medium-scale farms
where fry production and grow-out are managed in different ponds, and fry production is
partly disseminated to small-scale farms for grow-out; and (3) large-scale farms devoted
to fry production and distribution, constituting the main source of fry for aquaculture.
Fry distribution can occur over large distances within Madagascar, and most small farms
have no particular strategy to maintain strains. The similar mitochondrial composition
of sampled stocks, and multiple occurrences of MOTUs in O. niloticus and O. mossambi-
cus strains confirms that stocks used to be mixed in the past, and further contributed to
increase strain mitochondrial genetic diversity. However, management of the most recently
introduced strains seems to depart from this trend as the O. macrochir strain hosts a single
and private MOTU. Observed haplotype and nucleotide diversity among imported (GIFT,
JICA) and local tilapia strains are mostly similar, however, several local strains display
higher mitochondrial genetic diversity. This trend suggests that the initial genetic pool of
O. niloticus introduced in the 1950s was already diverse. Its successful introduction likely
accounts for the persistence of high mitochondrial genetic diversity in farmed strains, due
to their historical reliance on wild populations. Several studies have shown a relationship
between individual genetic diversity and fitness in fishes [59–61]. As such, this high mito-
chondrial genetic diversity, also previously reported using nuclear markers [14], suggests
local strains constitute good candidates for selective breeding, with genetically diverse
wild populations available for maintaining high levels of genetic diversity.

5. Conclusions

The present study shows that tilapia stocks in Madagascar have genetically diverse
mitochondrial genomes, likely resulting from an intricate history of ancient introgressions,
introduction of genetically diverse populations in the 1950s, and local practices. The de-
tection of higher mitochondrial genetic diversity in several local strains in comparison to
introduced strains of O. niloticus, suggests local practices are beneficial in maintaining a
high level of genetic diversity. In the context of fast development of modern aquaculture,
this high genetic diversity, also previously observed for nuclear markers [14], certainly con-
stitutes an asset. With genetically diverse wild populations, multiple options are available
for maintaining high levels of genetic diversity in broodstock and several strategies are
further available for selective breeding programs.
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Abstract: The genus Pampus contains seven valid species, which are commercially important fishery
species in the Indo-Pacific area. Due to their highly similar external morphologies, Pampus liuorum
has been proposed as a synonym of Pampus cinereus. In this study, partial sequences of COI (582 bp)
and Cytb (1077 bp) were presented as potential DNA barcodes of six valid Pampus species and the
controversial species P. liuorum. A species delimitation of the seven Pampus species was performed
to verify their validities. Explicit COI barcoding gaps were found in all assessed species, except for
P. liuorum and P. cinereus, which resulted from their smaller interspecific K2P distance (0.0034–0.0069).
A Cytb barcoding gap (0.0200) of the two species was revealed, with a K2P distance ranging from
0.0237 to 0.0277. The longer Cytb fragment is thus a more suitable DNA barcode for the genus Pampus.
In the genetic tree, using concatenated Cytb and COI sequences, the seven species reciprocally formed
well-supported clades. Species delimitations with ABGD, GMYC, and bPTP models identified seven
operational taxonomic units, which were congruent with the seven morphological species. Therefore,
all of the seven analyzed species, including P. liuorum, should be kept as valid species.

Keywords: Pampus liuorum Liu & Li, 2013; DNA barcoding; species delimitation; systematics; Indo-
West Pacific

1. Introduction

Pomfrets, species of genus Pampus Bonaparte, 1834, family Stromateidae Rafinesque,
1810, are pelagic marine fishes widely distributed along the coast of the Indo-West Pacific
region. Seven valid species of genus Pampus have been recognized, namely, Pampus
argenteus (Euphrasen, 1788), P. candidus (Cuvier, 1829), Pampus chinensis (Euphrasen, 1788),
Pampus cinereus (Bloch, 1795), Pampus minor Liu & Li, 1998, Pampus nozawae (Ishikawa,
1904), and Pampus punctatissimus (Temminck & Schlegel, 1845) [1–9]. They contribute high
commercial values to fisheries of the countries along the coast of the Indo-West Pacific
region. In 2016, fishery harvests of pomfret in China reached over three million tons [10].

The taxonomy of the genus Pampus has long been confused by their highly similar
external morphologies. Pampus argenteus might be the most confusing name in the genus
Pampus. Its holotype is not available in its original description, while the vague origi-
nal morphological description was found to be applicable to multiple known pomfret
species [3]. Twelve available names were assigned as junior synonyms of P. argenteus,
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including P. minor, P. cinereus, P. candidus, and P. punctatissimus, which have been recog-
nized or resurrected as valid species [1,4,5,9]. Liu et al. [11] presented a morphological
comparison of P. argenteus, P. cinereus, P. chinensis, P. minor, and P. punctatissimus, which
indicated that the five species differed from each other in numerous external and skeletal
characters, e.g., skull, gill rakers, and sensory canal systems on the head and lateral lines.
Liu et al. [3], based on the original description and type locality of P. argenteus, redescribed
the species and designated its neotype, which set up a reference for verifying validities of
its junior synonyms. Simultaneously, the neotype of P. cinereus was assigned and described
by Liu et al. [6] as a substitution of its lost holotype. Liu and Li [2] described a novel species,
Pampus liuorum Liu & Li, 2013, based on its distinct morphology compared with six known
pomfret species. However, the phylogenetic tree by Yin et al. [7], inferred from numerous
nuclear gene loci, indicated that the specimens of P. cinereus and P. liuorum formed a mixing
clade, refusing monophyly of the two species. Pampus liuorum is thus suspected to be
a junior synonym of P. cinereus [7], and its monophyly and exclusiveness await further
verification. Li et al. [12] proposed the resurrection of P. echinogaster from P. argenteus
because of their distinct cytochrome c oxidase subunit I (COI) gene sequences. However, a
morphological comparison indicated that P. echinogaster sensu Li et al. [12] is similar to the
neotype of P. argenteus designated in Liu et al. [3], and thus could be a misidentification.
Pampus nozawae used to be considered as a junior synonym of P. cinereus [6]. Its validity
was recently proposed based on its distinct axial skeletal morphology comparing to its con-
geners [8], although a redescription and neotype designation of this species are currently
unavailable. Therefore, the validities of P. nozawae and P. echinogaster are still uncertain.
Radhakrishnan et al. [9] resurrected P. candidus based on its distinct morphological and
genetic characteristics compared to P. argenteus, P. cinereus, and P. liuorum.

DNA barcoding, the idea of using short segments of genes to enable the precise identi-
fication of species, was proposed as an alternative way to clarify the species and genetic
diversity of the genus Pampus [3,13,14]. Guo et al. [13] carried out preliminarily explorations
on the genetic diversity of the genus Pampus using partial sequences of 16S ribosomal
RNA (16S rRNA) and COI genes, and confirmed that P. minor was genetically distinct
from its congeners. Cui et al. [14], using mitogenomic data, identified five species among
specimens collected from the coast of China, i.e., P. minor, P. punctatissimus, P. chinensis,
P. cinereus, and Pampus sp. (possibly P. argenteus or P. echinogaster). Li et al. [15] reported a
new species, Pampus sp. nov., claiming its mitogenome to be different from its congeners.
Radhakrishnan et al. [16] reported two new species, Pampus sp1. and Pampus sp2., from
the Indian Ocean. Li et al. [17] presented an integrative comparison of morphological and
genetic differences in seven Pampus species from the Indo-Pacific region. Neighbor-joining
trees inferred from COI sequences suggested that Pampus sp1. and Pampus sp2. sensu (Rad-
hakrishnan et al. [16]) are identical to P. argenteus and Pampus sp. nov. sensu (Li et al. [15]),
respectively [17]. Despite the huge efforts, the misidentifications and mislabelings of the
pomfret species frequently occur, especially on NCBI (National Center for Biotechnology
Information) GenBank, which could hinder the application of DNA barcoding for Pampus
species identification [7,17].

To establish reliable references for pomfret species identification, partial COI and
cytochrome b gene (Cytb) sequences of seven pomfret species are presented in this study
as potential DNA barcodes. To verify the validity of the pomfret species, we performed
phylogenetic inference and species delimitation with well-identified Pampus specimens col-
lected from the Indo-Pacific region, including type specimens of P. argenteus and P. liuorum
deposited in the Museum of Marine Biology, Institute of Oceanology, Chinese Academy of
Sciences (IOCAS).

2. Materials and Methods

2.1. Sampling and Species Identification

In this study, seven pomfret species (74 specimens) were assessed (Figure 1): Pampus
argenteus, P. candidus, P. chinensis, P. cinereus, P. minor, P. liuorum, and P. punctatissimus.
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Due to a lack of specimens, Pampus nozawae was not included in this study. Six of the
assessed Pampus species, including a total of seventy specimens, were collected from nine
localities along the coast of China from August 2009 to January 2014 using commercial
fishing trawl boats or gillnet fishing. Two paratypes of P. liuorum (i.e., IOCAS20120541
and 0542) were derived from Liu and Li [2], where the species was first described. Three
specimens of P. argenteus (i.e., IOCAS120413, 0423, 0435) were derived from Liu et al. [6],
where P. argenteus was redescribed. All specimens were carefully identified based on the
type of specimen and our previous work on Pampus taxonomy [2–6]. Four specimens of
P. candidus were collected from coastal Iraq in the northern Indian Ocean and identified
based on morphological descriptions and the Cytb sequences of Radhakrishnan et al. [9].
Muscle tissues of the specimens were taken and preserved in 95% ethanol for further
experiments. All voucher specimens of the barcodes were deposited at the Museum of
Marine Biology, IOCAS, Qingdao, China. Sequences of Peprilus medius (COI, AB205449;
Cytb, AB205471) from Doiuhi and Nakabo [18] were obtained from NCBI GenBank and
selected as an outgroup for molecular analyses.

 

Figure 1. Photographs of the seven studied Pampus species of this study. (A) P. argenteus (PA-
IOCAS120435); (B) P. candidus (PCA-2015004); (C) P. chinensis (PCH-201006003); (D) P. cinereus
(PCI-20120520); (E) P. liuorum (PL-IOCAS120542); (F) P. minor (PM-2012504); (G) P. punctatissimus
(PP-2013129).
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2.2. DNA Extraction, Amplification and Sequencing

Total genomic DNA was extracted from muscle tissues, following the protocol of
Sambrook et al. [19]. The COI barcode sequence was amplified by two pairs of fish-specific
primers (FishF1 and FishR1; FishF2 and FishR2) [20]. Based on mitochondrial genome
sequences of Pampus in Cui et al. [14], a new primer (Thr20-Pam) was designed, and three
primers reported by Doiuhi and Nakabo [18] were modified to form three pairs of primers
for Cytb sequence amplification of the genus Pampus. The primer names and sequences
are as follows: one forward primer: L14724-Pam (5′-GACTTGAAAAACCATCGTTG-3′);
three reverse primers: Thr20-Pam (5′-GTTTACAAGACCGGCGCTCT-3′), H15915-Pam (5′-
TTCCGACGTCCGGTTTACAAGAC-3′), and H15973-Strdei (5′-TTGGGAGYYRGTGGTAG-
GAGTT-3′). Polymerase chain reactions (PCR) were performed in a 50 μL volume with
50 ng template DNA, 5 μL of 10 × reaction buffer, 1.5 mM MgCl2, 200 μM dNTP mixture,
0.2 μM of each primer, and 2.5 U Taq DNA polymerase (Transgen Biotech Co., Ltd., Beijing,
China). PCR cycles were conducted on a VeritiTM 96-Well Thermal Cycler (Applied Biosys-
tems, USA) under the following protocol: initial denaturation for 4 min at 94 ◦C, followed
by 35 cycles of 45 s at 94 ◦C, 45 s at 50–52 ◦C, 45 s at 72 ◦C, and a final 10 min extension
at 72 ◦C. PCR amplification without the addition of the template DNA was used as a
negative control reaction to ensure no cross-contamination during the experiments. PCR
products were separated on 1.2% agarose gel, and then sent to Sangon Biotech Co., Ltd.
(Shanghai, China) for bidirectional DNA sequencing with the corresponding forward and
reverse primers in PCR reactions, using the ABI Prism 3730 automatic sequencer (Applied
Biosystems, Foster City, CA, USA).

2.3. Phylogenetic Inference and Barcoding Gaps

The raw sequences were first assembled in EditSeq V7.1.0 (Lasergene, DNASTAR,
Madison, WI, USA), and only high-quality bases with clear signals were retained for
analyses. Sequence alignment was carried out in MegAlign V7.1.0 (Lasergene, DNAS-
TAR) using the ClustalW algorithm with default settings. The sequences were trimmed
to obtain uniform lengths for subsequent analyses. The COI and Cytb sequences were
deposited in NCBI GenBank. Sampling information, specimen photos (whenever avail-
able), and corresponding COI and Cytb sequences of the specimens were also archived
on the Barcoding of Life Database (BOLD) under a public project coded by IOCAS
(https://www.boldsystems.org/index.php/Public_SearchTerms?query=IOCAS, access on
1 November 2021). Sampling information, voucher specimen numbers (Museum ID of
BOLD), and NCBI GenBank accession numbers of COI and Cytb of the specimens are
summarized in Table 1. Sequence variation indices of COI and Cytb sequences among
Pampus species, including base composition and number of polymorphic sites, parsimony
informative sites, and indels, were calculated using DnaSP v6 [21]. COI and Cytb sequences
of the specimens were concatenated to form another dataset for tree inferences and species
delimitations.

Table 1. Sampling data, BOLD sample IDs, and GenBank accession numbers of the Pampus species used in this study.
The“�” sign indicates that the specimen photo is available on BOLD.

Species Sampling
Date

Sampling Location
(Number of Specimens)

BOLD Specimen Voucher
GenBank Accession

Number

Museum ID
Photo

Reference
COI Cytb

Pampus
argenteus April 2012 Zhuhai, Guangdong,

China (3)

PA-IOCAS120413 � MK300954 MK301024
PA-IOCAS120423 � MK300957 MK301027
PA-IOCAS120435 � MK300958 MK301028
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Table 1. Cont.

Species Sampling
Date

Sampling Location
(Number of Specimens)

BOLD Specimen Voucher
GenBank Accession

Number

Museum ID
Photo

Reference
COI Cytb

April–May
2012

Shenzhen, Guangdong,
China (6)

PA-20120418 � MK300955 MK301025
PA-20120419 � MK300956 MK301026
PA-20120443 � MK300959 MK301029
PA-20120444 � MK300960 MK301030
PA-20120445 � MK300961 MK301031
PA-20120447 � MK300962 MK301032

May 2012 Zhanjiang, Guangdong,
China (3)

PA-20120531 � MK300963 MK301033
PA-20120532 � MK300964 MK301034
PA-20120533 � MK300965 MK301035

January 2014 Weihai, Shandong,
China (4)

PA-201401001 MK300988 MK301058
PA-201401002 MK300989 MK301059
PA-201401003 MK300990 MK301060
PA-201401004 MK300991 MK301061

April 2012 Qingdao, Shandong,
China (7)

PA-20120401 � MK300981 MK301051
PA-20120402 � MK300982 MK301052
PA-20120403 � MK300983 MK301053
PA-20120404 � MK300984 MK301054
PA-20120405 MK300985 MK301055
PA-20120406 MK300986 MK301056
PA-20120409 MK300987 MK301057

May 2012 Zhoushan, Zhejiang,
China (3)

PA-EZ2012003 � MK300992 MK301062
PA-EZ2012004 � MK300993 MK301063
PA-EZ2012005 � MK300994 MK301064

Pampus
candidus

January 2015 Iraq (4)

PCA-2015004 � MZ604279 MZ604560
PCA-2015005 MZ604280 MZ604561
PCA-2015006 MZ604281 MZ604562
PCA-2015007 MZ604282 MZ604563

Pampus
chinensis August 2009 Xiamen, Fujian, China (1) PCH-200908009 � MK300966 MK301036

May 2010 Zhuhai, Guangdong,
China (5)

PCH-2010050025 � MK301037 MK300967
PCH-2010050027 � MK301038 MK300968
PCH-201006001 � MK301039 MK300969
PCH-201006002 � MK301040 MK300970
PCH-201006003 � MK301041 MK300971

Pampus
cinereus

April–May
2012

Shenzhen, Guangdong,
China (3)

PCI-20120457 � MK300972 MK301042
PCI-20120459 � MK300973 MK301043
PCI-20120460 � MK300974 MK301044

April–May
2012

Zhuhai, Guangdong,
China (3)

PCI-20120464 � MK300975 MK301045
PCI-20120465 � MK300976 MK301046
PCI-20120481 � MK300977 MK301047

May 2012 Zhanjiang, Guangdong,
China (3)

PCI-20120520 � MK300978 MK301048
PCI-20120521 � MK300979 MK301049
PCI-20120522 � MK300980 MK301050

Pampus
liuorum

May 2012 Zhuhai, Guangdong,
China (2)

PL-IOCAS120541 � MK300995 MK301065
PL-IOCAS120542 � MK300996 MK301066
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Table 1. Cont.

Species Sampling
Date

Sampling Location
(Number of Specimens)

BOLD Specimen Voucher
GenBank Accession

Number

Museum ID
Photo

Reference
COI Cytb

July–August
2013

Dongshan, Fujian,
China (9)

PL-20130726061 MK300997 MK301067
PL-20130726062 MK300998 MK301068
PL-20130726063 MK300999 MK301069
PL-20130726064 MK301000 MK301070
PL-20130726065 MK301001 MK301071
PL-20130810031 MK301002 MK301072
PL-20130726066 MK301003 MK301073
PL-20130810029 MK301004 MK301074
PL-20130810030 MK301005 MK301075

Pampus minor October 2013 Zhoushan, Zhejiang,
China (1) PM-2013159 MK301013 MK301083

April 2012 Shenzhen, Guangdong,
China (1) PM-20120430 � MK301006 MK301076

May 2010 Zhuhai, Guangdong,
China (2)

PM-S20-098 MK301014 MK301084
PM-S20-102 � MK301015 MK301085

May 2012 Zhanjiang, Guangdong,
China (3)

PM-20120503 � MK301007 MK301077
PM-20120504 � MK301008 MK301078
PM-20120513 � MK301009 MK301079

April 2013 Beihai, Guangxi, China (3)
PM-2013065 MK301010 MK301080
PM-2013066 MK301011 MK301081
PM-2013067 MK301012 MK301082

Pampus
punctatissimus June 2013 Zhoushan, Zhejiang,

China (2)
PP-20130618 � MK301017 MK301087
PP-20130619 � MK301018 MK301088

October 2013 Xiamen, Fujian, China (5)

PP-2013129 � MK301019 MK301089
PP-2013138 MK301020 MK301090
PP-2013139 MK301021 MK301091
PP-2013146 MK301022 MK301092
PP-2013154 MK301023 MK301093

April 2012 Zhuhai, Guangdong,
China (1) PP-20120427 � MK301016 MK301086

Due to more genetic distance references for Kimura’s two-parameter model (K2P) [22],
we calculated pairwise K2P distances to estimate barcoding gaps of each species. K2P
distances among and within the identified Pampus species, namely, interspecific and in-
traspecific K2P distances, were calculated in MEGA7 using the COI and Cytb datasets [23].
Interspecific and intraspecific K2P distances of each species were visualized using boxplots
in OriginPro 2020 (OriginLab ©, Northampton, MA, USA). The barcoding gap for each
species was then calculated as the difference between the minimum interspecific distance
and the maximum intraspecific distance [24,25].

Three datasets were used for phylogenetic inference, i.e., the COI dataset, the Cytb
dataset, and concatenated datasets of the two genes. Specially, COI and Cytb sequences
were treated as two partitions in the concatenated dataset. Best-fit models available
in IQtrees v 1.6.12 [26] and MrBayes v 3.2 [27] were selected in jModelTest 2 [28] us-
ing the Akaike information criterion [29]. The best fit models for COI and Cytb were
HKY + G + I [30] and GTR + G [31]. Maximum likelihood trees were inferred in IQtrees
v1.6.12 [26], with 1000 bootstrap replicates to estimate the bootstrap values (BSs) of nodes.
For BI trees, two independent Markov chain Monte Carlo (MCMC) runs were performed
in MrBayes v3.2, with four chains for 500,000 generations, sampling every 100 generations
and discarding the first 25% of samples as burn-ins [27]. Sufficient convergence of the
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runs was evaluated with summary statistics in MrBayes v3.2 (effective sampling size > 200,
potential scale reduction factors≈1). All phylogenetic trees were rooted by the outgroup
Peprilus medius.

2.4. Species Delimitation

Species delimitation was performed with the concatenated dataset of COI and Cytb
using a distance-based method, i.e., automatic barcode gap discovery (ABGD) [32], and two
tree-based methods, i.e., the single threshold Bayesian Poisson tree processes (bPTP) model
and the generalized mixed Yule-coalescent (GMYC) model [33–35]. The ABGD attempts
to identify the barcoding gap as the first significant gap in pairwise distances among a
given sequence dataset and uses the detected gap to partition the data [32]. The ABGD was
performed on an online ABGD interface of Muséum National d’Histoire Naturelle, France
(https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html, access on 1 November 2021),
scanning a range of prior intraspecific divergence values from 0.1% to 10% with 50 search
steps and default settings, although applying K2P distances [22] instead of Jukes-Cantor
distances [36].

The single-threshold GMYC identifies speciation events by detecting apparent branch-
ing rate increases at the transition of interspecific diversification to population-level coales-
cence. The GMYC model requires inputs of ultrametric trees; therefore, the ultrametric tree
of the concatenated dataset was generated using BEAST2 v 2.5.1 [37], applying prior best-fit
models of the two genes, the lognormal relax clock model, and constant population size
coalescent tree. Specially, the root node height was constrained to an arbitrary age of 1. Two
parallel MCMC runs were performed for 50,000,000 generations, with sampling trees and
parameters every 1000 generations. Logfiles were combined in LogCombiner v. 2.5.1 and
subsequently analyzed with Tracer v. 1.7 of the BEAST2 package. Sufficient convergence
of the two runs was checked by the convergence of parameter values, and ESS should be
greater than 200. Trees were summarized with TreeAnnotator v. 2.5.1 and visualized in
FigTree v 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/, access on 1 November 2021).
The Newick ultrametric tree was uploaded to the Exelixis Lab web interface for GMYC
modeling (https://species.h-its.org/gmyc/, access on 1 September 2021).

bPTP modeling was also performed on the Exelixis Lab web interface (https://species.
h-its.org/, access on 1 September 2021). The bPTP model is an updated version of the
original maximum likelihood PTP model, with both the implementation of maximum
likelihood searches and Bayesian analyses. Similar to GMYC modeling, the bPTP model
delimitates speciation events based on a shift in the number of substitutions between
internal nodes instead of time [38,39]. It requires a distance-based phylogram instead of a
time-based ultrametric tree [40], and thus might eliminate an error-prone step of divergence
time inference that potentially affects the previous method. The Newick tree file for bPTP
modeling was generated in MrBayes v 3.2 using the concatenated dataset of COI and Cytb.
The settings for MrBayes v 3.2 were the same as those described in Section 2.3.

3. Results

3.1. Sequence Variation Indices and Barcoding Gaps of COI and Cytb

For COI and Cytb, 582 and 1077 bp sequences were retrieved from each specimen
collected in this study, respectively; no indel was found in either dataset. The two datasets
were concatenated and formed a 1659 bp dataset. Average base compositions (A:G:C:T) of
the COI and Cytb datasets were 0.248:0.175:0.246:0.330 and 0.266:0.131:0.292:0.311. Among
the seven assessed Pampus species, the 582 bp COI dataset contained 167 polymorphic
sites, including 132 parsimony informative sites. The 1077 bp Cytb dataset contained
361 polymorphic sites, including 284 parsimony informative sites. Pairwise COI K2P
distances among the seven Pampus species (i.e., interspecific distances) ranged from 0.0034
to 0.1823, and pairwise COI K2P distances within each species (i.e., intraspecific distances)
ranged from 0.0000 to 0.0052 (Table 2). COI barcoding gaps have been well identified
in five species, i.e., P. argenteus, P. candidus, P. chinensis, P. minor, and P. punctatissimus
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(Figure 2), with their values ranging from 0.0104 to 0.1221 (Table 2). In contrast, the COI
barcoding gaps of P. cinereus and P. liuorum were found to be very small (0.0017 and 0.0000,
respectively; Figure 2 and Table 2), which resulted from smaller pairwise K2P distances
comparing sequences of P. cinereus and P. liuorum (0.0034–0.0069). For the Cytb dataset,
interspecific K2P distances among the seven species ranged from 0.0237 to 0.1850, whereas
intraspecific K2P distances ranged from 0.0000 to 0.0065. The Cytb barcoding gaps have
been well identified in all seven species, with the values being 0.0200–0.1452. The smallest
Cytb barcoding gap (0.0200) has been observed in P. cinereus and P. liuorum.

Table 2. Interspecific and intraspecific K2P distances of the seven analyzed Pampus species.

Species
COI Cytb

Interspecific Intraspecific Barcoding Gap Interspecific Intraspecific Barcoding Gap

Pampus argenteus 0.1273–0.1572 0.0000–0.0052 0.1221 0.1508–0.1809 0.0000–0.0056 0.1452
Pampus candidus 0.0139–0.1556 0.0000–0.0034 0.0105 0.0355–0.1849 0.0009–0.0065 0.0290
Pampus chinensis 0.0580–0.1823 0.0000–0.0034 0.0545 0.0555–0.1790 0.0000–0.0028 0.0527
Pampus cinereus 0.0034–0.1799 0.0000–0.0017 0.0017 0.0237–0.1850 0.0000–0.0037 0.0200
Pampus liuorum 0.0034–0.1572 0.0000–0.0034 0.0000 0.0237–0.1811 0.0000–0.0037 0.0200
Pampus minor 0.1318–0.1572 0.0000–0.0034 0.1283 0.1698–0.1850 0.0000–0.0047 0.1651

Pampus punctatissimus 0.0580–0.1427 0.0000–0.0034 0.0545 0.0555–0.1777 0.0000–0.0056 0.0499

Overall 0.0034–0.1823 0.0000–0.0052 −0.0018 0.0237–0.1850 0.0000–0.0065 0.0172

 
Figure 2. Boxplot showing the COI (A) and Cytb (B) barcoding gaps of the studied species in genus Pampus. Pairwise
interspecific and intraspecific K2P distances of each species are annotated with blue and yellow. Mean and median values
of the interspecific and intraspecific distances are indicated with circles and lines, respectively.

3.2. Phylogenetic Inference

Maximum likelihood and BI trees retrieved from COI and Cytb datasets singly re-
covered well-supported clades, corresponding to the morphologically identified species.
In the COI tree (Figure 3A), five well-supported clades (BS = 81–100; posterior probabil-
ities, PP = 1) can be identified, which are, based on their morphological identification,
P. argenteus, P. minor, P. chinensis, P. punctatissimus, and a mix clade of P. liuorum, P. cinereus,
and P. candidus. The COI sequences of P. liuorum, P. cinereus, and P. candidus do not
form monophyla reciprocally. Instead, sequences of the three species form a single well-
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supported (BS = 81; PP = 1) clade, with the COI sequences of P. candidus and P. cinereus
being two monophyla nested within it (Figure 3A). For Cytb trees (Figure 3B), the sequences
of the seven morphological species, i.e., P. argenteus, P. minor, P. chinensis, P. punctatissimus,
P. liuorum, P. cinereus, and P. candidus, form monophyla reciprocally, which are well sup-
ported by BS values of 93–100, and a PP value of 1 (Figure 3B). Pampus liuorum has been
resolved as a sister species of P. cinereus (BS = 74; PP = 0.84), whereas P. candidus is closely
linked to the two species (BS = 100; PP = 1, Figure 3B). A sister relationship between
P. argenteus and P. minor is indicated in the Cytb tree, although it is supported by a relatively
low PP value (PP = 0.87, Figure 3B).

 
Figure 3. Maximum likelihood tree of the Pampus species inferred from COI (A) and Cytb (B) datasets. Bootstrap values
(before slash) and posterior probabilities (after slash) are shown on each node; “-” on the node indicates that the node was
not included in the maximum likelihood or Bayesian analyses. Specimens in purple are specimens derived from Liu and
Li [2] and Liu et al. [3].

Similar to the Cytb trees, phylogenetic trees retrieved from concatenated datasets of
COI and Cytb well support the monophyly of all seven morphological species (BS = 98–100;
PP = 1, Figure 4). The topology of the ML and BI trees is almost identical, except for the
different relationships of P. candidus, P. liuorum, and P. cinereus. In the ML tree, Pampus
liuorum is a sister to P. cinereus (BS = 60), whereas P. candidus is closely linked to the two
species (Figure 4). In the BI tree, Pampus candidus is resolved as a sister species of P. cinereus
(PP = 0.51). In both the ML and BI trees, Pampus argenteus is resolved as a sister of P. minor
(BS = 78, PP = 0.64, Figure 4).
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Figure 4. Maximum likelihood tree of the Pampus species inferred from concatenated dataset of COI and Cytb sequences.
Bootstrap values (before slash) and posterior probabilities (after slash) are shown on each node; “-” on the node indicates
that the node was not included in the maximum likelihood or Bayesian analyses. Results of the two species delimitation
methods, i.e., the GYMC and bPTP model, are shown on the left. Specimens in purple are specimens derived from Liu and
Li [2] and Liu et al. [3].

3.3. Species Delimitation

Species delimitation with the ABGD, GMYC, and bPTP methods using the concate-
nated dataset consensually concluded seven operational taxonomic units (OTUs) among
the analyzed Pampus specimens, which are congruent with the seven morphological species
(Figure 4). The ABGD method indicated that the first detected significant barcoding gap
was 0.0166. The number of OTUs was reduced from seven to five when applying a larger
prior maximum intraspecific K2P distance, e.g., the next maximum intraspecific K2P dis-
tance value scanned by the ABGD, 0.0184, which suggested that seven putative species
were delimitated with the first barcoding gap detected. The GMYC model delimited seven
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OTUs as the maximum likelihood solution, which was also the only solution in the con-
fidence interval. The likelihood ratio test of the GMYC model showed highly significant
differences (p < 0.001) between the maximum likelihood (-Log LGMYC-max = 671.454) of the
GMYC model and likelihood (-Log LNull = 649.49) of the null model (i.e., assuming only
one species among all analyzed specimens). The likelihood ratio test therefore refuted the
null model and supported the alternative hypothesis, i.e., the seven species delimitation.
The bPTP modeling detected the seven most supported partitions among all analyzed
specimens. The delimitation support values for each morphological species are as follows:
P. argenteus, 0.95; P. minor, 0.91; P. chinensis, 0.97; P. punctatissimus, 0.88; P. candidus, 0.82;
P. cinereus, 0.96; and P. liuorum, 0.92.

4. Discussion

4.1. Pampus cinereus, Pampus liuorum, and Pampus candidus as Distinct Valid Species

Both phylogenetic inferences of COI and Cytb implied a relatively closer evolutionary
relationship of P. candidus, P. liuorum, and P. cinereus. The K2P distances between each of
these three species (COI, 0.0034–0.0210; Cytb, 0.0237–0.0277) were relatively small compared
with those of other species pairs (COI, 0.0580–0.1572; Cytb, 0.0555–0.1850), which might
imply a close phylogenetic relationship and more recent origin of these three species.
Phylogenetic trees retrieved from COI, Cytb, and the concatenated dataset of the two genes
congruently resolved the three species as a monophyletic group, well supported by BS
values of 81–100 and PP values of 1 (Figures 3 and 4). A close relationship of P. cinereus
and P. candidus was also supported by the phylogenetic tree in Radhakrishnan et al. [9].
However, our phylogenetic inference is based on only two mitochondrial gene fragments,
which might account for the low support values in the trees and the inconsistency between
the BI and ML trees (Figure 4). The phylogeny of the genus Pampus needs to be clarified
with larger genetic datasets in the future.

Despite their close genetic relationships, the three species are clearly delineated as dif-
ferent species in the ABGD, GMYC, and bPTP models (Figure 4). Liu and Li [2] illustrated
that P. liuorum could be distinguished from P. cinereus by the following characteristics:
shorter pectoral fins [31.5–41.7% standard length (SL) vs. 42.0–47.2% SL]; more verte-
brae (38 vs. 36); when alive, with golden bronze or yellowish blue color on its back (vs.
P. cinereus, whole body silvery grey, anal fin and ventral side sometimes yellow). Al-
though the total vertebral counts of P. cinereus and P. liuorum were claimed to be identical
(37 vertebrae) in Jawad and Liu [8], the actual numbers of total vertebrae counted from
their radiographs were 36 (P. cinereus, Figure 3C in Jawad and Liu [8]) and 38 (P. liuorum,
Figure 1A in Jawad and Liu [8]), which agrees with the descriptions in Liu and Li [2].
The recently resurrected P. candidus possesses an intermediate number of total vertebrae
(37 vertebrae) between P. cinereus (36 vertebrae) and P. liuorum (38 vertebrae) [9]. It could
also be discriminated from P. liuorum by having fewer vertebrae (14 vs. 15) between the
first pterygiophore of dorsal and anal fins [9]. Therefore, the total vertebral count is an
exclusive and conservative characteristic in identifying the three species. Yin et al. [7]
proposed a synonymy of P. cinereus and P. liuorum, because their phylogenetic analysis
using numerous nuclear genes indicated a mixing clade of P. cinereus with P. liuorum. In
fact, the mixing clade of P. liuorum and P. cinereus contains three well-supported clades
(BS = 100), i.e., a clade of P. cinereus, a clade of P. liuorum, and a mixed clade formed of two
“P. cinereus” and “P. liuorum” specimens. The genetic distances among the three clades (ap-
proximately 0.0056–0.0100) were similar to those between P. chinensis and P. punctatissimus
(approximately 0.0073–0.0144, Figure 1 in Yin et al. [7]), implying that the three clades might
contain three species. The total vertebral counts of P. cinereus (36–37) and P. liuorum (36–38)
varied between the estimated specimens in Yin et al. [7], which was incongruent with
those recorded in Liu and Li [2]. Yin et al.’s [7] conclusion on the synonymy of P. cinereus
and P. liuorum might be based on misidentified specimens, and might therefore be incor-
rect. Our analyses indicate that the well-identified specimens of P. liuorum, including the
paratypes of the species (i.e., IOCAS120541, 0542), are delineated as a single species, which

321



Diversity 2021, 13, 618

is clearly distinct from P. cinereus and P. candidus (Figure 4). It supports that P. liuorum
described in Liu and Li [2] is a valid species. On this basis, the genus Pampus now contains
eight recognized valid species: Pampus argenteus (Euphrasen, 1788), P. candidus (Cuvier,
1829), Pampus chinensis (Euphrasen, 1788), Pampus cinereus (Bloch, 1795), Pampus liuorum
Liu & Li, 2013, Pampus minor Liu & Li, 1998, Pampus nozawae (Ishikawa, 1904), and Pampus
punctatissimus (Temminck & Schlegel, 1845); however, P. nozawae needs further taxonomic
revision in order to clarify its validity.

4.2. Species Delimitation and Validity of Pampus argenteus

Our phylogenetic trees and species delimitation analyses (ABGD, GMYC, and bPTP
model) also support the validity of P. argenteus (Figure 4). The identity of P. argenteus
used to be disputed because of its lack of holotype and the vague original morphological
description upon its first publication, which could be applied to multiple known pomfret
species [6,10,14]. To solve this taxonomic problem, Liu et al. [6] redescribed the species
and designated its neotype—the neotype is assigned as the new name-bearing type for
P. argenteus. Concurrently, Liu et al. [6] listed a series of non-type specimens identified as
P. argenteus, which are alternative morphological references of P. argenteus. In our genetic
analyses (Figures 3 and 4), three of these non-type specimens (i.e., IOCAS120413, IO-
CAS120423, and IOCAS120435) formed a well-supported clade with the other P. argenteus
specimens, which were delineated as a single species in ABGD, GMYC and bPTP modeling
(Figure 4). Pampus argenteus could be distinguished from its congeners by having a com-
bination of the following characters: mouth subterminal (vs. mouth terminal, P. chinensis
and P. punctatissimus); eyes small, with an eye diameter 24.6–27.1% of head length (vs.
27.3–36.4% of head length, P. minor); more vertebrae, a total vertebral count of 40 (vs. 32–38,
other Pampus species); and dorsal and anal fins with short falcate lobes (vs. fins with long
falcate lobes, P. cinereus, P. liuorum, P. candidus, and P. punctatissimus) [2,6,9,11]. Pampus
argenteus redescribed in Liu et al. [6] is thus a valid species with exclusive morphological
and genetic characteristics.

4.3. Verification of COI and Cytb as Potential DNA Barcodes for Pomfret Identification

In this study, both COI and Cytb exhibited certain abilities to identify species of the
genus Pampus, although the shorter fragment of COI failed to distinguish the closely re-
lated species P. candidus, P. liuorum, and P. cinereus. The anterior region of COI (~600 bp,
amplified from universal primer pairs for fish, e.g., FishF1 and Fish R1; Fish F2 and Fish
R2 [20]; VF1 and VR1 [41]) is a common DNA barcode for fish identification [42,43]. It has
widely been applied in various areas, including fishery management [42,44,45] and the
forensic investigation of smuggled fish products [46]. Barcoding gaps between intraspecific
and interspecific genetic distance have frequently been reported in mitochondrial barcodes
among a vast number of fish taxa, with the intraspecific genetic difference rarely exceeding
2% [47–49]. The 2% genetic difference in mitochondrial genes could thus be empirically
accepted as a general boundary and standard for distinguishing interspecific and intraspe-
cific divergence [42,50,51]. In our study, 582 bp of the common COI barcodes were obtained
for Pampus species using the two primer pairs from Ward et al. [20]. Explicit barcoding
gaps (Figure 2) were found in five of the analyzed species, i.e., P. argenteus, P. candidus,
P. chinensis, P. minor, and P. punctatissimus. Nevertheless, our result showed no obvious COI
barcoding gap for P. cinereus and P. liuorum, although there were only 2–4 bp differences
among their COI sequences. The shorter traditional COI barcode (586 bp) could contain
insufficient variant information to distinguish the two species. The fragments of Cytb have
recently been applied as alternative barcodes for fish identification [52,53]. Comparative
analyses of COI, Cytb, 16S rRNA, and 18S rRNA suggested that Cytb possesses a higher
level of sequence variation among fish species [53]. In this study, analyses on 1077 bp
partial Cytb sequences clearly verified barcoding gaps for all seven pomfret species, with
the maximum intraspecific K2P distance and minimum interspecific K2P distance being
0.0065 and 0.0237, respectively (Figure 2 and Table 2). Phylogenetic inference using Cytb

322



Diversity 2021, 13, 618

sequences supported the monophyly of each analyzed species (Figure 3B). This suggests
that the longer fragments of Cytb could provide more variant information than the tradi-
tional barcoding region of COI in identifying Pampus species. Therefore, adopting longer
fragments of Cytb as the DNA barcode could be a recommended strategy to ascertain the
accurate identification of pomfret species.

5. Conclusions

In this study, we have evaluated partial sequences of the COI (582 bp) and Cytb
(1077 bp) of seven Pampus species as their potential DNA barcodes. Cytb barcoding
gaps have been identified in all assessed species, whereas COI barcoding gaps were not
identified in P. cinereus and P. liuorum, which suggests that the longer fragment of Cytb
would be a more suitable barcode for the genus Pampus. Species delimitations have been
performed with GMYC and bPTP models to assess the validities of the seven collected
species. Both delimitation methods identified seven OTUs, which were congruent with
the seven morphological species. Therefore, we proposed the seven analyzed species,
including the controversial species Pampus liuorum Liu & Li, 2013, as valid species.
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Abstract: This paper reports the first complete sequence of the mitochondrial genome (mitogenome)
of the yellow-striped flounder Pseudopleuronectes herzensteini (Pleuronectoidei: Pleuronectidae). Mi-
togenome evolution, and molecular phylogenetic reconstruction based on four to six techniques,
including coalescent analysis, were performed for flatfish. The genome size of the specimen sampled
was 16,845 bp, including 13 protein-coding genes, 22 tRNA genes, 12S, and 16S rRNA genes, and
the control region, CR. The composition and arrangement of the genes are similar to those in other
teleost fish, including the second mitogenome reported in this paper. The frequency of A, C, G, and
T nucleotides in the P. herzensteini mitogenome is 27%, 29.2%, 17.6%, and 26.2%, respectively. The
ratio of complementary nucleotides in the mitogenome of this and other species of the family was
A+T:G+C (53.2: 46.8%) and do not deviate significantly from the expected equilibrium proportion.
The submission to the global database (GenBank) of two new mitogenomes along with 106 analyzed
GenBank sequences will contribute to phylogenetic studies of flounders at the family and suborder
levels. Based on 26 and 108 nucleotide sequences of protein-coding genes (PCGs), we investigated
the molecular phylogeny of flounders and performed analysis for two sets of sequences, including
those of members of the family Pleuronectidae and the suborder Pleuronectoidei and estimated their
importance in establishing the taxonomy at these two levels. Data obtained by up to six techniques of
multigene phylogenetic reconstructions support monophyly within the family Pleuronectidae with
high statistical confidence; however, conclusions regarding the phylogenetics at the suborder level
require further investigation. Our results also revealed paraphyletic and weakly supported branches
that are especially numerous at the suborder level; thus, there is a clear need for taxonomic revisions
at the suborder, and possibly family levels. Genetic distance analysis reveals the suitability for DNA
barcoding of species specimens at single genes as well as at whole mitogenome data.

Keywords: mitogenome evolution; flounder; molecular diversity; phylogenomics; systematics; DNA
barcoding; multigene phylogenetic reconstructions; divergence time; protein-coding genes (PCGs);
genetic distance; coalescent analysis; Bayesian skyline

1. Introduction

The righteye flounder, family Pleuronectidae (Osteichthyes, Carangiformes, Pleuronec-
toidei), which is the main focus of this study, comprises one of the largest families within
the suborder Pleuronectoidei (formerly order Pleuronectiformes), including 59 nominal
species that are distributed in marine waters of the Northern Hemisphere [1,2]. Based on
ten synapomorphies in morphological characters, Cooper and Chapleau [2] treated the
family Pleuronectidae as a monophyletic taxon. Although previous research has attempted
to classify the flounders by various approaches the morphological, anatomic, cytological,
chromosome, and molecular-and-genetic, a consensus on the taxonomy of these fish is
still lacking. In this paper, the authors would like to shed light on the systematics of some
questionable flatfish taxa.
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The yellow-stripe flounder Pseudopleuronectes herzensteini (Jordan and Snyder, 1901),
for which one of the two mitogenomes reported in this paper is describing in more detail
below, belongs to the well-established genus of the family Pleuronectidae. It is a bottom-
dwelling marine fish found in temperate waters of the northwestern Pacific, from the Sea of
Japan to the Kuril Islands, Sakhalin, Korea, the Yellow Sea, Bohai Bay, and the East China
Sea [2]. Due to the fishery importance of this and other flounder species and the need to
manage these valuable bioresources, both the accurate classification of specimens of species
within genera and the upper taxa relationships for Pleuronectidae and other families of the
suborder are vital.

Several classifications of flounders of the family Pleuronectidae were proposed by
different authors [2–5]. There is also some controversy regarding the phylogenetic rela-
tionships of flounders inferred from morphological and molecular genetic data [2,6–13].
Complications regarding flatfish specimen identification, speciation, and evolutionary
diversification resulting in the support for monophyly of Pleuronectidae and Pleuronec-
toidei/Pleuronectiformes indicate that these views are not universal nor have received clear
support in phylogenetic studies [12,13]. Evidence for flatfish paraphyly was considered
quite long ago [3,14,15] and later developed into a phyletic generalization that supports
the monophyly of this taxon [6]. Chapleau’s [6] conclusion of pleuronectiform monophyly
was accepted by many researchers and received certain molecular support [8,11,13,16].
Other molecular-based studies offered also opposite evidence, indicating flatfish para-
phyly [9,10,17–23]. The complications surrounding DNA sequence analysis and judgments
about the monophyly of flatfish are continuing and papers to validate these points have
been written [12,13,16,24], including this paper.

In the current paper, we report the results of a thorough examination of the phylo-
genetic signal in the mitochondrial genome (mitogenome) to infer pleuronectiform rela-
tionships, mostly for Russian Far Eastern Pleuronectidae but with particular insight into
the suborder level. Because of the limited space of the paper, we focus on these two issues
and do not discuss higher taxa such as the Carangimorpha or the clade L sensu [17]. Mi-
togenomes offer several advantages for phylogenetic inference. They are highly conserved
in organization and have uniparental/haploid inheritance and a large number of characters
(variable nucleotides or amino acids, if translated) that are inherited as a single unit due to a
circular DNA (mtDNA), with no, or a very low, recombination. Because mtDNA sequences
show faster rates of substitution and a smaller effective population size if compared to
nuclear DNA (nDNA) [25–27], they are often more suitable for recovering a phylogenetic
signal for diversification events in lineages up to the order level (when the accumulated
number of reverse mutations is not high). Previous studies showed that sequences of
protein-coding genes (PCGs) in mitogenomes give very reliable information for recov-
ering the diversity of flatfish lineages because tree topologies do not differ significantly
from those based on complete mitogenome sequence [12,16]. For these reasons, this study
exclusively uses PCGs for inferring a phylogenetic signal.

To our knowledge, this is the first study to present the composition of the complete
mitochondrial genome of P. herzensteini. Also, the mitogenome of a new specimen of
flounder Platichthys stellatus was sequenced and analyzed. A molecular phylogenetic study
was performed based on the original nucleotide sequences of mtDNA of these two species,
as well as on sets of GenBank sequences [28], a total of 26 and 108 sequences for the
family Pleuronectidae and the suborder Pleuronectoidei, respectively. From these data,
several types of gene trees were reconstructed and the divergence of taxa among recent
members of the family Pleuronectidae and the suborder Pleuronectoidei were estimated.
An approximation of these data into time scale by Bayesian skyline was performed as well.
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2. Materials and Methods

2.1. Materials and General Analysis of Approaches

A total of 108 sequences belonging to the suborder Pleuronectoidei of the order
Carangiformes were analyzed, including two presented in this paper (see below). Latin
names are given in accordance with the classification [2].

Two specimens of Pseudopleuronectes herzensteini and Platichthys stellatus (pieces of
muscle tissue fixed in 95% ethanol) were derived from the collection of the Laboratory of
Molecular Systematics. The voucher specimens, 7K Pseudopleuronectes herzensteini stripe-
yellow flounder fished by gill net in Vostok Bay Peter the Great Bay, Sea of Japan, and
Platichthys stellatus labeled Ps2-011 obtained from bottom trawling in the Okhotsk Sea;
both are stored at the Museum of the A.V. Zhirmunsky National Scientific Center of
Marine Biology of the Far East Center of Russian Academy of Sciences (NSCMB FEB RAS).
DNA was isolated using commercial kits (DNA Extran-2, Sintol, Moscow, Russia). Then,
350 ng of total DNA was collected for both samples and sent to Novogene (China) for
sequencing. Sequencing was carried out on the Illumina platform (Novaseq 6000 sequencer,
Peking, China).

According to the sequencing technique, the length of nucleotide fragment reads along
the mitogenome was 150 bp. The fragments were assembled into a complete mitogenome se-
quence using the NOVOPlasty4.2.1 software (https://github.com/ndierckx/NOVOPlasty)
on the Ubuntu 20.04 LTS subsystem [29]. Protein-coding genes, rRNAs, and tRNAs were
annotated and mapped using the MitoAnnotator WEB bench [30].

Analysis of variability and divergence was carried out starting with relatively simple
software packages, DNAsp-5 [31] and MEGA-X [32]. Molecular phylogenetic analysis was
performed mainly on the basis of nucleotide sequences (below referred to as sequences) of
PCGs using the software MrBayes 3.2.1 or 3.2.7 [33,34], MEGA-X [32], and BEAST-2 [35–39]
(including the latest updates at: http://www.beast2.org/; accessed on 24 July 2021). Protein-
coding genes were extracted from complete mitochondrial genomes based on the Fish-
MitoPipe script (https://github.com/Sturcoal/FishMitoPipe#fishmitopipe-the-pipeline-
for-fish-mitochondrial-genome-manipulation-before-phylogenetic-analysis; Vladivostok,
Russia, accessed on 1 January 2020), then combined into a super-matrix of sequences using
SequenceMatrix [40]. Sequences were aligned using the ClustalW program in MEGA-X
(http://www.megasoftware.net; Tokyo, Japan) [32]. The gap opening and gap extension
penalties were set at 15.0 and 5.0, respectively (for other settings of the alignment program,
the default parameters were used). After the first alignment step, large gaps were manually
removed; the final alignment in the second step was performed with reduced penalty levels
(5.0 and 0.5 for the two options, respectively). All gaps were then manually removed again.

For a comparative analysis of mitogenomes, PhyloSuite software was additionally
used [41]. To work in the PhyloSuite software, complete mitogenome sequences were
previously downloaded from GenBank in the ID.gb format (where ID is, the sequence
access number on the site with the extension code for the GenBank file, .gb). Then, all
information about the sequences of PCGs, rRNAs, tRNAs, control region (CR), and other
information was extracted from mitogenomes. After that, the resulting sequences were
aligned in a program block (utility), MAFFT. Alignment was carried out in two stages.
In the first stage, PCGs were aligned, and in the second stage, rRNAs, tRNAs, and CR
were aligned. Next, the resulting fasta files (.fas, .fasta) for protein-coding, rRNA, and
tRNA sequences were moved to one folder and then stitched into a single file using another
program block, Concatenate Sequence.

The obtained concatenated sequences were analyzed using the software utility, Par-
titionFinder, to select the most appropriate mitogenome partition schemes and to define
optimal models for the molecular substitution along sequences. For subsequent phyloge-
netic analysis, within this block, the model fitting options for the MrBayes software were
selected (the desired option is selected in the menu window instead of the default option
“all”) with an economical (“greedy”) search method. After working in PartitionFinder, the
results were sent to the MrBayes software package integrated with PhyloSuite software.
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When running MrBayes in the PhyloSuite software, additional options, such as the
choice of an outgroup, the number of generations, and others that determine the proba-
bilistic parameters of the tree reconstruction, are determined by software and manually.
So, for the last case in the menu window, when starting this block, we set the number of
generations (n) equal to n = 2 × 106, and the number of Markov chains in digital Monte
Carlo simulation (mcmc) equal to 4. However, for the former case, the tree special models
for each gene were selected by PartitionFinder utility and automatically recorded in the
command block of BA analysis.

2.2. Molecular Phylogenetic Analysis

The molecular phylogenetic analysis is aimed basically at building gene trees. Phy-
lograms based on PCG sequences were generated using several approaches. Initially,
the optimal substitution model for nucleotides in the lineages (their evolution) was es-
timated based on the sequence’s matrices that formed for the analysis. The best-suited
model, as determined using MEGA-X software, was the GTR+G+I model (General Time
Reversible, with G, Gamma mode variation across sites, and I, Invariable fraction of nu-
cleotides). This model was defined as best for both 26 sequences that were chosen for
the analysis of the family Pleuronectidae, as well as for 108 sequences of suborder Pleu-
ronectoidei. Phylogenetic trees were constructed using four methods: Bayesian analysis
(BA), maximum likelihood (ML), neighbor-joining (NJ), and maximum parsimony (MP).
These techniques were performed by using an original software package (SP) MrBayes-
3.2.7 (http://nbisweden.github.io/MrBayes/download.html; accessed on 2 June 2021) for
BA [33,34], or by SP MEGA-X [32] for ML-, NJ- and MP-techniques; for the set of 13 PCGs
and 26 Pleuronectidae sequences the additional gene tree reconstructions were performed
using SP PhyloSuite and BEAST-2.

SP MrBayes-3.2.7 was used to do the BA analysis, as stated above. Before tunning BA,
the SP SequenceMatrix-8.1 [42] was used and the super-matrix for the BA analysis was
obtained as one of its output files (Fl-26seq-pt4.nex). Next, the numerical simulation for tree
reconstruction by SP MrBayes-3.2.7 was run. Program parameters for such runs included:
applying one million generations (n = 106), four parallel Markov chains using the program
utility ‘mcmc’, the definitions of partitions for 13 PCGs, descriptors for coding of nucleotide
positions within codons, that defined by SequenceMatrix, and several other options used in
SP MrBayes-3.2.7; the output have the mode of BA consensus tree. Three other tree recon-
structions ML, NJ, and MP run with k = 1000 bootstrap replications (providing bootstrap
support for the branch nodes). As an outgroup for tree rooting one taxon for the family
Pleuronectidae, Paralichthys olivaceus, and the two taxa Tetraodon mbu and Acrossocheilus
monticola for suborder were used, which are known from literary sources as the most recent
common ancestors (mrca), to Pleuronectidae I and Paralichthodidae, correspondingly [13],
Table 1 in it; see more details in Results and Discussion sections). Dating of divergence
time on paleontological records for the mrca pairs comprise reference points for calibra-
tion of molecular divergence. Calibration points for molecular divergence are 27.83 and
46.19 million years (Mya), correspondingly to Pleuronectidae and Pleuronectoidei from the
two above taxa [13], Table 1 in it. Below in the second following paragraph, more details
are given on this point.

As previously stated, molecular phylogenetic reconstructions for the Pleuronectidae
family were undertaken using the base SPs the MrBayes and MEGA-X involving PCGs and
four tree-building techniques: BA, ML, NJ, and Mp. Topology and time divergence using
coalescent analysis (CA) were reconstructed by SP BEAST-2 in addition to those four for
all 13 PCGs and 26 sequences in the family, including the outgroup. CA parameters from
four fundamental models were integrated for this: (I) Yule CA (Yule, 1924), (II) Bayesian
Skyline CA, (III) CA for a population of constant size, and (IV) Extended Bayesian Skyline
CA [38,39]. For each of the four CA models several files that designed in BEAUti2.6.6.
utility, were run as explained below. Also, in one of the PS BEAST-2 simulation models
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the running file contained partitions and nucleotide positions that were created by the
PhyloSuite software and its utility PartitionFinder.

Table 1. Species list used in the study with the GenBank accession numbers.

Species GenBank Number

Acrossocheilus monticola KT367805

Achirus lineatus JQ639067

Trinectes maculatus JQ639070

Neoachiropsetta milfordi AP014593

Arnoglossus polyspilus AP014586

Arnoglossus tenuis KP134337

Asterorhombus intermedius MK256952

Bothus myriaster KJ433563

Bothus pantherinus AP014587

Chascanopsetta lugubris AP017455

Chascanopsetta lugubris KJ433561

Crossorhombus azureus JQ639068

Crossorhombus kobensis AP014589

Crossorhombus valderostratus KJ433566

Grammatobothus polyophthalmus MK770643

Laeops lanceolata AP014591

Lophonectes gallus KJ433567

Psettina iijimae KP134336

Citharoides macrolepidotus AP014588

Lepidoblepharon ophthalmolepis AP014592

Cynoglossus abbreviatus GQ380410

Cynoglossus abbreviatus JQ349004

Cynoglossus bilineatus JQ349000

Cynoglossus gracilis KT809367

Cynoglossus interruptus LC482306

Cynoglossus itinus JQ639062

Cynoglossus joyneri KU497492

Cynoglossus joyneri KU754054

Cynoglossus joyneri KY008569

Cynoglossus nanhaiensis MT117229

Cynoglossus puncticeps JQ349003

Cynoglossus robustus LC482305

Cynoglossus roulei MK574671

Cynoglossus roulei MN966658

Cynoglossus semilaevis EU366230

Cynoglossus semilaevis GQ380409

Cynoglossus senegalensis MH709122

Cynoglossus trulla JQ348998
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Table 1. Cont.

Species GenBank Number

Cynoglossus trigrammus KP057581

Cynoglossus zanzibarensis KJ433559

Paraplagusia bilineata JQ349001

Paraplagusia bleekeri JQ349002

Paraplagusia japonica JQ639066

Symphurus orientalis KP992899

Symphurus plagiusa JQ639061

Cyclopsetta fimbriata AP014590

Paralichthys adspersus MW288827

Paralichthys dentatus KU053334

Paralichthys lethostigma KT896534

Paralichthys olivaceus AB028664

Pseudorhombus cinnamoneus JQ639069

Pseudorhombus dupliciocellatus KJ433562

Cleisthenes pinetorum KT223828

Clidoderma asperrimum MK210570

Colistium nudipinnis JQ639063

Hippoglossoides platessoides MN122825

Hippoglossus hippoglossus AM749122

Hippoglossus hippoglossus AM749123

Hippoglossus hippoglossus AM749124

Hippoglossus stenolepis AM749126

Hippoglossus stenolepis AM749127

Hippoglossus stenolepis AM749128

Hippoglossus stenolepis AM749129

Limanda aspera KP013094

Limanda limanda MN122886

Pelotretis flavilatus KC554065

Peltorhamphus novaezeelandiae JQ639065

Platichthys stellatus EF424428

Platichthys stellatus MZ365029

Pleuronichthys cornutus JQ639071

Pleuronichthys cornutus KY038655

Pseudopleuronectes herzensteini MW713061

Pseudopleuronectes yokohamae KT224485

Pseudopleuronectes yokohamae KT878309

Reinhardtius hippoglossoides AM749130

Reinhardtius hippoglossoides AM749131

Reinhardtius hippoglossoides AM749132

Reinhardtius hippoglossoides AM749133
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Table 1. Cont.

Species GenBank Number

Verasper moseri EF025506

Verasper moseri LC583747

Verasper variegatus DQ403797

Verasper variegatus MK210571

Psettodes erumei FJ606835

Samaris cristatus JQ700101

Samariscus latus KF494223

Scophthalmus maximus EU419747

Zeugopterus punctatus MT410862

Aesopia cornuta KF000065

Aseraggodes kobensis KJ601760

Brachirus orientalis KJ433558

Brachirus orientalis KJ513134

Heteromycteris japonicus JQ639060

Liachirus melanospilos KF573188

Pardachirus pavoninus AP006044

Pardachirus pavoninus KJ433565

Pardachirus pavoninus KJ461620

Zebrias japonicus KJ433482

Zebrias japonicus KJ433568

Solea ovata KF142459

Solea ovata KJ496338

Solea senegalensis AB270760

Zebrias crossolepis KJ433564

Zebrias crossolepis KT367804

Zebrias quagga JQ348999

Zebrias zebra JQ700100

Zebrias zebrinus KC491209

Zebrias zebrinus KC519737

Tetraodon mbu AP011923
Note. The original sequences that were submitted by our team are in a bold font.

SP BEAST-2, v2.6.5 [38,39] and its newest update v2.6.6 were applied to the 26 se-
quences matrix of 13 PCGs for the estimation of node ages in simulated trees. An indepen-
dent GTR+G+I model of nucleotide substitution with gamma-distributed rate variation
across sites (defined previously in MEGA as described above) with n = 5–15 categories
and an uncorrelated relaxed exponential clock and lognormal relaxed clock [38,39,43] were
selected in different runs. The random option for initial phylogenetic trees was used to
generate the final set. Priors that followed a Yule CA branching model, Bayesian Skyline,
Extended Bayesian Skyline, and CA for a constant size population were employed. Two
points for fossil calibration were used in this analysis. The first point taken from the nearly
oldest flatfish stem fossil, Eobothus mimus (Agassiz, 1833) from the Upper Eocene (50 Mya)
of Monta Bolca (Italy) dates the time for the most recent common ancestor, TMRCA of Bot-
tidae, Pleuronectidae, and Paralichthyidae [13]. In this paper, we used as the first reference
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TRMCA the date 46.19 Mya, close to the above dating back to the Paralichthodidae, the
other superfamily Soleoidea representative, as given in Table 1 [13]. The second setting
points to a more recent age constraint for the clade (Pleuronectidae I, Paralichthyidae I),
equal to 27.83 Mya [13] Table 1 in it. These calibration points were modeled with a normal
distribution with a mean of 46.2 Mya and a standard deviation of 1.0 Mya. Simulations
were run by setting the option monophyly for the whole tree and the option outgroup
definition to Paralichthys olivaceus. At least, six, fifteen, seven, and eleven independent runs
for four tested basic model sets (I–IV) were performed using 50–70 million generations
and sampling every 1000th tree with the specific sets of settings. All runs were checked for
sufficient mixing, stable convergence on a unimodal posterior and tree priors, and with
effective sample sizes (ESS) exceeded the score of 100–200 for all meaningful parameters
using TRACER v1.5 [35,39] and its update TRACER v1.7. After 50% of the resulting trees
were removed as burn-in, the remaining trees were summarized in a Maximum Clade
Credibility consensus tree with TreeAnnotator v2.6.5 [39] and the update v2.6.6. Along
with the SP BEAST-2.6.5-2.6.6, the BEAUTY-2.6.5-2.6.6 as its main utility was involved in
the building of the main framework file for calculations in BEAST (BEAUTY-file performed
in .xml format). Also, the BEAGLE database (Beagle 5.2; washington.edu) was used in
most runs as recommended by SP BEAST-2 developers (Drummond, Bouckaert, 2015;
Bouckaert et al., 2019).

Phylogenetic trees were visualized and edited, when necessary, using SP FigTree
1.4.0 [44] and MEGA-X. Additionally, beyond five basic gene tree reconstruction techniques
(BA-, ML-, NJ-, MP-, and CA-trees), the IQ-TREE version 2.1.2 software (http://www.
iqtree.org; Wien, Austria) [45] was used for ML-tree reconstructions that run with the
default parameters and auto-detection the sequence type as well as with the best-fitting
substitution model definition. IQ-TREE performed the Ultrafast Bootstrap [46] and the
SH-aLRT branch test [47] to estimate the scores for nodes’ support; in this case, runs made
with n = 2000–5000 replicates.

Sequences of complete mitogenome obtained by our team and presented here for two
flounder species, Pseudopleuronectes herzensteini and Platichthys stellatus have been submitted
to GenBank [28] and are listed in Table 1 along with sampled GenBank sequences. For the
sake of brevity, the structure of the mitogenome is visually represented only for the species
P. herzensteini. However, sequences of both species were used for molecular phylogenetic
analysis as well as for comparison of mitogenome structure for other representatives of
the family Pleuronectidae. The map of circular mitogenome of yellow-stripe flounder
P. herzensteini was obtained with the usage of MitoFish WEB bench [48], CLOROBOX WEB
resource, and the utility of the late, GeSeq; MPI-MP CHLOROBOX-GeSeq (mpg.de).

For the analysis of variability and divergence of sequences, several SP or their special
utilities are used. The list included six main SP: MEGA-X, DNAsp, MrBayes, PhyloSuite,
BEAST-2, and IQ-TREE. Ending the current section, it is suitable to exemplify the ana-
lytical resources developed for them. The amounts of calculations could be represented
partly by the information capacity in the folders and files with their sizes in mega-bites,
MB. For simplicity, let us take only the family Pleuronectidae. MEGA-X: The folder Pleu-
ronectidae (created 8 June 2021) has the size 15 MB. This folder is comprised of four
subfolders, including 88 files. DNAsp: The folder Pleuronectidae (created 7 September
2021), has the size 38 MB. In the calculations, 31 files were involved. MrBayes: The folder
Flound2021-Pleuronectidae (created 2 June 2021), has the size 235 MB. The folder com-
prised of 18 subfolders, including 367 files. PhyloSuite: The folder PhyloSuite (created
14 September 2021), has the size 18.7 GB. The folder is comprised of 662 subfolders, in-
cluding 2,187,119 files (here big fraction of files are comprised of the SP itself but not the
calculation files). BEAST-2: The folder Pleuronectidae (created 24 July 2021), has the size
37.8 GB. The folder is comprised of 75 subfolders, including 1075 files. Remarkably, the
most interesting results were obtained by CA simulations for a population of constant size
(CA analysis, model III), but computing resources used were greatest for the CA model IV.
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3. Results

3.1. Structure and Variability of the Mitochondrial Genome of the Yellow-Stripe Flounder
Pseudopleuronectes Herzensteini and Other Members of the Family Pleuronectidae

The complete mitogenome of P. herzensteini is 16,845 bp long (GenBank accession
No: MW713061). It is including 13 protein-coding genes, 22 tRNAs, 12S rRNA and 16S
rRNA genes, and a control region, CR (Figure 1). Most of the genes are located in the “+”
strand, except ND6 and eight tRNA genes, which are located in the “−” strand (Figure 1).
For greater clarity, data on the structure of the mitogenome are given in a separate table
for three members of the Pleuronectidae, including the two species we describe herein
(Table 2).

Figure 1. Map of the circular mitochondrial genome of the yellow-stripe flounder Pseudopleuronectes
herzensteini. The external ring displays the abbreviations and composition for the main components
of the mitogenome. It includes: 13 protein-coding genes (ATPase6, ATPase8, COI, COII, COIII, Cyt-b,
ND1, ND2, ND3, ND4, ND4L, ND5, and ND6), 2 rRNA genes (12S rRNA and 16S rRNA), and 22
tRNA genes (tRNA-Val, -Leu, -Ile, -Met, -Trp, -Ala, -Asn, -Cys, -Tyr, -Ser, -Asp, -Lys, -Gly, -Arg, -His,
-Ser, -Leu, -Glu, and -Pro). Shifted inside line display the components of the genome located in the
“−”-chain. Most genes are located in the “+”-chain. Inside ring mapping, the whole mitogenome
length (kb), spanning orientation, and its longevity.
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Table 2. Mitochondrial genome information on two flatfish sequences presented in the current paper
(P. herzensteini and P. stellatus) and the third (P. yokohamae), retrieved from GenBank.

Genome
Content/Sequences

Pseudopleuronectes
herzensteini
MW713061

Platichthys stellatus
MZ365029

Pseudopleuronectes
yokohamae
KT224485

Size (bp) 16,845 16,992 17,383

Gene number, PCGs 13 13 13

Gene number, rRNA 2 2 2

Gene number tRNA 22 22 22

tRNA-Phe 1.68 (+) 1.68 (+) 1.68 (+)

12S rRNA 69.1017 (+) 69.1017 (+) 69.1017 (+)

tRNA-Val 1018.1090 (+) 1018.1090 (+) 1018.1090 (+)

16S rRNA 1091.2806 (+) 1091.2805 (+) 1091.2806 (+)

tRNA-Leu 2807.2880 (+) 2806.2879 (+) 2807.2880 (+)

ND1 2881.3855 (+) 2880.3854 (+) 2881.3855 (+)

tRNA-Ile 3861.3931 (+) 3860.3930 (+) 3861.3931 (+)

tRNA-Gln 3931.4001 (−) 3930.4000 (−) 3931.4001 (−)

tRNA-Met 4001.4069 (+) 4000.4068 (+) 4001.4069 (+)

ND2 4070.5114 (+) 4069.5113 (+) 4070.5114 (+)

tRNA-Trp 5115.5186 (+) 5114.5185 (+) 5115.5186 (+)

tRNA-Ala 5188.5256 (−) 5187.5255 (−) 5188.5256 (−)

tRNA-Asn 5258.5330 (−) 5257.5329 (−) 5258.5330 (−)

tRNA-Cys 5368.5432 (−) 5368.5432 (−) 5369.5433 (−)

tRNA-Tyr 5433.5500 (−) 5433.5500 (−) 5434.5501 (−)

COI 5502.7061 (+) 5502.7061 (+) 5503.7062 (+)

tRNA-Ser 7062.7132 (−) 7062.7132 (−) 7063.7133 (−)

tRNA-Asp 7147.7217 (+) 7147.7217 (+) 7148.7218 (+)

COII 7224.7914 (+) 7224.7914 (+) 7225.7915 (+)

tRNA-Lys 7915.7987 (+) 7915.7987 (+) 7916.7988 (+)

ATPase 8 7989.8156 (+) 7989.8156 (+) 7990.8157 (+)

ATPase 6 8147.8829 (+) 8147.8829 (+) 8148.8830 (+)

COIII 8830.9614 (+) 8830.9614 (+) 8831.9615 (+)

tRNA-Gly 9615.9686 (+) 9615.9686 (+) 9616.9687 (+)

ND3 9687.10035 (+) 9687.10035 (+) 9688.10036 (+)

tRNA-Arg 10,036.10104 (+) 10,036.10104 (+) 10,037.10105 (+)

ND4L 10105.10401 (+) 10,105.10401 (+) 10,106.10402 (+)

ND4 10,395.11775 (+) 10,395.11775 (+) 10,396.11776 (+)

tRNA-His 11,776.11845 (+) 11,776.11845 (+) 11,777.11846 (+)

tRNA-Ser 11,846.11912 (+) 11,846.11912 (+) 11,847.11913 (+)

336



Diversity 2022, 14, 805

Table 2. Cont.

Genome
Content/Sequences

Pseudopleuronectes
herzensteini
MW713061

Platichthys stellatus
MZ365029

Pseudopleuronectes
yokohamae
KT224485

tRNA-Leu 11,917.11989 (+) 11,917.11989 (+) 11,918.11990 (+)

ND5 11,990.13828 (+) 11,990.13828 (+) 11,991.13829 (+)

ND6 13,825.14346 (−) 13,825.14346 (−) 13,826.14347 (−)

tRNA-Glu 14,347.14415 (−) 14,347.14415 (−) 14,348.14416 (−)

Cyt b 14,420.15560 (+) 14,420.15560 (+) 14,421.15561 (+)

tRNA-Thr 15,561.15633 (+) 15,561.15633 (+) 15,562.15634 (+)

tRNA-Pro 15,633.15703 (−) 15,634.15704 (−) 15,634.15704 (−)

control region 15,704.16845 (+) 15,705.16992 (+) 15,705.17383 (+)
Note. Abbreviations are as follows: PCGs, protein-coding genes; NCR, noncoding region; +/−, location of genes
at the “+/−” strand; tRNA genes are designated by three-letter amino acid codes.

The 22 tRNA genes studied are located between the rRNA genes and the PCGs. Their
length varies from 66 bp (tRNA-Cys) to 74 bp (tRNA-Leu, Lys, Thr) (Figure 1, Table 2). All
tRNAs chains are capable of forming a typical clover-leaf structure, with the exception of
tRNA-Cys, which forms a different secondary structure. The secondary structure of the
studied tRNAs was clarified using the tRNAscan-SE software [49,50].

Most protein-coding genes (12) use the ATG start codon. The exception is the COI
gene, which uses GTG. A complete three-nucleotide stop codon, TAA, is used in four
protein-coding genes, ND5, COI, ND1, and ATP6. The ND4, Cyt-b, ND2, and COII genes
have an incomplete stop codon using only T. The ND4L gene terminates with A; ATP8,
with G; COIII, with TA; and ND3, with a TC combination. The ND6 gene has the TAG stop
codon. Thirteen protein-coding genes of the P. herzensteini mitogenome encode 3708 amino
acids. The most commonly used amino acid is leucine (17.53%), and cysteine is the least
used (0.62%). The control region (CR, D-loop) 1142 bp long is located between tRNA-Pro
and tRNA-Phe (Figure 1), as was the case in the study [51].

The arrangement of genes in the studied taxa of the Pleuronectidae is conserved, and
the changes within the family are due only to sporadic rearrangements and duplications
of tRNA genes (Figure 2). The analysis of the properties of the sequences presented
showed very high variability and informative capacity of the 13 PCGs of the studied
members of the flounder family Pleuronectidae. The overall heterogeneity of nucleotide
frequencies of different types with a prevalence of purines (T+C) over pyrimidines (A+G)
is well known for PCGs due to its hydrophobic impact on polypeptides, but herein it
was provided with necessary statistical evaluation (Table S4). Nucleotide diversity along
sequences of the 13 PCGs varied widely (Figure S3); however, it was fundamentally similar
across genes (Table S5). The analysis showed that nucleotide diversity did not differ
significantly between the 13 PCG sequences, averaging about 12%: Pi = 0.12 ± 0.03. In
general, the structure of the mitogenome of 26 studied members of the Pleuronectidae
with a representative of the outgroup is very conserved, which is illustrated in more detail
with numerical data for three pleuronectids (Table 2). The visual representation for all 26
sequences clearly demonstrates differences for only one of two specimens of the genus
Verasper, V. moseri (Figure 2). In this specimen, three amino acid sites are lost, which may
result from an error by the authors during this mitogenome annotation or the SP ITOL [52],
the online service itself; because when checking the sequence by the MitoAnnotator of the
MitoFish online services and by GenBank itself, this sequence has the typical content of
amino acid sites.
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Figure 2. A map of the mitogenomes in linear mode for the 26 species of flounder of the family
Pleuronectidae along with BA-tree. For simplicity, CRs are excluded from the comparison because of
their variable numbers in flounders’ mitogenomes. Details of the phylogenetic reconstruction and
tree topology will be presented in the next sections. Probabilities for all nodes in the gene tree that
are depicted on the left are equal to 1.0 for all interspecies branches. The number of generations
simulated in this case is equal to n = 2 × 106.

3.2. Analysis of Properties of Sequences

Shortly, the output information on the sequences analyzed by the DNAsp-5.10.02
software is listed as follows. Selected region: 1–11,401 bp, Number of sites: 11,401, Total
number of sites (excluding sites with gaps/missing data): 11,400, Sites with alignment gaps
or missing data: 1, Invariable (monomorphic) sites: 7200, Variable (polymorphic) sites: 4200
(Total number of mutations: 5729), Singleton variable sites: 457, Parsimony informative
sites: 3743.

The ratio of pyrimidines (T, C) and purines (A, G) in aligned sequences deviated
from the 50:50 ratio (Table S4) toward pyrimidines, thus indicating the heterogeneity of
the composition of nucleotides with the predominance of C- and T-nucleotides (Table S4).
The overall heterogeneity of nucleotide frequencies in each of the two sets (unaligned
sequences and aligned) is significant: Wilk’s Lambda = 0.0054, F = 801, d.f. = 6; 380,
p < 0.0001 (Table S4). The average values of nucleotide frequencies between the two sets
of sequences do not differ significantly: Wilk’s Lambda = 0.9981, F = 0, d.f. = 6; 380,
p < 0.9992. The proportion of G+C nucleotides varies in the range of 0.4024–0.5001 and
totals G+Ctot = 0.46 ± 0.04, i.e., close to an expected value of 50% (Table S5; here and below,
after the “±” sign, the standard errors of the mean values are given, SE). In this case, the
proportions for the 13 coding sequences (G+Cc) and totals (G+Ctot) coincide, since the
G+C proportion was not estimated for non-coding sequences (Table S5).

A general characterization of sequence variability for each of the 13 PCGs, including
the analysis of 15 variables such as the number of variable sites (S), nucleotide diversity (π,
for simplicity denoted as, Pi), etc., as well as the total values for these variables for PCGs, is
presented in the Supplement table (Table S5). The data obtained indicate that, in general,
the sequence variability of the 13 PCGs is quite high: the haplotype or gene diversity,
Hd, varies between 13 PCG mitogenome sections in the range of 0.957–0.997, with a total
value of Hd = 1; the number of variable sites, S, is rather large for the studied set of PCGs,
S = 4200. The nucleotide diversity per site, Pi, which is the most representative measure of
gene variability (Nei, 1987, equation 10.5), totaled to Pi = 0.12 (this is calculated value by
DNAsp-5; Table S5). Our calculation of the average for this index based on data in Table S5
showed that Pi does not differ significantly between 13 PCGs: mean Pi = 0.12 ± 0.04.
Tajima’s D values are negative for all 13 PCGs, with a total D value of −0.205, suggesting
either cut-off or eliminative selection against non-synonymous substitutions (mutations).
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The possibility of such an interpretation of the data is evidenced by 2–3 times higher
proportions of synonymous substitutions in codons, Pi(s), compared to non-synonymous
ones, Pi(a): Pi(s) = 0.3450, while Pi(a) = 0.0536; thus, Pi(a)/Pi(s) ratio is 0.120. Recalculation
of pairwise scores between all set of sequences in terms of distances or more precisely
number of nucleotide substitutions (or segregating sites, K) Ks and Ka [53,54] (p. 219) yields
similar to the above estimates of the range of variation but permit to evaluate approximately
the degree of difference between these values: Ks = 0.4999 ± 0.0282 (n = 300, where n is the
sample size) and Ka = 0.0536 ± 0.0097 (n = 300).

The genetic distances between intrageneric and intrafamily groups differ significantly
(see discussion below in Section 3.3). Notably, the interspecies distance in the genus
Pleuronichthys, which is represented by two specimens of Pleuronichthys cornutus and
Pleuronichthys japonicus, the latter being considered a synonym of P. cornutus [55] is too
large for intraspecific values.

3.3. Reconstruction of Gene Trees and Analysis of Molecular Phylogenetic Relationships

A generalized characterization of molecular phylogenetic relationships based on
protein-coding gene (PCGs) sequences between the studied species of the Pleuronectidae
and the chronology of divergence is presented, as noted earlier, for the 26 PCG sequences
(Figures 2–4). The topology of gene trees and the molecular systematics of the suborder
Pleuronectoidei are considered separately also based on PGGs (Figure 5).

 

Figure 3. Molecular phylogenetic relationships of flounders of the family Pleuronectidae recon-
structed using four approaches: BA, ML, NJ, and Mp. Support values (%) at the tree nodes are
shown in the direction: BA/ML/NJ/Mp. For BA reconstructions, posterior probabilities for model
generations, n = 106 as well as for the other three techniques, bootstrap replicas, k = 1000 are given.
Supports for intraspecific nodes are omitted. The tree is rooted in the outgroup Paralichthys olivaceus.
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Figure 4. CA-based time-tree reconstruction via BEAST-2 and FigTree utilities that based on 13 PCG
sequences of 26 analyzed representatives of flounder family Pleuronectidae and the outgroup. Details
for the simulation of the tree in the current image are given in the text. Besides the nodes, their ages
are given after rooting the tree with the outgroup taxon Paralichthys olivaceus and converting the scale
in node ages to root age, which equated to 46.2 Mya. Bars are representing CA 95%HDP for the
node ages.

3.3.1. Molecular Phylogenetics and Dating of Divergence of Flounders of the
Family Pleuronectidae

Reconstruction of molecular phylogenetic relationships based on the 26 PCGs of
pleuronectids was performed using five different approaches: BA, ML, NJ, MP, and CA,
as described in the Materials and Methods section. For brevity, reconstructions of gene
trees visualized on the basis of the BA-tree and concordance of BA-inferred topology
with other topologies represented by bootstrap support scores for nodes (Figure 3; BA-
reconstruction using MrBayes 3.2.1–3.2.7 and ML-, NJ-, and MP-reconstructions using the
MEGA-X software).

One other reconstruction of the topology of tree branches (nodes) based on CA of
the 26 pleuronectids using BEAST-2 yields information that is completely congruent to
the previous four depicted in Figure 3 (Figure S1, Supplement). A CA-analysis with
divergence dating at the nodes of the gene tree is presented separately (Figure 4). The
reconstructions based on the 26 PCG sequences show that the family Pleuronectidae has
one highly supported node (100% for two variants of topology reconstruction, BA and
ML) or monophyly, with the nearest close relative Paralichthys olivaceus from the family
Paralichthyidae (more precisely, with representatives of its branch I; Figures 2–4 and

340



Diversity 2022, 14, 805

data of the next subsection). The internal topology includes three subfamilies and is
well supported by all four methods in this case of tree reconstruction: Pleuronectinae,
92–100%, Hippoglossoidinae, 100%, and Hippoglossinae, 100% (Figure 3). It is important
to note a very well-supported (100%) common, rather compact branch of the first two
subfamilies (Figure 3). In addition to the tree topology data, the monophyly of the family
Pleuronectidae is supported by the common structure of the mitogenome and the direction
of genes’ location in the mitogenomes for all studied representatives, except one of the
two specimens of V. moseri, which, as noted earlier, is rather due to a technical error in the
description of one tRNA in this sequence (Figure 2).

 

Figure 5. Rooted gene tree of the studied representatives of the suborder Pleuronectoidei constructed
from PCGs of 108 mitogenomes. The topology of the gene tree is reconstructed using the BA approach.
The numbers at the nodes are support values for the four tree reconstruction techniques that are placed
in the order: MP/ML/NJ/BA. The posterior probabilities (%, n = 106 generations) are shown for the
BA tree, the bootstrap support values (k = 1000 replicas) are given for the other three reconstructions.
Dash means absence of support for the current node in the reconstruction by a certain technique.
Support values that equal to 100% shown for convenience by the asterisks.
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Reconstruction of the time of divergence of phyletic lineages based on the sequences
of 13 PCGs for the 26 representatives of taxa reveals an exact match of the gene tree
topology with the previous four reconstructions given in Figures 2 and 3 and yields a date
of 32.293 Mya for the divergence of the family Pleuronectidae from the mrca, Paralichthys
olivaceus (Figure 4). The common root of these two taxa is dated at 46.2 Mya and is calibrated
to the time of divergence of the common ancestor of the Pleuronectidae-Paralichthyidae,
that is, Paralichthodidae, as noted in the Materials and Methods section.

For building the tree depicted in Figure 4, special files with the sequence matrix (Fl26seq-
pt8-11401-123ps4.nex; Table S1, Supplement) and the whole set of parameters that were used
for tree simulation by CA of the constant population are used (Table S2, Supplement; File:
Fl26seq-pt8-123ps4-tip-r24b1-n = 5E7-fix-pop-hm.xml). Table S2 in the supplementary file
was built by BEAUti v2.6.6 utility of BEAST-2 software starting with exporting by BEAUti the
file Fl26seq-pt8-11401-123ps4.nex. Basic model parameters could be read from this file using
BEAUti v2.6.6. After running the main SP BEAST v2.6.6 utility implementing n = 5 × 107

generations and other parameters necessary for appropriate simulation, sets of trees and other
estimators were obtained; a brief description of the simulation procedure and parameters are
given below for six items. The total number of trees was 50,002; 25,001 of them were used. So,
25,001 trees were processed after ignoring the first 50% = 25,000 trees. The final tree contained
a total of 25 unique clades. A maximum credibility tree was constructed using TreeAnnotator
v2.6.4 based on the file Fl26seq-pt8-11401-123ps4.trees (Table S3, Supplement) that are suitable
for further processing in FigTree software, as recommended by the SP BEAST-2 creators.
Properties of the quality of the model parameters for simulation were retrieved from several
runs of Tracer v1.7.2 utility of SP BEAST-2. Principal files from Tracer for the simulation are
placed in the Supplement in a special folder that includes .pdf- vs. .txt-files, and xml-file:
Tracer_out_for_Fig4. The sequence partitions of the simulation run that was used for building
Figure 4 and the main properties of the simulation schedule are as follows: (i) Sequence
partitions of 26 specimens for all 13 PCGs are comprised main data set; details are imple-
mented in the file Fl26seq-pt8-123ps4-tip-r24b1-n = 5E7-fix-pop-hm.xml (Table S2; Sequence
partitions, see the menu folder) and can be viewed for inspection via BEAUti; (ii) Priors for
the model of the Coalescent Constant Population are defined in the same file (Table S2; Priors);
(iii) Tip dates are set numerically as scores of years for two calibration dates, 32.293 Mya vs.
46.19 Mya for mrca Pleuronectidae-Paralichthyidae as given above and three sequences were
used: Paralichthys_olivaceus_AB028664 (age 4.619E7), Pleuronichthys_japonicus_KY038655
(age 2.783E), Pleuronichthys_cornutus_JQ639071 (age 2.783E7) (Table S2; Tip dates); (iv) Gamma
Site Model is implemented for calculations (Table S2; Site Model: substitution rate = 2.0,
G category count = 4, I = 0.477, shape = 1); (v) Clock Model is implemented by following
options (Table S2; Relaxed Clock Exponential: Clock.rate = 2.0); (vi) mcmc setting is performed
(Table S2; MCMC: Chain Length = 50000000). An independent analysis supports prior in the
item (ii) indicating the appropriate choosing the model of the Coalescent Constant Population
(Figure S4). Empirical data agreed with the expectation curve on constant population growth
(changes) as depicted at miss-match distribution for 25 mitogenome sequences set of the
Pleuronectidae flounders (Figure S4).

As noted above, the five tree building methods (BA, ML, NJ, MP, and CA) provide
virtually the same topologies for the 26 pleuronectids when rotating branches within and
between subfamilies in the images (Figures 2–4). Data on the node ages in Figure 4 are fully
concordant with data on the node probabilities and bootstrap supports given in Figure 3.
Node ages for the sequences belonging to the same species do not differ judging on large
sampling or standard errors (SEs), while ages for inter-genera (8–15 Mya), inter-subfamilies
(21 Mya), and family (32 Mya) levels are more realistic (Figure 4). Other details on the tree
lineage divergence estimated by the ultra-fast ML technique as implemented in SP IQTREE
are given in Figure S1 and are provided in the Discussion section with the representation
of confidence intervals for nodes/branches. In concluding the current section, we should
emphasize the fine concordance of the five molecular genetic reconstructions with simulated
lineage diversification in time.
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3.3.2. Phylogenetic Relationships and Molecular Systematics of the Studied
Representatives of the Suborder Pleuronectoidei

The main results of the molecular genetic reconstruction of the relationships between
members of the suborder are shown in Figure 5

Family Pleuronectidae. According to the data of Section 2.1, the branches of three sub-
families Pleuronectinae, Hippoglossoidinae and Hippoglossinae are very well supported
(100%) within the main representatives of the family (denoted as Pleuronectidae I) for
all variants of tree reconstruction, with a separate external position of two members of
the genus Pleuronichthys (Figure 5). The branch of species in the genus Limanda forms a
common node with Cleisthenes pinetorum and Hippoglossoides platessoides, being placed in
the subfamily Hippoglossoidinae (Figure 5). The species Colistium nudipinnis, Pelotretis flav-
ilatus, and Peltorhamphus novaezeelandiae, formally belonging to the family Pleuronectidae
(Pleuronectidae II), form a common branch with Neoachiropsetta milfordi from the family
Achiropsettidae (Figure 5). These four species, in turn, form a single branch with members
of the family Scophthalmidae (Figure 5).

Pleuronichhyinae branch. The divergence between Pleuronicthys cornutus (JQ639071)
and Pleuronicthys japonicus (KY038655) are thought to have diverged around 6.5–13 Mya
(Figure 4). As noted above, according to a recent revision [55] the current status of P. japoni-
cus is defined as being a synonym of P. cornutus (Official status of Pleuronicthys japonicus:
Synonym of Pleuronicthys cornutus (Temminck & Schlegel 1846). Basic taxa are Pleuronec-
tidae: Pleuronichhyinae. Distribution: Sea of Japan and Pacific coast of Japan, to the
southern East China Sea and the Seto Inland Sea [if valid]; CAS–Eschmeye’s Catalog of
Fishes: Species; calacademy.org)). However, the above divergence dates and genetic dis-
tances for this pair are greater than some of the interspecies values (Tables S6 and S7). This
is clearly evident for the genus Verasper data and for other taxa of the family Pleuronectidae
(Figure 4). However, the confidence intervals for the divergence times overlap significantly
(Supplement, Figure S1), hindering reliable interpretation.

Family Paralichthyidae. This group forms by two separate branches, Paralichthyidae I
and Paralichthyidae II, i.e., is basically polyphyletic (Figure 5). Paralichthyidae I, as noted
above, comprises the external branch to the Pleuronectidae with high levels of support
(100%) for three of the four building techniques for the common node (Figure 5). The inner
node for P. adspersus is not well-supported (Figure 5).

Family Cynoglossidae. This group is basically polyphyletic, as it is made up of two
different branches, Cynoglossidae (I) and Cynoglossidae (II) (Figure 5). The primary branch,
Cynoglossidae (I), is strongly supported by four tree-building techniques in this case with
a single root, i.e., being monophyletic, but it is divided into two subdivisions, one of which
contains partially African roots (Figure 5). The family Achiridae branch is attached as an
external branch to the main branch of the family Cynoglossidae (I) (Figure 5). The branch
of two representatives of the genus Symphurus, which is included in a separate paraphyletic
branch of the family Cynoglossidae (II), forms a separate node with the family Samaridae.
This complex of taxa constitutes the outer branch for the entire suborder, and is located
immediately before members of the outgroup (Figure 5).

Family Citharidae. In all our reconstructions this group does not form a well-supported
branch external to the family Pleuronectidae (Figure 5). According to the data presented,
Psettodes erumei from the family Psettodidae forms a mixed cluster with the family Cithari-
dae (Figure 5). However, the support levels for this node of topology are not high (60–70%)
that require new investigation on this point in the future.

Family Bothidae. In all four reconstructions, this group forms well-supported branch
with a variety of genera, with an external and also sharp branch comprised of Cyclopsetta
fimbriata (Figure 5). The genus Arnoglossus is paraphyletic; one of its members, A. polyspilus,
constitutes a common branch with a member of the genus Lophonectes, while another
species, such as A. tenuis, forms a separate branch combined with the genus Crossorhombus.
Cyclopsetta fimbriata which currently represents the family Paralichthyidae II, is an external
and also sharp branch of the family Bothidae (Figure 5).
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4. Discussion

4.1. The Structure and Variability of Mitogenome Yellow-Stripe Flounder Pseudopleuronectes
Herzensteini and Other Studied Representatives of the Family Pleuronectidae

The structure of the mitogenome described herein (Figure 1) is the same as in other
Teleosts; the mitogenome has a CR with a replication origin, 13 PCGs, two rRNA genes, and
22 tRNA genes [56–58]. These data, in combination with the signal on the topology of threes
including ND6 gene usage and without it, which did not find topology differences [16],
allow us to use all 13 PCGs in phylogenetic reconstructions in this paper. The total estimates
of synonymous and non-synonymous substitutions in codons were: Pi(s) = 0.3450 and
Pi(a) = 0.0536. The assessment of the degree of this difference could be calculated somewhat
differently, for Ks and Ka or pairwise values between all sequence variants [54]. Such
estimation, for pairwise estimates of the degree of difference between all sequence variants,
showed that the variation rows of these values do not overlap: Ks = 0.4999 ± 0.0282
(n = 300), Ka = 0.0536 ± 0.0097 (n = 300) and that the Ka/Ks ratio is 0.122. A Student’s
t-test revealed the statistical significance of the difference between the mean values of
Ks and Ka: tKs/Ka = (0.4999 − 0.0536)/

√
(0.02822 + 0.00972) = 14.88, d.f. = 598, p < 0.001.

However, selective neutrality testing of variability of 13 PCG using SP DNAsp did not
reveal significant deviations: Tajima’s D = −0.20499, p > 0.10 (Statistical significance: Not
significant, NS); test statistic Fu and Li’s D* = 0.62300, p > 0.10 (NS); test statistic Fu and
Li’s F* = 0.41880, p > 0.10 (NS). Testing for the neutrality of PCGs of intraspecific clusters of
three available different species gives a similar result: p > 0.10 (NS). That is, in accordance
with the widely accepted [54] and logical hypothesis of natural cutoff selection, which acts
against nucleotide substitutions in codons (deleterious mutations) leading to less active
(ineffective) macromolecules. In other words, data on the significance tKs/Ka might be the
evidence for a normalizing selection acting against mutations with a phenotypic effect
in mtDNA sequences. This effect was derived from the relatively homogeneous material
of PCG sequences of flounders of a single family. Unfortunately, one test of our data
supported the hypothesis, while another did not. The proof appears to be insufficient.

4.2. Gene tree Topology Analysis of the Molecular Phylogenetic Relationships in the Family
Pleuronectidae and in the Suborder Pleuronectoidei, and Levels of Genetic Divergence in the
Hierarchy of Evolutionary Units (Populations of Species and Ranked Taxa)
Family Pleuronectidae

Topological and chronological reconstructions for the family Pleuronectidae are well
supported by various methods, as demonstrated in the Results (see Figures 2–5, Figure S1,
Supplement), and are consistent with relatively recent publications on molecular phyloge-
netics of flatfish [11–13,16,59]. Divergence dates obtained from simulation and CA-analysis
in the BEAST-2 software, both visualized in the traditional format (Figure 4, Figure S1,
Supplement) and via a DensiTree2.6.4 utility of BEAST-2 software in a more modern repre-
sentation of phylogenetic relationships (Figure 6), indicate the origin of the main branch of
the family Pleuronectidae I from a common ancestor with Paralichthyidae I (represented in
this case by P. olivaceus) at about 32 million years ago. The previously reported data from a
joint analysis of molecular divergence, combined with morphological and paleontological
data [11,13], convincingly prove the reliability of this conclusion. There is a very close
dating of 42.7–49.4 Mya for similar taxa [60], which, taking into account the topological
and time estimation errors (see Figures 4 and 6), coincides with the value presented in our
work. The diversification of flounders of Pleuronectidae I occurred from ancestors from the
Indo-West Pacific basin, and it was followed by two stages of migration and geographic
radiation of the modern Pleuronectidae I species in the northeastern Atlantic and northern
Pacific basins [13]. At the end of the Results section, significant differences in the time of
divergence of taxa of the species rank are reported. Unfortunately, large sampling errors
(Figures 4 and 6) prohibit broad conclusions on the chronology of diversification within
the Pleuronectidae I. This will be a task for future research based on a more representative
sample of genes and taxa. However, intraspecific differences in the level of divergence,
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taking into account 95% HPDs of some taxa, differ significantly (see Figure 4). Moreover,
for a pair of members of the genus Pleuronichthys, the differences from others in intraspecific
divergence are so great that no doubt is left concerning their at least species rank, in contrast
to the introduced synonymizing to single species (CAS—Eschmeyer’s Catalog of Fishes:
Species; calacademy.org).

Figure 6. Phylogenetic lineages reconstructed via BEAST-2 and visualized with DensyTree software
based on 26 sequences of 13 PCGs of the flounder family Pleuronectidae. Simulated lineages are
naturally rooted in three presumed ancestral taxa including the predefined outgroup taxon Par-
alichthys olivaceus. Wider violet lines depict the consensus trees constructed by computer simulations
of coalescent process of molecular evolution in constant populations during 5 × 107 generations by
BEAST-2 as explained in detail in the Results and in the above paragraph in the main text. Thin lines
show all possible trees that occurred during the time span as depicted in the scale given in node ages.
DensyTree reconstructed time-tree interrelationships based on the same BEAST run and the output
tree file as that used for building Figure 4. Source tree file available for use from Table S3, Supplement
(File: Fl26seq-pt8-11401-123ps4.trees). Bars represent CA 95%HDP for the node ages. Circles with
a dot inside show the support area and averages for clades. The main branches are stained with
different colors.

Our independent analysis of the genetic distances (TrN-distances) of 13 PCGs of 25 se-
quences of mitogenomes for (1) intraspecific comparisons, (2) interspecific comparisons
within genera, and (3) intergeneric comparisons within the family Pleuronectidae revealed
statistically significant differences for all three groups (Figure 7A). However, the data
presented in Figure 7A also demonstrate a strong overlap of the average distances for
groups 1 and 2, supporting the above doubt about the validity of combining two taxa,
P. cornutus–p. japonicus, into one species, Pleuronicthys cornutus. These data convincingly
show a slightly lower (although non-significant, p > 0.05) interspecific divergence of mi-
togenomes in the flounder genera of the Pleuronectidae, compared with other animals.
This is based on two estimates from which the distances were estimated in the three com-
parison groups. Thus, for the Pleuronectidae flounders the TrN-distances are: 0.76 ± 0.87%,
(2) 3.34 ± 0.85%, (3) 14.24 ± 0.23% (Figure 7A; F = 176.26, d.f. = 2; 296, p < 0.0001); for
representatives of eight different groups of animals, the p-distance values were for three
corresponding comparison groups: (1) 0.79 ± 0.04%, (2) 8.23 ± 0.22%, (3) 16.47 ± 0.29% [61]
(Arthropods, Chordates, Echinoderms, Flatworms, Mollusks, Nematodes, Segmented
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worms, and Sponges included). Divergence values similar to those of flounders were
reported in another review of whole mitogenome coding genes for two comparison groups
in five different taxa of animals: (1) 0.92 ± 0.94%, (2) 4.64 ± 1.90% [62] (our approximate
numerical estimate of K2P-distances from Figure 3 of the authors). Values obtained in the
current study for PCGs of four comparison groups of all studied members of the subor-
der Pleuronectoidei are as follow: (1) 0.54 ± 0.78%, (2) 14.99 ± 0.48%, (3) 16.51 ± 0.22%,
(4) 33.57 ± 0.07% (Figure 7B; comparison groups are representing four different hierarchies
of the suborder taxa; F = 2719.4, d.f. = 3; 5040, p < 0.0001). Evidently, interspecies estimates
of distances within genera (group 2) in above cases including the p-, K2P- and TrN-distance
measures vary from 4–8% to 15%. As we revealed, minimal differences for flatfish between
comparison groups 1 vs. 2 (Figure 7A) and 2 vs. 3 (Figure 7B), could create difficulties in
determining molecular genetic delimitation of species, and obscure the systematics of this
fish taxon. We will come once more to the latter matter in the ongoing paragraphs below.

The genetic divergence in the comparison groups (within species and in the hierarchy
of taxa) for individual genes [59,61,63–66] corresponds well to divergence estimates based
on mitogenomes [61,62,67–69]. As estimated elsewhere, distance estimates by different
models including simple p-distance below 15–17% correspond with other measures and
are consistent with simulated expectations based on random drift with time [63,70,71].
Thus, the sequences of individual mtDNA genes, such as COI, Cyt-b, 16S rRNA, quite
well represent the divergence inferred from the analysis of complete mitogenomes or
their PCGs. Furthermore, the near linear relationship of genetic divergence and the hi-
erarchy of comparison groups (taxa) that was found for both mtDNA (Figure 7A,B and
the above-cited works) and nDNA genes [68,69,72] supports at the molecular level, the
current evolutionary paradigm: the Synthetic Theory of Evolution (STE) or Neo-Darwinism.
This is well compatible with the predominance of the geographic model of speciation in
nature [61,66,69].

This conclusion is critically important for understanding the fundamental mechanisms
of speciation within the realm of evolutionary biology and evolutionary genetics [62,64–66].
Furthermore, our conclusions aid in practical needs such as identifying specimens in
systematics, within the activity in international programs for biodiversity deciphering,
e.g., iBOL [73], as well as in the fields of biomedicine and trade, where current erroneous
identification (accidental or intentional) can lead to significant economic loss, both public
and private [62,68,74,75]. This is far from being a complete list of applications of the
approach we used in this study [61,68,69,73,76].

Below, we discuss the taxonomy of flounders from the standpoint of tree topologies.
As noted above in Section 2.1 and evident in the tree topologies in Figure 3, members
of the genus Limanda are included in the branch of the subfamily Hippoglossoidinae.
A comparative anatomical study by Cooper and Chapleau (1998) did not confirm the
monophyly of this genus within the family Pleuronectidae. In our study, as in other
molecular phylogenetic investigations [8,11,16,59,77], some representatives of the genus
Limanda were definitely placed in the subfamily Hippoglossoidinae, and some of them
were included in the subfamily Pleuronectinae. Therefore, it is appropriate, following
the opinion by Cooper and Chapleau [2] on L. sakhalinensis and our observations, to
recommend a revision of the family and three of its genera, establishing a new taxon of a
tribe rank Hippoglossoidini, and including in it the representatives of Far Eastern Limanda,
as well as the genera Cleisthenes and Hippoglossoides, leaving the latter in the subfamily
Hippoglossoidinae. Such a transformation is consistent with molecular genetic data on
several mitochondrial and nuclear genes [11,16,59].

346



Diversity 2022, 14, 805

 

Figure 7. Univariate ANOVA showing the variability of the mean values of genetic distances (Y axis)
for the comparison groups of the sequences in sampled taxa for 13 PCGs of 26 flatfish mitogenomes
in Pleuronectidae (A, top) and 106 flatfish mitogenomes in Pleuronectoidei (B, bottom). Y axis,
Tamura-Nei (TrN) variation in the mean values of distances (in frequencies) among three comparison
groups for flatfish: (1) TrN distances within the species, between individuals of the same species;
(2) TrN distances within genera, between individuals of different species of the same genus; (3) TrN
distances within the family, between species of different genera of the same family, (4) TrN distances
within suborder, between individuals of different families of the same suborder. Data on these two
analyses were obtained on the sequences of the complete mitogenome of flatfish from GenBank
in 2021.

The interpretation of the topology and system of the family Pleuronectidae is generally
similar to interpretations presented in previous studies [10,11,13,23,24,59,69,78]. According
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to the data presented above (see Figures 2–6), as well as other reconstructions based on fast
ML algorithms and complex models that take into account most demands to tree building,
like gene partitions and nucleotide substitutions models using PhyloSuite software and
its ultra-fast IQ-TREE utility (implementing the ultrafast bootstrap approximation results)
(Figure S3, Supplement), the monophyly of the main branch of the family (Pleuronecti-
dae I) is well-supported and agrees with other data [11,13,16,24,59,60]. Representatives of
Pleuronectidae II (see Figure 5) are combined into a well-supported branch together with
species of the family Scophthalmidae and a representative of the Achropsettidae, which
certainly requires further analysis for disproving or support, and then giving taxonomic
revision. The latter idea of placing Psettus-like flounders into separate suborder Psettoidei
has already been put forward on the basis of valid data for a different set of taxa and
markers, including nDNA sequences [13,78].

The topology of the gene tree of the entire suborder (Figure 5) is similar to the topology
in some other studies [12,13,16,24] etc. However, there are clear differences since investiga-
tors used different markers, particularly in our case, only protein-coding regions of mtDNA.
Moreover, in addition to the properties of genes and the informative capacity of sequences,
also of importance are methods of analysis, how representative the species sampled within
their taxa are, the degree of heterochrony of phyletic lineages for selected genes, and
environmental and other factors [12,13,79], etc. The results presented in the paper are con-
vincing evidence that the heterogeneity of the studied sequences, representing the phyletic
lineages of flounders, were not responsible for any substantial errors in the molecular
phylogenetic reconstructions in this work. The high congruence of tree topologies (similar
support for most nodes) obtained using four methods of reconstruction for the suborder
and five methods for the family Pleuronectidae (see Figures 2–6, Figures S1, S2, and S5)
points to the representativeness of the molecular phylogenetic reconstructions for the
taxa discussed. Additional information about the sufficient compactness of the studied
mitogenomes was obtained from estimates of the compositional distance (bias) in the
sequences (Figure S5; numbers below the branches of the ML tree).

In addition to this conclusion, the values of the compositional distance for the two
nominal taxa in the genus Pleuronichthys, which stand out in the within species range,
confirm their reassignment to species rank. All the data concerning the structural conser-
vatism of most of the analyzed mitogenomes (see Figure 2, Table 2, and the corresponding
paragraphs in the context) indicate the validity of the evolutionary signal presented in this
study and its significance for the taxonomy of the family Pleuronectidae and partly for the
entire suborder. An important point for such reasoning is the saturation effect among the
mitogenome sequences in our investigation for flounders that was calculated. Nucleotide
composition saturation was firstly evaluated by comparing the Iss and Iss.c indices for
the 26 mitogenomes of the family Pleuronectidae (Iss = 0.8021, Iss.c = 0.8463, t = 18.2051,
d.f. = 5977, p < 0.0001; two-sided t-test, SP DAMBI [80,81]; significant differences between
Iss and Iss.c define the absence of composition saturation and its impact on topology signal).
For the suborder, Pleuronectoidei similar results were obtained on the 13 PCGs of 108 rep-
resentatives (Table S8). For other flatfish mitogenomes, there is the study of the saturation
of the nucleotide composition that involved a different, wider set of representatives of the
order [12]. Thus, neither our findings nor literature sources [12] indicated any significant
influence of nucleotide composition saturation on the topology at the family and even
suborder/order level.

The data support a close-to-linear relationship between genetic distances and taxon
rank for mitogenomes (Figure 7) [61,62,67–69] and individual genes of not only mtDNA but
also nuclear DNA for a vast set of taxa [62,64–66,69,72]. To clarify the system of the suborder
and individual families, a great deal of research is still required. This obviously follows
from the paraphyletic nature of a number of branches denoted by duplication of the family
names: Pleuronectidae I and II, Paralichthyidae I and II, etc. (see Figure 5), as was also
noted earlier for these and other taxa [13], Figure 1. In our study, members of Pleuronichthys
occupy a separate position relative to other members of the family, being an external

348



Diversity 2022, 14, 805

branch and uniting with Paralichthys olivaceus, which was used as an external taxon for the
family Pleuronectidae (see Figures 2–6, Figures S1, S2, and S5). These data support the
recently advanced (CAS—Eschmeyer’s Catalog of Fishes: Genera (calacademy.org)) idea
of creating an independent pleuronichthoid subfamily, the Pleuronichthyinae, in contrast
to the traditional view [82]. Nevertheless, the monophyly of the family Pleuronectidae
and most of Pleuronectoidei leaves no serious doubt, despite the weak support for the
monophyly of the suborder Pleuronectoidei, 22–46% in 18 out of 23 different assessments of
mitogenome signal for the pattern marker’s combinations given in Figure 1 and Table 1 [13]
and in other references [8,11,12,59,77].

The data shown in the Results section and discussed in the previous paragraph demon-
strate the reliability of the gene tree topology and molecular phylogenetic reconstructions
in our study. This view is based on the consistency of several tree reconstruction method-
ologies, as well as their analytic algorithms and numerical simulations. We did not include
any topology restrictions or the influence of markers’ mitogenome partitions on the phy-
logenetic signal in the analysis, with the exception of outgroup (however, gene partitions
and accounting for nucleotide positions in codons were used in BA- and ML-techniques in
some SP, as explained in the Material and Methods section), as was conducted, for example,
in [14] Tables 1 and 2. Our findings on tree topology for the family Pleuronectidae and the
suborder Pleuronectoidei, on the other hand, were consistent with the above-mentioned
article. Consistent with Campbell and colleagues [12] Table 1, no serious discrepancies be-
tween topologies were observed during phylogenetic reconstructions that were completed
with and without gene partitions and positions of nucleotides in codons (these data are not
presented in the paper). This paper, as well as other recent works [78,83,84] suggest that, the
compactness and composition within the Pleuronectoidei/Pleuronectiformes remain unre-
solved. E.g., in our observation, despite clustering with the family Citharidae (Figure 5),
Psettodes ereumei is currently attributed to the family Psettodidae (CAS—Eschmeyer’s
Catalog of Fishes: Genera (calacademy.org)) and placed in the suborder Pleuronectoidei
according to some other molecular genetic evaluations [12,84], that were consistent with
our own low-level support for this topology node as noted before.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14100805/s1, Figure S1: BEAST-2 and FigTree topology re-
construction based on 13 PCG-sequences of 26 analyzed flounder representatives of the family
Pleuronectidae with posterior probabilities implemented. Figure S2: The phylogram built by Phy-
loSiut software and its IQ-TREE utility for gene tree reconstruction based on 13 PCG-sequences of
26 analyzed flounder representatives of the family Pleuronectidae with the out-group taxon Par-
alichthys olivaceus. Figure S3: Plot of the distribution on nucleotide diversity per site (Pi) along
the whole length at 13 PCGs of flatfish mitogenome in Pleuronectidae. On the Y-axis the diversity
scores are given, Pi. The red line presents Pi variation at nucleotide positions along DNA chain,
X-axis. Figure S4: Plot of pairwise differences for 13 PCGs of flatfish mitogenome in the family
Pleuronectidae. On Y-axis the frequency of pairwise differences for 12 sliding windows of divergence
estimates are given. On X-axis with the red lines the observed scores of k presented. With green line
shows the expected distribution for k. The average number of pairwise differences comprised, k
= 1440.113. Figure S5: The phylogram built by MEGA-X software and its utility for ML-gene tree
reconstruction based on 13 PCG-sequences of 26 analyzed flounder representatives of the family
Pleuronectidae with the out-group taxon Paralichthys olivaceus; Table S1: Supplement File: Fl26seq-pt8-
11401-123ps4.nex; Table S2: Supplement File: Fl26seq-pt8-123ps4-tip-r24b1-n=5E7-fix-pop-hm.xml;
Table S3: Supplement File: Fl26seq-pt8-11401-123ps4.trees; Table S4: Nucleotide content of 25 mi-
togenome sequences of PCGs among Pleuronectidae; Table S5: Perdomain diversity and DNA varion
data for 13 PCGs of 25 selected mitogenome sequences among representatives of Pleuronectidae
family; Table S6: TrN-distance-mtx-13PCRs-Pleuronectidae-taxa-ranked; Table S7: TrN-distance-
mtx-13PCGs-suborder-Pleuronectoidei-taxa-ranked; Table S8: Test of substitution saturation for
Pleuronectoidei PCGs mitogenome sequences.
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Abstract: Biodiversity hotspots often suffer from a lack of taxonomic knowledge, particularly those
in tropical regions. However, accurate taxonomic knowledge is needed to support sustainable
management of biodiversity, especially when it is harvested for human sustenance. Sundaland, the
biodiversity hotspot encompassing the islands of Java, Sumatra, Borneo, and Peninsular Malaysia,
is one of those. With more than 900 species, its freshwater ichthyofauna includes a large number
of medium- to large-size species, which are targeted by inland fisheries. Stock assessment requires
accurate taxonomy; however, several species groups targeted by inland fisheries are still poorly
known. One of those cases is the cyprinid genus Barbonymus. For this study, we assembled a
consolidated DNA barcode reference library for Barbonymus spp. of Sundaland, consisting of mined
sequences from BOLD, as well as newly generated sequences for hitherto under-sampled islands such
as Borneo. A total of 173 sequences were analyzed using several DNA-based species delimitation
methods. We unambiguously detected a total of 6 Molecular Operational Taxonomic Units (MOTUs)
and were able to resolve several conflicting assignments to the species level. Furthermore, we clarified
the identity of MOTUs occurring in Java.

Keywords: Southeast Asia; inland fisheries; type locality; genetic diversity; phylogeography

1. Introduction

Sundaland, comprising the islands of Java, Bali, Sumatra, Borneo, and peninsular
Malaysia, constitutes one of the world’s largest biodiversity hotspots [1,2]. With circa
900 freshwater fish species, half of which are endemic, the ichthyofauna of this biogeo-
graphical region is particularly rich, with a density of 0.8 species per km2, a value twice
as large as that observed in Brazil and the Democratic Republic of Congo [3]. This large
diversity is critically threatened, mostly due to the alarming rate of deforestation over the
past few decades [4–6], in conjunction with pollution [7] and watershed fragmentation
through the development of dams for irrigation and hydroelectric power [8]. Further-
more, the diversity of freshwater fishes in Sundaland is still not sufficiently understood [9],
hampering conservation efforts.
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Freshwater fishes constitute a major source of animal protein in Southeast Asia, where
inland fisheries rank among the world’s most productive, with Indonesia repeatedly at the
top [10–13]. Sundaland hosts a substantial amount of medium to large-size species, all above
30 cm in maximum standard length [3], which are targeted by inland fisheries [11]. Common
targets include genera such as snakeheads (Channa spp.), catfishes (Ompok spp., Hemibagrus spp.),
and various cyprinid genera including Barbonymus spp. and Leptobarbus spp. [11,14]. Although
common, the taxonomy of these genera is poorly understood. Species boundaries are
unclear, and the diversity for a number of genera has likely been underestimated [15–17].

A good example for this is the cyprinid genus Barbonymus, for which species numbers
range from 5 in Fishbase [18] to 10 in Eschmeyer’s Catalog of Fishes [19], the latter following
the checklist of Southeast Asian freshwater fishes by Kottelat [17] (Table 1). All Barbonymus
species occur in Sundaland, except B. altus (Günther, 1868), which was described from
the Chao Phraya River in Thailand (Text S1 in Supplementary Material). Of the nine
species occurring in Sundaland, three, B. sunieri (Weber and de Beaufort, 1916), B. strigatus
(Boulenger, 1894), and B. platysoma (Bleeker, 1855), have been described based on a single
specimen, and none of them have ever been observed since their original description [20].
Among the six remaining species, B. balleroides (Valenciennes, in Cuvier and Valenciennes,
1842), B. gonionotus (Bleeker, 1849) and B. schwanefeldii (Bleeker, 1864) are widespread in
watersheds flowing to the Java Sea, where they are frequently targeted by inland fisheries.
Barbonymus collingwoodii (Günther, 1868) and B. mahakkamensis (Ahl, 1922) are endemic to
North and East Borneo, respectively, and B. belinka (Bleeker, 1860) is an endemic species of
the west coast of Sumatra.

Table 1. List of available nominal species of Barbonymus including species names in original descriptions, authors, species
names in Eschmeyer’s Catalog of Fishes and Fishbase, and current status following [17].

Original Description Authors
Eschmeyer Catalog

of Fished
Fishbase Status

Barbus altus Günther 1868 Barbonymus altus Barbonymus altus Valid as Barbonymus altus
(Günther 1868)

Barbus amblycephalus Bleeker 1855 Barbonymus balleroides Barbonymus balleroides Valid as Barbonymus
balleroides (Valenciennes 1842)

Barbus balleroides Valenciennes 1842 Barbonymus balleroides Barbonymus balleroides Valid as Barbonymus
balleroides (Valenciennes 1842)

Barbus boulengerii Popta 1905 Barbonymus collingwoodii Barbonymus collingwoodii Valid as Barbonymus
collingwoodii (Günther 1868)

Barbus bramoides Valenciennes 1842 Barbonymus balleroides Barbonymus balleroides Valid as Barbonymus
balleroides (Valenciennes 1842)

Barbus erythropterus Bleeker 1849 Barbonymus balleroides Barbonymus balleroides Valid as Barbonymus
balleroides (Valenciennes 1842)

Barbus foxi Fowler 1937 Barbonymus altus Barbonymus altus Valid as Barbonymus altus
(Günther 1868)

Barbus gonionotus Bleeker 1849 Barbonymus gonionotus Barbonymus gonionotus Valid as Barbonymus
gonionotus (Bleeker 1849)

Barbus hypsylonotus Valenciennes 1842 Barbonymus balleroides Barbonymus balleroides Valid as Barbonymus
balleroides (Valenciennes 1842)

Barbus javanicus Bleeker 1855 Barbonymus gonionotus Barbonymus gonionotus Valid as Barbonymus
gonionotus (Bleeker 1849)

Barbus koilometopon Bleeker 1857 Barbonymus gonionotus Barbonymus gonionotus Valid as Barbonymus
gonionotus (Bleeker 1849)

Barbus macrophthalmus Bleeker 1855 Barbonymus balleroides Barbonymus balleroides Valid as Barbonymus
balleroides (Valenciennes 1842)

Barbus mahakkamensis Ahl, 1922 Barbonymus mahakkamensis Barbodes mahakkamensis Valid as Barbus mahakkamensis
(Ahl 1922)

Barbus platysoma Bleeker 1855 Barbonymus platysoma Barbodes platysoma Valid as Barbodes platysoma
(Bleeker 1855)

Barbus schwanefeldi rubra Vaillant 1902 Barbonymus schwanefeldii Barbonymus schwanenfeldii Valid as Barbonymus
schwanefeldii (Bleeker 1854)

Barbus schwanenfeldii Bleeker 1854 Barbonymus schwanefeldii Barbonymus schwanenfeldii Valid as Barbonymus
schwanefeldii (Bleeker 1854)

Barbus strigatus Boulenger 1894 Barbonymus strigatus Barbodes strigatus Valid as Barbonymus strigatus
(Boulenger 1894)

Barbus wadon Bleeker 1849 Barbonymus balleroides Barbonymus balleroides Valid as Barbonymus
balleroides (Valenciennes 1842)

Puntius jolamarki Smith 1934 Barbonymus gonionotus Barbonymus gonionotus Valid as Barbonymus
gonionotus (Bleeker 1849)

Puntius viehoeveri Fowler 1943 Barbonymus gonionotus Barbonymus gonionotus Valid as Barbonymus
gonionotus (Bleeker 1849)

Systomus belinka Bleeker 1860 Barbonymus belinka Puntius belinka Valid as Barbonymus belinka
(Bleeker 1860)
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DNA barcoding, the use of cytochrome oxidase I (COI) as a species tag for automated
identification, opened new perspectives for the characterization of Sundaland’s ichthy-
ofauna by helping to clarify taxonomic confusion within several groups [15,21,22], by
identifying discrepancies in historical species records [9] and by detecting a substantial
amount of morphologically similar, yet highly divergent lineages (i.e., cryptic diversity)
within numerous species [9,15,21–28]. Several molecular studies that aimed at charac-
terizing patterns of genetic diversity in Barbonymus led to conflicting species identities
associated with sequences submitted to international repositories [9,16,29–36].

As part of an ongoing project that seeks to build a DNA barcode reference library for
the ichthyofauna of Sundaland [9,22], we generated new barcode records for Barbonymus
species, which, together with previously published sequences, cover the diversity of the
genus in the region. The objective of the present study is to re-examine Barbonymus species
boundaries and their distribution ranges using DNA-based species delimitation methods.
By including DNA barcode records of specimens collected near type localities, we are also
reappraising published Barbonymus sequences.

2. Materials and Methods

2.1. Sampling and Collection Management

Specimens were captured using various methods including electrofishing, seine nets,
cast nets and gill nets, as well as by visiting fish markets in Sundaland (Figure 1; DS-
BARBONYM, dx.doi.org/10.5883/DS-BARBONYM, accessed on 15 January 2021). Speci-
mens were photographed and individually labeled, and voucher specimens were preserved
in a 5% formalin solution. A fin clip or a muscle biopsy was taken for each specimen and
fixed in a 96% ethanol solution for further genetic analyses. Both tissue and voucher
specimens were deposited in the national collections at the Museum Zoologicum Bo-
goriense (MZB) in the Research Centre for Biology (RCB) of the Indonesian Institute of
Sciences (LIPI).

 

Figure 1. Collecting sites in Sundaland for the 173 DNA barcode records of Barbonymus analyzed in this study.
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2.2. Sequencing and International Repositories

Genomic DNA was extracted from the muscle tissue samples using a Qiagen DNeasy
96 tissue extraction kit following manufacturer’s specifications. A 651 bp segment from
the 5′ region of the cytochrome oxidase I gene (COI) was amplified using the primer
cocktail C_FishF1t1/C_FishR1t1 [37]. Polymerase Chain Reaction (PCR) amplifications
were done on a Veriti 96-well Fast thermocycler (ABI—Applied Biosystems) with a final
volume of 10.0 μL containing 5.0 μL buffer 2X, 3.3 μL ultrapure water, 1.0 μL each primer
(10 μM), 0.2 μL enzyme Phire Hot Start II DNA polymerase (5U), and 0.5 μL of DNA
template (~50 ng). The following thermocycler regime was used: initial denaturation at
98 ◦C for 5 min followed by 30 cycles denaturation at 98 ◦C for 5 s, annealing at 56 ◦C
for 20 s, and extension at 72 ◦C for 30 s, followed by a final extension step at 72 ◦C for
5 min. PCR products were purified with ExoSap-IT (USB Corporation, Cleveland, OH,
USA) and sequenced in both directions. Sequencing reactions were performed at the Centre
for Biodiversity Genomics, University of Guelph, Canada, using the BigDye Terminator
v3.1 Cycle Sequencing Ready Reaction kit following standard protocols described in [38].
Sequencing was performed on an ABI 3730xl capillary sequencer (Applied Biosystems).
Sequences and collateral information were deposited on BOLD [39] and are available
as a public data set (dx.doi.org/10.5883/DS-BARBONYM, accessed on 15 January 2021,
Table S1).

2.3. Genetic Species Delimitation and Phylogenetic Inferences

Several methods for species delineation based on DNA sequences have been pro-
posed [40–43]. Each of these have different properties, particularly when dealing with
singletons (i.e., lineages represented by a single sequence) or heterogeneous speciation
rates among lineages [44]. A combination of different approaches is increasingly used to
overcome potential pitfalls arising from uneven sampling [22,45–48]. We used six different
sequence-based methods of species delimitation to identify the Molecular Operational
Taxonomic Unit (MOTU): (1) Refined Single Linkage (RESL) as implemented in BOLD and
used to generate Barcode Index Numbers (BIN) [42], (2) Automatic Barcode Gap Discovery
(ABGD) [41], (3) Poisson Tree Process (PTP) in its single (sPTP) and multiple rates version
(mPTP) as implemented in the stand-alone software mptp_0.2.3 [43,49], and (4) General
Mixed Yule-Coalescent (GMYC) in its single (sGMYC) and multiple threshold version
(mGMYC) as implemented in the R package Splits 1.0–19 [50].

Both the mPTP algorithm and the GYMC use phylogenetic trees as input files. We
reconstructed a maximum likelihood (ML) tree for the former using RAxML [51] based
on a GTR + I + Γ substitution model. For the GYMC algorithm, we calculated an ultra-
metric, fully resolved tree using the Bayesian approach implemented in BEAST 2.6.2 [52].
Sequences were collapsed into haplotypes prior to reconstructing the ultrametric tree using
RAxML, and Bayesian reconstruction was based on a strict-clock prior of 1.2% per million
year [53]. Two Markov chains of 20 million each were run independently using Yule pure
birth and GTR + I + Γ substitution models. Trees were sampled every 5000 states, after an
initial burn-in period of 5 million. Both runs were combined with trees resampled every
20,000 states using LogCombiner 2.6.2, and the maximum credibility tree was constructed
using TreeAnnotator 2.6.2 [52].

A final COI gene tree was reconstructed using the SpeciesTreeUCLN algorithm of
the StarBEAST2 package [54]. This approach implements a mixed-model including a
coalescent component within species and a diversification component between species
that allows accounting for variations of substitution rates within and between species [55].
SpeciesTreeUCLN jointly reconstructs gene trees and species trees and therefore requires
the designation of species, which were determined using the consensus of our species
delimitation analyses. The SpeciesTreeUCLN analysis was performed with the same
parameters as mentioned above.

Kimura 2-parameter (K2P) [56] pairwise genetic distances were calculated using the
R package Ape 5.4 [57]. Maximum intraspecific and nearest neighbor genetic distances
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were calculated from the pairwise K2P distance matrix using the R package Spider 1.5 [58].
Haplotype extraction and haplotype network reconstruction were performed for the most
widespread species using the R package pegas 1.0 [59].

3. Results

The total of 173 DNA barcodes used for this study comprised 154 sequences mined
from BOLD and 19 sequences generated for Barbonymus specimens originating from Suma-
tra and Borneo. The newly generated sequences represent the first DNA barcode records of
Barbonymus for Borneo. All the sequences were above 500 bp in length and no stop codons
were detected, suggesting that the sequences collected represent functional coding regions.
DNA-based species delimitation methods resulted in congruent delimitation schemes
with 6 MOTUs for mPTP, sPTP, ABGD, RESL, and sGMYC (Figure 2; Table S1). However,
mGMYC resulted in the delimitation of 31 highly incongruent MOTUs. Therefore, the
mGMYC partitioning scheme was discarded. The final consensus scheme consisted of six
MOTUs (Figure 2; Table 2) showing a distinct barcoding gap, which is defined as the lack of
overlap between maximum intraspecific and minimum interspecific genetic distance. Max-
imum intraspecific distances ranged from 0 (BOLD:ADN2907, BOLD:AED2516) to 0.018
(BOLD:AAD1940) (Table 1). Minimum interspecific distances ranged from 0.026 for the two
Barbonymus MOTUs (BOLD:AAE2136 and BOLD:AEB4313) to 0.08 for BOLD:AAD1940
(Table 1).

 
Figure 2. Mitochondrial gene tree for the 173 DNA barcodes of Barbonymus inferred with
SpeciesTreeUCLN, including 95% HPD interval for node age estimates, genetic species delimi-
tation results for five methods (mGMYC discarded) and their 50% consensus, BOLD Barcode Index
Numbers (BIN) for each MOTU, and revised species names.
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Table 2. Summary of genetic distances and MOTUs including species names, number of individuals
analyzed, BOLD Barcode Index Number (BIN), maximum intraspecific and minimum interspecific
K2P genetic distances.

K2P Genetic Distance

Species N BIN Max. Intraspecific Min. Interspecific

Barbonymus altus 17 BOLD:AAE2136 0.010 0.026
1 BOLD:AEB4313 - 0.026

Barbonymus belinka 5 BOLD:AED2516 0.000 0.069
Barbonymus gonionotus 98 BOLD:AAD1940 0.018 0.080

Barbonymus mahakkamensis 2 BOLD:ADN2907 0.000 0.050
Barbonymus schwanefeldii 50 BOLD:AAU0688 0.013 0.050

Conflicting species-level assignments were detected, particularly for previously pub-
lished records from Java [9], where BIN BOLD:ADD1940 and BOLD:AAU0688, initially
assigned to B. balleroides and B. gonionotus, match B. gonionotus and B. schwanefeldii, respec-
tively (Table S1). These results extend the occurrence of B. schwanefeldii to Java Island and
question the occurrence of B. balleroides in Java (Figure 3). Along the same line, the BIN
BOLD:AED2516, initially assigned to B. gonionotus and highlighted as a potentially new
taxon [16], likely corresponds to B. belinka, because B. collingwoodii is endemic to North
Borneo, B. mahakkamensis corresponds to a distinct lineage (BOLD:ADN2907, Figure 2) re-
stricted to East Borneo (Figure 3), and the occurrence of B. balleroides in Sumatra is uncertain
(Text S1).

 

Figure 3. Revised range distribution and type localities (white circle) for (A) B. gonionotus (only records in Sundaland
with geocoordinates are shown, its range distribution expands northward to Thailand and India), (B) B. schwanefeldii (only
records in Sundaland are shown), (C) B. belinka, and B. mahakkamensis. B. altus occurs in mainland Asia.

The Bayesian gene tree based on delimited MOTUs suggests close phylogenetic
affinities between the Sundaland MOTUs corresponding to B. belinka, B. mahakkamensis, and
B. schwanefeldii, with a Most Recent Common Ancestor (MRCA) dated at 3.8 Ma (Figure 2).
This group is more closely related to MOTUs of B. altus from mainland Asia, with a MRCA
dated at 4.5 Ma, than the MOTU assigned to B. gonionotus, which diverged from other
Barbonymus MOTUs about 6 Ma.

Intraspecific phylogeographic patterns were further explored for B. gonionotus and
B. schwanefeldii using sequences with revised species assignment (Figure 4). A total of 40
haplotypes was observed for both B. gonionotus and B. schwanefeldii. Haplotype networks
were markedly different for both species, with a star-like structure for B. schwanefeldii
(Figure 4B) and a more scattered network for B. gonionotus (Figure 4A). Most islands of
Sundaland host haplotypes scattered across networks for both species; however, mainland
Asia is much more represented in the haplotype network of B. schwanefeldii (Figure 4B)
than in B. gonionotus (Figure 4A).
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Figure 4. Haplotype networks reconstructed based on 98 and 50 DNA barcodes available for B. gonionotus (A) and
B. schwanefeldii (B), respectively. Numbers of changes are indicated by small segments on links. Circles represent haplotypes;
the size of a circle is proportional to the haplotype frequency.

4. Discussion

The present study provides an update of the Barbonymus diversity in Sundaland
through the aggregation of newly generated and recently published DNA barcode records,
resulting in a reference library consisting of 173 sequences largely distributed across
mainland Asia and Sundaland (the haplotype MK978151 was observed in five individuals
in [16], resulting in a dataset in BOLD consisting of 169 sequences). DNA-based species
delimitation methods largely agreed on the delineation of six MOTUs, except mGMYC with
a much higher estimate, a fact that was already reported in other studies [22,27,46,48,60].
Aside from this noticeable exception, methods were concordant in their delimitations, and a
barcoding gap was observed between all six MOTUs, with maximum K2P distances mostly
<1% within MOTUs, thereby falling into previously observed ranges for Cypriniformes in
Sundaland [9,16,21,22]. Along the same line, inferred ages of divergence among MOTUs
are consistent with previous age estimates among Sundaland freshwater fishes, with most
species originating during the last 5 Ma [21,22,26,28].

Discrepancies between BIN and species designation were observed within three MO-
TUs, corresponding to (1) BOLD:ADD1940 with sequences assigned to both B. gonionotus
and B. balleroides, (2) BOLD:AAU0688 with sequences assigned to both B. gonionotus and
B. schwanefeldii, and (3) BOLD:AED2516 with sequences assigned initially to B. gonionotus.
Most discrepancies could be related to B. gonionotus, which appears scattered across these
three MOTUs.

Most sequences of BOLD:ADD1940 from mainland Asia were attributed to B. go-
nionotus [29,32,33,36], while sequences from Sundaland were called B. balleroides [9,16].
Sequences from BOLD:AAU0688 from Java were assigned to B. gonionotus, while previously
published and newly generated sequences from Sumatra and Borneo were assigned to
B. schwanefeldii. These results suggest multiple misidentifications or large-scale introgres-
sive hybridization between B. gonionotus and B. schwanefeldii, as the former is not reported
to occur in Java [3,18–20]. While hybridization and introgression have been previously re-
ported for Cypriniformes [61–63], such large-scale mitochondrial introgressions have never
been reported for Sundaland fishes [22,23,25]. Along the same line, shared polymorphism
through recent common ancestry might be responsible for these discrepancies; however,
as inferred by this study, B. gonionotus is the most divergent species in Sundaland, and
ancestral polymorphisms are usually detected across whole species distribution ranges [64],
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which is not the case here. The most likely hypothesis is that B. schwanefeldii occurs in Java,
extending its range of distribution over all islands of Sundaland. Cases of translocation
of B. schwanefeldii outside its distribution range have been reported, e.g., to Papua New
Guinea [65], as a strategy to improve local fisheries by introducing species with fast growth
rates. Numerous introductions have been reported in Java of both Sundaland species,
non-native to Java, and exotic species [9]. This makes an introduction of B. schwanefeldii
through translocations from either Sumatra or Borneo populations likely. However, the
haplotype network of BOLD:AAU0688 indicates that Java specimens consist of mostly
private haplotypes (Figure 4). If the B. schwanefeldii occurrence in Java resulted from recent
introductions, most haplotypes would be shared with other populations in Sumatra and
Borneo, which is not the case here. Furthermore, cases of MOTUs widely distributed in
Sundaland were previously detected [15,28] and most BOLD:AAU0688 specimens from
Java initially identified as B. gonionotus are juveniles and sub-adults, which makes misiden-
tifications likely. These results suggest that Java populations previously assigned to
mboxemphB. gonionotus actually correspond to B. schwanefeldii (Figure 3).

The present study further questions the occurrence of B. balleroides in Java, which
was comprehensively sampled recently [9,21], resulting in the discovery of two distinct
Barbonymus MOTUs. The MOTU BOLD:AAD1940 was sampled at the type locality of
B. gonionotus in Surabaya (Text S1, Figure 3), and all mainland Asia samples of this MOTU
were previously assigned to B. gonionotus. This result suggests that Barbonymus populations
previously assigned to B. balleroides [9,16,20] actually belong to B. gonionotus (Figure 4).

The MOTU BOLD:AED2516 likely corresponds to B. belinka. Barbonymus sunieri,
B. strigatus, and B. platysoma have been described based on single specimens from ei-
ther Java or North Borneo, none of which have been observed for decades. In addition,
B. collingwoodii is endemic to North Borneo and B. mahakkamensis belongs to a distinct
lineage (BOLD:ADN2907, Figure 2) restricted to East Borneo (Figure 3). The type locality
of B. balleroides is unknown, but the holotype refers to the Indo-Australian region (Text S1).
However, synonymies suggest ample distribution of B. balleroides in Java and Borneo,
though its occurrence in Sumatra remains to be confirmed. Thus, B. belinka is the only name
available for this MOTU in Sumatra, considering known distribution ranges of recently
observed Barbonymus species.

A single case of unrecognized diversity is detected within B. altus, with two MOTUs
detected including BOLD:AAE2136 and BOLD:AEB4313. The MOTU BOLD:AEB4313
corresponds to a singleton mined from GenBank and originating from a specimen sampled
in the Mekong River (Vietnam), which is consistent with the identification as B. altus
considering its type locality is the neighboring Chao Phraya River in Thailand. Raw
electropherograms are not available for this sequence, which makes its quality assessment
impossible; however, its placement within B. altus seems to confirm that this singleton does
not result from poor sequence quality.

5. Conclusions

The present study confirms the utility of DNA barcoding for clarifying species identity
and distribution ranges in cases of conflicting records. This is particularly evident in Java,
where large conflicts between historical records and recent reappraisals based on DNA
sequences were recently detected [9,21,66], suggesting large knowledge gaps. The lack
of historical records for B. schwanefeldii in Java seems to indicate perpetuated misiden-
tifications of Barbonymus populations. Individual translocations of B. schwanefeldii from
Sumatra and Borneo to Java alone fail to account for its new occurrence. Our study suggests
that both MOTUs reported from Java correspond to B. gonionotus and B. schwanefeldii and
highlights the degree to which Barbonymus species are morphologically similar and difficult
to distinguish based on meristic counts alone. However, DNA barcodes are clustered into
MOTUs, which are unambiguously captured by most DNA-based species delimitation
methods. Our revised DNA barcode reference library opens new perspectives for the
management of the inland fisheries of Sundaland by enabling fast and reliable species
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level identification of Barbonymus spp. Considering the importance of Barbonymus spp.
in local artisanal fisheries, and the difficulty of performing stock assessments at species
level due to overlapping meristic counts among species, this library can be readily used as
an alternative.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d13070283/s1, Table S1: Results of the genetic species delimitation analyses. Text S1:
Nomenclature of the ten nominal species of Barbonymus following Eschmeyer et al., 2018.
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Abstract: Our work shows the efficacy of DNA barcoding for recognizing the early stages of freshwa-
ter fish. We collected 3195 larvae and juveniles. Of them, we identified 43 different morphotypes.
After DNA barcodes of 350 specimens, we ascertained 7 orders, 12 families, 19 genera, 20 species,
and 20 Barcode Index Numbers, corresponding to putative species. For the first time, we reported
the presence of the brackish species, Gobiosoma yucatanum in Lake Bacalar. Specimens of the genus
Atherinella sp. and Anchoa sp. are possibly new species. Using both methods, morphology, and
DNA barcodes, we identified 95% of the total larvae collected (2953 to species, and 78 to genus), and
all of them were native. From them, the order Gobiiformes represented 87%. The most abundant
species were Lophogobius cyprinoides and Dormitator maculatus, followed by Gobiosoma yucatanum
and Ctenobius fasciatus. The Muyil and Chuyanché lagoons have the highest number of species. We
present for the first time a short description of Cyprinodon artifrons and Floridichthys polyommus. This
information conforms an indispensable baseline for ecological monitoring, to evaluate impacts, and
developing management and conservation plans of biodiversity, principally in areas under human
pressure such as Sian Ka’an, and Lake Bacalar, where tourism is high and growing in disorder.

Keywords: biodiversity; Quintana Roo; Bacalar; Sian Ka’an; fish larvae

1. Introduction

Quintana Roo state, in the east of the Yucatan Peninsula, Mexico, is among the places
with higher levels of biodiversity. For this reason, on average this region receives 5 million
visitors annually [1], and in the last decade contributed with the highest tourism income
for the whole country [2]. Among the most visited natural attractions of the state are
freshwater bodies such as lagoons and cenotes (sinkholes that connect to one of the most
complex underground water systems in the world) [3]. However, the richness of the fishes
that inhabit such ecosystems is still poorly known. Specific studies about their larvae
are almost absent; the few fish larvae studies developed here have focused on marine
organisms and estuarine environments [4–8].

The knowledge of the early stages of fish is essential as it provides information about
the recruitment rates of juveniles and the size of the adult population [9,10]. Besides, these
stages are helpful in the characterization of taxonomic diversity, times, and locations of
spawning, and the assessment of connectivity between ecosystems [11].

The early stages of fish are considered as ichthyoplankton. They are characterized by
a high rate of development and a great diversity of forms that usually differ from adults [9].
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Furthermore, the morphology of the same species can change rapidly and significantly
during its growth from pre-flexion to post-flexion larvae and later to the juvenile stage [12].
Hence, the identification using morphology tends to be difficult.

Given the difficulties in identifying fish larvae by traditional methods, applying multi-
ple and complementary perspectives is advisable to identify them more precisely [13,14].
Integrative taxonomy proposes using morphological characteristics and molecular identifi-
cation [15,16]. This type of work has been used successfully before, as evidenced by the
study of Valdez-Moreno et al. [7], Hubert et al. [17], Baldwin, et al. [18], and Ko et al. [12],
among others.

Considering the lack of information and the relevance of the studies that help under-
stand biodiversity, this research has the goal to analyze the identities of the fish larvae
that inhabit freshwater ecosystems from Quintana Roo, based on integrative taxonomy.
We consider this work as a starting point towards the conservation and sustainable use of
these systems.

2. Materials and Methods

2.1. Study Site and Field Sampling

We collected in 18 places; 3 of them in Sian Ka’an, a Biosphere Reserve, 9 nearby
the reserve, 4 in Lake Lake Bacalar, and 2 lagoons Xul-Ha, and Huay Pix associated with
Bacalar (Figure 1 and Table 1).

We collected the samples using light traps according to the methodology proposed
by Elías-Gutiérrez et al. [11]. We placed only one light trap in most sites, except in Muyil,
Chunyanxche, Del Padre, Siijil Noh Ha, and Chancah Veracruz, where due to their depth
and area, two traps were used (one littoral and one limnetic). The sampling sites and
collection dates are summarized in Table 1. Figure 1 shows the geographic locations of all
sampled sites.

Once we got the samples, we immediately filtered them on a 50 μm sieve, then we
fixed the material with ethanol 96% and placed it on ice. In the lab, all samples were stored
for at least one week at −18 ◦C before processing [11,19].

2.2. Morphological Analysis

In the laboratory, the larvae were separated by morphotypes and stored in 5 mL vials
with 4 mL of 96% ethanol.

For the morphological identification of the larvae, we used different identification
keys as Richards [9], Fahay [20], and studies of freshwater fishes where their larval stages
are described [21]. For information about what species could be found in the study area,
we used Miller et al. [22], Schmitter-Soto [23], and Valdez-Moreno [24,25].

All larvae also were measured and separated according to the stage of development
(preflexion, flexion, postflexion, transition, and juvenile) following the previous criteria
proposed [9].

2.3. DNA Barcode Analysis

We selected 353 specimens for this study (from 1 to 5 organisms of each morphotype).
All of them were photographed under a Nikon SM2 745T stereomicroscope with an Eos
Rebel T7i camera.

We used a small piece of muscle (1–3 mm3) or the right eye to extract the DNA for
molecular analysis. We sterilized the forceps and the material using chlorine diluted in
water in a proportion 1:5 and subsequently neutralized it with 96% ethanol between each
tissue or eye extraction.

For each sample’s tissue digestion, a lysis buffer was used with proteinase K, and they
were allowed to digest overnight at 56 ◦C. The extraction was carried out through 1.0 mm
PALL glass fiber plates [26]. A Cytochrome Oxidase I (COI) gene segment with an approx-
imate length of 650 Bp [27] was amplified using the FishF1 and FishF2 primers [28,29].
Amplification was carried out with a final volume of 12.5 μL, prepared as follows: 6.5 μL of
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10% trehalose, 2 μL of ultrapure water, 1.25 μL PCR buffer X10, 0.625 μL MgCl2 (50 mM),
0.125 μL of each Primer (0.01 mM), 0.06525 μL dNTP mix (10 mM), 0.625 μL Taq polymerase,
and 2 μL of template of DNA. The reactions we cycled at 94 ◦C for a 1 min, followed by five
cycles at 94 ◦C for 30 s, 45–50 ◦C for 40 s and 72 ◦C for 1 min, followed by 35 cycles at 94 ◦C
for 30 s, 51–54 ◦C for 40 s and 72 ◦C for 1 min, and finally by one last cycle of 72 ◦C for
10 min. We visualized the PCR products in agarose gel Invitrogen TM with 4 μL of sample
and 16 μL of water. We sequenced the PCR products of Cenote Cocalitos samples at the
Canadian Center for DNA Barcoding (Guelph, ON, Canada), and the rest of PCR products
were sent to sequence at Eurofins Scientific (Louisville, KY, USA). Finally, we edited the
sequences with Codon code v.3.0.1 and uploaded them to BOLD (www.boldsystems.org)
in the dataset DS-FLYP Fish larvae from Yucatan(dx.doi.org/10.5883/DS-FLYP).

Figure 1. Study area, with the 18 sampling points: (1) Muyil, (2) Chunyaxche, (3) Km 48, (4) Santa
Teresa, (5) Tres Reyes 2, (6) Tres Reyes 1, (7) Del Padre, (8) Chancah Veracruz, (9) Siijil Noh Ha, (10) El
Toro, (11) Pucté 2, (12) Pucté-Cafetal, (13) Buena Vista, (14) Cayuco Maya, (15) Brujas, (16) Cocalitos,
(17) Xul-ha, and (18) Huay Pix. The shaded area represents the Sian Ka’an reserve and the Uaymil
protection area.
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Table 1. Collection sites * inside Sian Ka’an reserve, ** nearby of the reserve, *** inside Lake Bacalar.

Number Site Lat N Long W
Number of Light

Traps Per Day
Date

1 Muyil Lagoon * 20.069 −87.594 2 24 August 2019

2 Chunyaxche lagoon * 20.042 −87.581 2 24 August 2019

3 Km 48 sinkhole ** 19.943 −87.794 1 24 August 2019

4 Santa Teresa sinkhole * 19.723 −87.813 1 23 August 2019

5 Tres Reyes 2 sinkhole ** 19.692 −87.877 1 23 August 2019

6 Tres Reyes 1 sinkhole ** 19.668 −87.881 1 23 August 2019

7 Del Padre sinkhole ** 19.604 −88.003 2 23 August 2019

8 Chancah Veracruz sinkhole ** 19.486 −87.988 2 22 August 2019

9 Siijil Noh Ha sinkhole ** 19.475 −88.052 2 22 August 2019

10 El Toro sinkhole ** 19.098 −88.021 1 22 August 2019

11 Pucté 2 sinkhole ** 19.091 −87.994 1 25 August 2019

12 Pucté-Cafetal sinkhole ** 19.079 −87.994 1 25 August 2019

13 Buena Vista *** 18.88 −88.231 1 17 August 2015

14 Cayuco Maya *** 18.746 −88.325 1 18 August 2015

15 Brujas sinkhole *** 18.666 −88.395 1
28 June 2015

1 August 2019

16 Cocalitos sinkhole *** 18.651 −88.409 1

2 August 2015

18 April 2015

28 June 2015

19 July 2015

20 August 2015

1 December 2015

17 Xul-Ha lagoon 18.543 −88.46 1 15 August 2015

18 Huay Pix lagoon 18.512 −88.43 1 14 August 2015

2.4. Data Analysis

The sequences obtained were compared with sequences previously published using
the specimen identification tool in the Barcode of Life Data System (BOLD) [30]. In addition,
these sequences reached the standard to get a Barcode Index Number (BIN) [31].

We used Kimura 2-parameter model (K2P) to get the genetic divergences between
the species [32] and a maximum likelihood (ML) tree, using 500 bootstrap replicates [33],
provided with MEGA 7.0 software. Finally, the ML tree was simplified by using the
compression feature provided by the same software [34].

The criteria to assign taxonomic level identification using BOLD was a similarity
value ≥99%. The resulting BIN number allowed to assign the specimens to species level [35].
Similarities with values ≥ 94% to ≤98.4% were identified to genus, and similarities <94%
were assigned to family [36].

3. Results and Discussion

3.1. Species Identification

We collected a total of 3195 larvae and juveniles. Using only morphology, we recog-
nized 43 different morphotypes and only one species, Bathygobius soporator. We assigned
the remaining 42 morphotypes to genus (Gobiosoma, Ctenogobius, and Astyanax) or fam-
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ily (Cyprinodontidae, Engraulidae, Gobiidae Atherinopsidae, Cichlidae, Poeciliidae, and
Characidae).

These results showed how difficult the identification of the early stages of fish using
only morphological characters is. There is no information available for most freshwater fish
larvae [37,38]. In addition, the fragile specimens can be damaged during the manipulation
and fixation process, which makes the identification more difficult [36,39]. In some cases,
the larvae can lose some body parts by predation when all zooplankton are together in
the light trap (obs. pers.). The result is either a high probability of erroneous taxonomic
identification or simply making it impossible.

For DNA barcode analyses, we processed 350 specimens from the 43 morphotypes.
We obtained 347 sequences. Their length varied between 600 and 658 base pairs (bp),
after trimming the sequences to remove un-formative nucleotide sites at the 3′ and 5′ ends,
except for five, which had from 171 to 585 bp. Only three specimens could not be sequenced.
We did not observe insertions, deletions, or stop codons in any of the sequences.

We considered a mini-barcode sequence with 171 bp [40], belonging to Gobiosoma
yucatanum with 100% similarity. This technique has been used previously, demonstrating
its efficacy in identifying degraded DNA [41–44].

Our sequencing success rate was 99%. This value is similar to that reported by
Frantine-Silva et al. [39], who registered a 99.81% success rate on fish eggs and larvae
from the Paranapanema River in Brazil. In contrast, Almeida et al. [36] had a lower value,
reporting 79.6% success in the same river with similar material. This difference could
be explained because the latter authors used a low alcohol percentage to fix the samples
(70%) and did not keep them in cold storage. Several authors suggest optimizing DNA
fixation [11,35]. The length and quality of the sequences were similar to other studies that
worked with this gene.

When comparing the 347 sequences with Bold identification system (http://www.
boldsystems.org/index.php/IDS_OpenIdEngine. Accessed on 15 September 2021), 324
(93.4%) matched in BOLD reference library with >99% similarity, allowing the species-level
identification [35,36] (Table 2). For the remaining 23 (6.6%), we identified them to genus
level, 22 Atherinella sp., and one Anchoa sp.

All sequences represented 7 orders, 12 families, 19 genera, 20 species, and 20 BINs
(Table 2 and Supplementary Materials. Gobiiformes were the order with more species
(five species), followed by Cyprinodontiformes, Clupeiformes (four), and Cichliformes
(three).

All species identified were based on similarity values that confirmed their placement
under different numbers of BINs [31]. These were congruent with the K2P distance tree,
and the patterns are seen in the genetic distance.

The ID tree does not show overlapping between species clusters (Figure 2). These
results allowed us to make reliable species assignments [45,46].

Each BIN number was associated with one species, except Astyanax aeneus and Cyprin-
odon artifrons. In these two cases the BINs cannot distinguish them, due to both having
congeners closely related that have recently evolved. Consequently, the genetic distance
between them is small [28,35,47,48].

Most of the fish species found in this study have been reported in different aquatic
systems in Yucatán and the Quintana Roo state [22,24]. Valdez Moreno et al. [25], using
metabarcoding in the same places as us (except Minicenote), corroborated the presence of
all the species found by us in these sites [24,25]. However, we found some interesting cases,
explained in the following paragraphs.
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Table 2. Species and genus list detected with Barcodes with their BINs numbers.

Order Family Species # Specimens % Similarity BIN

Atheriniformes Atherinopsidae Atherinella sp. 22 100 BOLD:AAI4788

Beloniformes Belonidae Strongylura notata 2 100 BOLD:AAC4691

Hemiramphidae Chriodorus atherinoides 1 100 BOLD:AAD0222

Characiformes Characidae Astyanax aeneus 3 100 BOLD:AAA6360

Cichliformes

Cichlidae Mayaheros urophthalmus 3 100 BOLD:AAB5118

Thorichthys meeki 8 100 BOLD:AAA4760

Vieja melanura 3 100 BOLD:AAB9907

Clupeiformes

Clupeidae Dorosoma petenense 1 100 BOLD:AAC3463

Engraulidae Anchoa lyolepis 1 99.85 BOLD:AAR3806

Anchoa sp. 1 100 BOLD:AAE1085

Anchovia clupeoides 26 100 BOLD:ACV0719

Cyprinodontiformes

Cyprinodontidae Cyprinodon artifrons 56 100 BOLD:AAA8182

Floridichthys polyommus 48 100 BOLD:AAA6554

Garmanella pulchra 11 100 BOLD:AAD5728

Poeciliidae Gambusia yucatana 5 100 BOLD:AAA4520

Gobiiformes

Eleotridae Dormitator maculatus 20 99.36–100 BOLD:AAC2209

Gobiidae Bathygobius soporator 7 100 BOLD:AAA7195

Gobiosoma yucatanum 50 100 BOLD:ACV0831

Lophogobius cyprinoides 45 99.83–100 BOLD:AAB6671

Oxudercidae Ctenogobius fasciatus 34 100 BOLD:AAE7730

We collected Anchoa lyolepis in the Cocalitos sinkhole in Lake Bacalar. It is considered
a marine species and has been reported in the northern Gulf of Mexico and from Yucatán to
Brazil [49]. In the BOLD database, there are eight specimens, one is from the same sinkhole,
but the specimen is incomplete. It has no head, so morphological determination is difficult.
The other samples are dried fishes collected from a Mexico City market, whose morphology
appears to be this species. So, it is probable that our larvae seem to be well identified. This
observation will have to be confirmed with more specimens.

The Gobiosoma yucatanum holotype was collected from the south side of the pier in
Chetumal city, Quintana Roo [50]. Its distribution range includes rivers, estuaries, and
inland lagoons from Mexico to Belize and Honduras [51,52]. Elías-Gutiérrez et al. [11]
reported the presence of Gobiosoma sp. in the larval stage in Lake Bacalar. In the BOLD
database, there are adults from Chetumal Bay, all matched with our larvae. It is the
first report of the presence of G. yucatanum in Lake Bacalar. This result confirms the
connectivity between the Chetumal bay and Lake Bacalar. Something similar was reported
for Cyprinodon artifrons, whose adults are located in the in the reef lagoon in Xcalak and
Chetumal Bay, and the larvae which were in Lake Bacalar [11].
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Figure 2. ML tree showing the clustering of the 20 identified species. The numbers on the branches
are the bootstrap support after 500 replicates. Numbers after the names are the BINs.

Some specimens of the genus Atherinella matched with two species, A. alvarezi and
Atherinella sp., with a 100% similarity value (Table 2). Both species have also been reported
in inland waters of the Yucatán peninsula [22–24,53]. However, the morphological charac-
ters overlap between them. The taxonomy of freshwater atherinopsids of this region needs
further studies because they possibly belong to an undescribed species [23].

One specimen collected in Huay Pix near Lake Bacalar matched with Anchoa sp.
Four species of this genus were found in freshwater. However, Anchoa parva is the only one
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reported in the Yucatan Peninsula and Bacalar, Quintana Roo [22,23]. We do not have any
barcodes for it yet. It is necessary to collect and sequence this species and compare it with
our larvae to confirm its identity.

With the barcode results, we were able to recognize the different morphotypes. Then,
it allowed us to identify 2681 larvae that did not enter the molecular analysis. These results
are excellent because we identified 95% (3031) from all the collected larvae and juveniles.
In addition, it allowed us to know the stage of development in each of them (Table 3).

Table 3. Species, size range, number of specimens, stage of development and collection sites: (1) Muyil, (2) Chunyaxche,
(3) Km 48, (4) Santa Teresa, (5) Tres Reyes 2, (6) Tres Reyes 1, (7) Del Padre, (8) Chancah Veracruz, (9) Siijil Noh Ha, (10) El
Toro, (11) Pucté 2, (12) Pucté-Cafetal, (13) Buena Vista•, (14) Cayuco Maya•, (15) Brujas•, (16) Cocalitos•, (17) Xul-ha,
(18) Huay Pix. • inside Lake Bacalar. * LT = total length. ** LS = standard length.

Specie
Size Range

(mm) * LT ** LS
Number of
Specimens

Stage
Collecting Sites

1 2 3 7 8 9 10 11 12 13 14 15 16 17 18

Atherinella sp. 3.2–7.2 * 58 Preflexion larvae x x x x

11.5 1 Postflexion larvae x x

21–22 * 3 Transition stage x x

27.5–42.5 * 15 Juvenil x

Strongylura 12 ** 1 Postflexion larvae x

notata 95 ** 1 Juvenil x

Chriodorus
atherinoides 15 ** 1 Postflexion larvae x

Astyanax
aeneus 33.7–40.2 * 3 Juvenil x

Mayaheros 6.5–6.9 * 2 Postflexion larvae x

urophthalmus 14.4–17.50 * 2 Transition stage x

Thorichthys 4.5–5 3 Flexion larvae x

meeki 6.5–7.4 * 7 Postflexion larvae x

Vieja melanura 9.8 * 1 Postflexion larvae x

14.4–15 * 2 Transition stage x

Dorosama
petenense 4 ** 4 Preflexion larvae x

Anchoa
lyolepis 30 ** 1 Transition stage x

Anchoa sp. 21 ** 1 Transition stage x

Anchovia 3 ** 1 Preflexion larvae x

clupeoides 7 ** 6 Flexion larvae x

11–23 ** 52 Postflexion larvae x x x

37–47 5 Juvenile x

Cyprinodon 4.2–6.9 * 49 Postflexion larvae x x x

artifrons 9–11 * 11 Transition stage x x

Floridichthys 4.5–8.5 * 84 Postflexion larvae x x

polyommus 9–10 * 3 Transition stage x

24.2 * 1 Juvenil x

Garmanella 4.2–4.5 * 3 Postflexion larvae x x

pulchra 11–12 * 2 Transition stage x

14.2–20 * 6 Juvenil x x

Gambusia
yucatana 7.9–8.2 * 6 Postflexion larvae x

Dormitator 5.2–13.6 * 529 Postflexion larvae x x x x

maculatus 14.2–16.8 * 26 Transition stage x x x

Bathygobius 2–2.2 ** 38 Preflexion larvae x

soporator 7 ** 2 Postflexion larvae x

Gobiosoma 2.2–3.5 ** 72 Preflexion larvae x x
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Table 3. Cont.

Specie
Size Range

(mm) * LT ** LS
Number of
Specimens

Stage
Collecting Sites

1 2 3 7 8 9 10 11 12 13 14 15 16 17 18

yucatanum 3.8–4.6 ** 216 Flexion larvae x

4.8–11 ** 270 Posflexion larvae x x

13 ** 1 Transition stage x

Lophogobius 2.8–3.2 ** 157 Preflexion larvae x x

cyprinoides 3.4–4 ** 420 Flexion larvae x x x

4.3–8 ** 415 Postflexion larvae x x x

Ctenogobius 3.3–3.4 ** 29 Preflexion larvae x

fasciatus 3.5–3.8 ** 94 Flexion larvae x

4.5–11 ** 427 Postflexion larvae x x

unidentified
organisms 164 x x

Total 3195

Most of the larvae identified belonged to the order Gobiiformes, representing 87%
of the total. The most abundant species were Lophogobius cyprinoides (992 specimens),
Dormitator maculatus (655 specimens), G. yucatanum (556 specimens), and Ctenobius fasciatus
(550 specimens). The rest of the species had less than 88 to 1 individual. The most widely
distributed species were D. maculatus and Atherinella sp. located in four different sites
(Table 3).

These results are different from those reported by other studies, based in adults. In
three previous research about the fish community structure in the Sian Ka’an reserve, it was
found that Cichlidae and Poeciliidae are the families with more species in this area [54–56].
Their presence and other families have been found in samples from these aquatic environ-
ments (obs. pers.) and using environmental DNA [24,25,57]. These differences are most
likely due to different collection methods and objectives (minnow traps, dip, cast nets,
hanging nets, DNA in water, and none of them collected larvae).

In our results, we reported larvae from the poeciliid Gambusia yucatana. However,
their larvae were not collected with the use of the light traps. We collected some adults
with a hand net in Del Padre sinkhole and put them in an aquarium. The females gave
birth to some young, which were barcoded and included in this study (Table 3).

These results show that light traps have limitations due to their selectivity [58]. Some
species seem to be less attracted to light, such as the poeciliids. Most likely, the parental
care of cichlids such as Mayaheros uruphtalmus, Thorichthys meeki, and Vieja melanura [59]
prevents their larvae from dispersing and reaching the light traps (obs. pers.). It is necessary
to perform more studies about fish behavior to confirm these ideas.

The results regarding the number of species per site were variable. Cocalitos Sinkhole
had nine species, Muyil lagoon had six, and Chuyanché lagoon had five. The rest of the
localities presented from three to one species, while no larvae were collected in Santa
Teresa, Tres Reyes 1, and Tres Reyes 2.

Although Cocalitos has the highest number of species, it is necessary to consider that
this place was sampled six times compared to the others, which were visited once or twice
(Table 1). Based on our results and previous studies [25], Muyil and Chuyanché lagoons
have the highest number of species. The differences among the richness reported can be
associated with several factors such as vegetation, shore area, and collecting method [54,56].

The analysis of the different early development stages showed that the larval stage was
predominant in all species, except A. aeneus, represented by the juvenile stage. A. lyolepis
and Anchoa sp. were found in the transition stage.

375



Diversity 2021, 13, 513

The most common larval stage was postflexion in 12 species, followed by the flexion
stage in 6 species and preflexion in 4 species.

Atherinella sp., Anchovia clupeoides, and G. yucatanum were the species that showed four
different stages during the same sampling day. Chriodorus atherinoides, A. aeneus, Dorosoma
petenense, A. lyolepis, Anchoa sp., and G. yucatana were found in a single stage. The other
11 species had 2 or 3 stages (Table 3).

The high percentage of larvae in postflexion indicates that there has been a recent re-
production period. Schmitter-Soto [23] mentions that the reproduction period of C. artifrons
is during spring and autumn. For T. meeki, M. urophthalmus, V. melanura and A. aeneus,
it is from March to June, while D. maculatus is from September to October. In thecase of
Floridichthys polyommus, its reproduction is in spring and summer [60]. Miller et al. [22] re-
ported that the genus Atherinella and G. yucatana have long reproductive periods. Therefore,
most of the species found here have reproduction periods close to or during the summer.

Some authors report that the caudal and pectoral fins are the first to develop because
they are the main ones involved in the locomotion of the larvae for feeding and move-
ment [9,61–64]. These ideas agree with the results presented here. Most larvae were found
in postflexion, which developed these fins, allowing them to enter the light trap. It also
explains the small number of larvae in the preflexion stage since they have more limited
movement [9].

Identifying larvae of C. artifrons, F. polyommus, and Garmanella pulchra (Cyprinodonti-
dae) is challenging because they are morphologically similar. The DNA barcodes allowed
us to distinguish them.

In the following paragraphs, we present a short description of the larvae from the first
two species. The minimum number of specimens reviewed for each of the stages was five.

3.2. Cyprinodon Artifrons (Hubbs, 1936)

Postflexion (TL 4.2–4.6 mm): presence of finfold; up to 9 pectoral rays. Robust head
and dorsally pigmented without a distinct pattern. Eyes with a round pupil. Incipient
lateral pigmentation of the body with 5–7 patches of melanophores, the patches beginning
above or slightly forward the anus and ending at the base of the caudal fin; some larvae
with prominent abdomen have marked ventral pigmentation (linear or slightly branched),
larvae without prominent abdomen show less ventral pigmentation and more isolated
melanophores (Figures 3A and 5A).

Postflexion (TL 5.0–5.5 mm): presence of finfold; 10–13 pectoral rays. The pupil with a
small depression (barely noticeable), with 1–3 melanophores below the eye (Figure 3C1).
Slight or absence of ventral pigmentation (Figures 3B and 5A).

Postflexion (TL 6.0–6.9 mm): presence or absent vestigial finfold; 10–14 pectoral rays;
2–6 dorsal rays; 3–4 anal rays. Lateral pigmentation of the body with five patches of
melanophores; melanophores on the dorsal part of the head and body; a patch of pigments
between the fourth and fifth dorsal fin rays (Figure 3C).

Transition stage (TL 9–11 mm): no finfold; 13–15 pectoral rays; 6–10 dorsal rays;
6–8 anal rays; 4–7 pelvic rays. Head pigmented dorsally and laterally. A slightly oval
pupil with further pronounced upper depression; a patch of melanophores below the eye
(usually three to four). Incipient scales; pigments and melanophores on the dorsal part of
the head and body; five well defined lateral bands, the second band is at the level of the
anus, at this same level, is located a patch of pigments in the dorsal fin from the fourth to
the seventh radius (Figure 3D).
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Figure 3. Early stages of development of Cyprinodon artifrons with their DNA barcode. (A) LT = 4.6 mm; (B) LT = 5.5mm;
(C) LT = 6.9 mm; (C1) Pigments below the eye and pupil shape. (D) LT = 11 mm.

3.3. Floridichthys Polyommus (Hubbs, 1936)

Postflexion (TL 4.5–5.5 mm): presence of finfold; up to 10 pectoral rays. Robust head
and dorsally pigmented; 4.5 mm larvae without pigment below the eye, from 5.4 mm
pigmentation appears below the eye. Lateral pigmentation without pattern or with four to
six patches of melanophores from anus to the base of the caudal fin; prominent abdomen
with large branching melanophores (Figures 4A and 5B).

Postflexion (TL 6.0–6.5 mm): presence of finfold; 11–16 pectoral rays; up to 6 dorsal
rays; up to 5 anal rays. A slightly oval pupil with an invagination of approximately 1/5
of the pupil diameter (Figure 4C1); pigmentation below the eye with 3–12 melanophores.
Lateral pigmentation without pattern or with four to six patches of melanophores; the size
of the abdomen and the ventral pigmentation begins to reduce from 6.5 mm (Figure 4B).

Postflexion (TL 7.0–8.5 mm): presence or absent vestigial finfold; 15 to 18 pectoral
rays; 5–10 dorsal rays; 3–7 anal rays; up to 4 pelvic rays. The main characteristics of the
eye are the oval shape of the pupil with invagination and the pigmentation below the eye.
Lateral pigmentation without pattern or with four to five patches of melanophores; more
dispersed pigmentation than C. artifrons in similar sizes already show pigmentation in the
form of lateral bands. The abdomen with slight or totally absent pigmentation; pigment at
the base of the first dorsal ray (dorsal view) (Figure 4C).
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Figure 4. Early stages of development of Floridichthys polyommus with their DNA barcode. (A) LT = 5.4 mm; (B) LT = 6.4 mm;
(C) LT = 7.5 mm. (C1) Pigments below the eye, invagination, and pupil shape.

Compared to Cyprinodon artifrons, Floridichthys polyommus has a prominent abdomen
and large branching melanophores (Figure 5).

The characters used to separate and describe the larvae of C. artifrons and F. polyommus
principally were pigmentation below the eye, lateral pigmentation, the pupil shape and
ventral pigmentation. However, we consider that the last two are the most notable and
relevant.

We observed that F. polyommus presented an invagination in the pupil in sizes greater
than 5.5 mm, unlike C. artifrons had minor depression and was distinguishable only up to
9.0 mm.

The pigmentation below the eyes was different for both species. In the case of C. ar-
tifrons, most of the specimens had no more than three melanophores (Figure 3C1), while in
F. polyommus up to 11 melanophores were observed (Figure 4C1).

In the smallest sizes, ventral pigmentation and the belly prominent was found for both
species. The pigmentation in C. artifrons showed a linear pattern (Figure 5A), while F. poly-
ommus showing this pigmentation more intense and with a branched pattern (Figure 5B).
This character has been used previously to delimit some species of the Cyprinidae fam-
ily [65].

The melanophores patches in the lateral side of the body, at the size of 6.5 mm in C. ar-
tifrons are well defined; from 9.0 mm, the melanophores are grouped into bands (Figure 3).
In the case of F. polyommus, the patches of lateral pigments were less distinguishable from
6.5 mm (Figure 4).
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Figure 5. Ventral pigmentation patterns of (A) Cyprinodon artifrons, (A1) LT = 4.6 mm;
(A2) LT = 4.5 mm; (A3) LT= 6.0 mm; and (B) Floridichthys polyommus, (B1) LT = 5.4 mm;
(B2) LT = 5.5 mm; (B3) LT = 6.0 mm.

The smallest sizes were the most difficult to identify because most of the characteristics
used to delimit these species appear after 5.0 mm.

It is essential to consider identifying the larvae of these species correctly. It is necessary
to take all these characteristics into account as a whole and not individually.

4. Conclusions

In the present study, 95% of the specimens were identified employing DNA barcodes,
providing the first report on the taxonomic composition of freshwater ichthyoplankton and
their distribution in epicontinental systems in Quintana Roo state.
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We report, for first time, the presence of G. yucatanum in the Lake Bacalar and the
first larval description of C. artifrons (postflexion of and transition) and F. polyommus
(postflexion).

Although the use of light traps has limitations due to selectivity, they have the advan-
tage of catching species that often escape other sampling gears. However, the best approach
is using various sampling gears to estimate species richness, measure biodiversity, and
plan conservation strategies.

These results are the first report about some aspects of reproductive biology, and
development of several species. This information is indispensable for ecological monitoring,
to evaluate impacts, and developing management and conservation plans of biodiversity.

Our study confirmed the utility of the DNA barcodes for identifying larvae and
juveniles by comparing their sequences with adults uploaded in BOLD.

This work confirms the importance of building DNA barcode reference libraries for
all Mexican ichthyofauna.

This research is essential in areas under human pressure from different activities such
as the Sian Ka’an Biosphere Reserve and the Lake Bacalar, where tourism is growing mostly
in disordered ways.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13110513/s1, Supplementary Figure S1: ID tree of all specimens found in the dataset used for
this paper. Include species name, sample ID, locality collection, BIN number.

Author Contributions: Conceptualization and methodology, M.V.-M. and A.E.U.-N.; software, M.V.-
M. and A.E.U.-N.; validation, M.V.-M., A.E.U.-N. and C.A.V.-S.; formal analysis, A.E.U.-N., M.V.-M.,
C.A.V.-S. and J.A.C.-C.; investigation, A.E.U.-N. and M.V.-M.; resources, M.V.-M., C.A.V.-S. and
Á.O.O.-M.; data curation, M.V.-M., A.E.U.-N. and J.A.C.-C.; writing—original draft preparation, M.V.-
M., A.E.U.-N., C.A.V.-S. and J.A.C.-C.; writing—review and editing, M.V.-M., A.E.U.-N., C.A.V.-S.
and J.A.C.-C.; visualization, A.E.U.-N., M.V.-M., C.A.V.-S. and Á.O.O.-M.; supervision, A.E.U.-N.,
M.V.-M. and C.A.V.-S.; project administration, M.V.-M. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was financed by the Global Environment Fund through the United Nations
Development Programme (UNDP, Mexico), Comisión Nacional para el Conocimiento y Uso de la
Biodiversidad (CONABIO) and Comisión Nacional de Áreas Naturales Protegidas (CONANP) as
part of the investigation called: Programa de detección temprana piloto de especies acuáticas invasoras a
través de los métodos de código de barras de la vida y análisis de ADN ambiental en la Reserva de la Biosfera
Sian Ka’an within Project 00089333 “Aumentar las capacidades de México para manejar especies
exóticas invasoras a través de la implementación de la Estrategia Nacional de Especies Invasoras”.
Part of genetic analyzes were funded by a Tecnológico Nacional de México project (serial: 10091.21-P).

Institutional Review Board Statement: Ethical review and approval were waived for this study due
to it involving material collected under the permit issued by Dirección General de Ordenamiento
Pesquero y Acuícola No P2F/DGOPA-063/20.

Data Availability Statement: All data from this study are available in dataset DS-FLYP Fish larvae
from Yucatan Peninsula (dx.doi.org/10.5883/DS-FLYP). In addition, all sequences are available on
GenBank (www.ncbi.nlm.nih.gov).

Acknowledgments: Jorge Vidal Quijada, Heliseo Torres Otero, Gilberto Paredes Pat, Isaías Tun
Santiaog, and Alejandro Tuyub Tuyub from Limones town guided us within and in the surroundings
of the Sian Ka’an Reserve. Edilberto Sosa Martín supported our sampling. All ejidal commissars
assisted us in their communities. Alma Estrella García Morales from the Mexican Barcode of Life
(MEXBOL) node Chetumal assisted with DNA extraction, PCR reactions, and sequence edition of all
material presented here. Janneth Padilla assisted us with the map.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the study
design, analyses, interpretation of data, the writing of the manuscript, or the decision to publish the
results.

380



Diversity 2021, 13, 513

References

1. SECTUR. Results of Tourism Activity Mexico. Available online: http://www.acs-aec.org/sites/default/files/20150515_rat_a_
marzo_15_en.pdf (accessed on 31 August 2021).

2. Sánchez-Flores, E. La Contribución Del Turismo Al Crecimiento Económico: Análisis Regional En México. Transitare 2016, 2,
183–204.

3. Martos-López, L.A. Underwater Archaeological Exploration of the Mayan Cenotes. Mus. Int. 2008, 60, 100–110. [CrossRef]
4. Campbell, M.; Withers, K.; Tolan, J. Occurrence of Larval and Juvenile Fish in Mangrove Habitats in the Sian Ka’an Biosphere

Reserve, Quintana Roo, Mexico. Gulf Caribb. Res. 2008, 20, 81–86. [CrossRef]
5. Quintal-Lizama, C.; Vásquez-Yeomans, L. Asociaciones de Larvas de Peces En Una Bahía Del Caribe Mexicano. Rev. Biol. Trop.

2001, 49, 11.
6. Sanvicente-Añorve, L.; Hernández-Gallardo, A.; Gómez-Aguirre, S.; Flores-Coto, C. Fish Larvae from a Caribbean Estuarine System

in Book The Big Fish Bang, 1st ed.; Browman, H.I., Skiftesvik, A.B., Eds.; The Instituto Marine Research: Bergen, Norway, 2003;
pp. 365–379.

7. Valdez-Moreno, M.; Vásquez-Yeomans, L.; Elías-Gutiérrez, M.; Ivanova, N.; Hebert, P.D.N. Using DNA Barcodes to Connect
Adults and Early Life Stages of Marine Fishes from the Yucatan. Mar. Freshw. Res. 2010, 61, 665–671. [CrossRef]

8. Victor, B.; Vásquez-Yeomans, L.; Valdez-Moreno, M.; Wilk, L.; Jones, D.; Shivji, M.; Lara, M.; Caldow, C. The Larval, Juvenile, and
Adult Stages of the Caribbean Goby, Coryphopterus Kuna (Teleostei: Gobiidae): A Reef Fish with a Pelagic Larval Duration Longer
than the Post-Settlement Lifespan. Zootaxa 2010, 2346, 53–61. [CrossRef]

9. Richards, W.J. Early Stages of Atlantic Fishes, 1st ed.; CRC Press: Boca Raton, FL, USA, 2005.
10. Rodríguez, J.M.; Alemany, F.; García, A. A Guide to the Eggs and Larvae of 100 Common Western Mediterranean Sea Bony Fish Species;

The Food and Agriculture Organization: Rome, Italy, 2017.
11. Elías-Gutiérrez, M.; Valdez-Moreno, M.; Topan, J.; Young, M.; Cohuo-Colli, J. Improved Protocols to Accelerate the Assembly of

DNA Barcode Reference Libraries for Freshwater Zooplankton. Ecol. Evol. 2018, 8, 3002–3018. [CrossRef]
12. Ko, H.L.; Wang, Y.T.; Chiu, T.S.; Lee, M.A.; Leu, M.Y.; Chang, K.Z.; Chen, W.Y.; Shao, K.T. Evaluating the Accuracy of

Morphological Identification of Larval Fishes by Applying DNA Barcoding. PLoS ONE 2013, 8, 3–9. [CrossRef]
13. Dayrat, B. Towards Integrative Taxonomy. Biol. J. Linn. Soc. Lond. 2005, 85, 407–415. [CrossRef]
14. Steele, P.R.; Pires, J.C. Biodiversity Assessment: State-of-the-Art Techniques in Phylogenomics and Species Identification. Am. J.

Bot. 2011, 98, 415–425. [CrossRef]
15. Baldwin, C.C.; Johnson, G.D. Connectivity across the Caribbean Sea: DNA Barcoding and Morphology Unite an Enigmatic Fish

Larva from the Florida Straits with a New Species of Sea Bass from Deep Reefs off Curacao. PLoS ONE 2014, 9, e97661. [CrossRef]
16. Krishnamurthy, K.P.; Francis, R.A. A Critical Review on the Utility of DNA Barcoding in Biodiversity Conservation. Biodivers.

Conserv. 2012, 21, 1901–1919. [CrossRef]
17. Hubert, N.; Delrieu-Trottin, E.; Irisson, J.O.; Meyer, C.; Planes, S. Identifying Coral Reef Fish Larvae through DNA Barcoding: A

Test Case with the Families Acanthuridae and Holocentridae. Mol. Phylogenet. Evol. 2010, 55, 1195–1203. [CrossRef]
18. Baldwin, C.; Brito, B.; Smith, D.; Weigt, L.; Escobar-Briones, E. Identification of Early Life-History Stages of Caribbean Apogon

(Perciformes: Apogonidae) through DNA Barcoding. Zootaxa 2011, 3133, 1–36. [CrossRef]
19. Prosser, S.; Martínez-Arce, A.; Elías-Gutiérrez, M. A New Set of Primers for COI Amplification from Freshwater Microcrustaceans.

Mol. Ecol. Resour. 2013, 13, 1151–1155. [CrossRef]
20. Fahay, M.P. Early Stages of Fishes in the Western North Atlantic Ocean: Davis Strait, Southern Greenland and Flemish Cap to Cape

Hatteras; Northwest Atlantic Fisheries Organization: Dartmouth, NS, Canada, 2007.
21. Beeching, S.C.; Pike, R.E. Ontogenetic Color Change in the Firemouth Cichlid, Thorichthys Meeki. Copeia 2010, 2010, 189–195.

[CrossRef]
22. Miller, R.R.; Minckley, W.L.; Norris, S.M. Peces Dulceacuícolas de México, 1st ed.; CONABIO: Tlalpan, DF, Mexico, 2009.
23. Schmitter-Soto, J.J. Catalogo de Los Peces Continentales de Quintana Roo; El Colegio de la Frontera Sur: San Cistóbal de las Casas,

Chiapas, Mexico, 1998.
24. Valdez-Moreno, M.; Ivanova, N.V.; Elías-Gutiérrez, M.; Pedersen, S.L.; Bessonov, K.; Hebert, P.D.N. Using eDNA to Biomonitor

the Fish Community in a Tropical Oligotrophic Lake. PLoS ONE 2019, 14, e0215505. [CrossRef]
25. Valdez-Moreno, M.; Elías-Gutiérrez, M.; Mendoza-Carranza, M.; Rendón-Hernández, E.; Alarcón-Chavira, E. DNA Barcodes

Applied to a Rapid Baseline Construction in Biodiversity Monitoring for the Conservation of Aquatic Ecosystems in the Sian
Ka’an Reserve (Mexico) and Adjacent Areas. Diversity 2021, 13, 292. [CrossRef]

26. Ivanova, N.V.; Dewaard, J.R.; Hebert, P.D.N. An Inexpensive, Automation-Friendly Protocol for Recovering High-Quality DNA.
Mol. Ecol. Notes 2006, 6, 998–1002. [CrossRef]

27. Hebert, P.D.N.; Cywinska, A.; Ball, S.L.; Dewaard, J.R. Biological Identifications through DNA Barcodes. Proc. R. Soc. B 2003, 270,
313–321. [CrossRef]

28. Ward, R.D.; Zemlak, T.S.; Innes, B.H.; Last, P.R.; Hebert, P.D.N. DNA Barcoding Australia’s Fish Species. Philos. Trans. R. Soc.
London B Biol. Sci. 2005, 360, 1847–1857. [CrossRef]

29. Ivanova, N.V.; Zemlak, T.S.; Hanner, R.H.; Hebert, P.D.N. Universal Primer Cocktails for Fish DNA Barcoding. Mol. Ecol. Notes
2007, 7, 544–548. [CrossRef]

381



Diversity 2021, 13, 513

30. Ratnasingham, S.; Hebert, P.D.N. Bold: The Barcode of Life Data System (Www.Barcodinglife.Org). Mol. Ecol. Notes 2007, 7,
355–364. [CrossRef]

31. Ratnasingham, S.; Hebert, P.D. A DNA-Based Registry for All Animal Species: The Barcode Index Number (BIN) System. PLoS
ONE 2013, 8, e66213. [CrossRef] [PubMed]

32. Kimura, M. A Simple Method for Estimating Evolutionary Rates of Base Substitutions through Comparative Studies of Nucleotide
Sequences. J. Mol. Evol. 1980, 16, 111–120. [CrossRef]

33. Saitou, N.; Nei, M. The Neighbor-Joining Method: A New Method for Reconstructing Phylogenetic Trees. Mol. Biol. Evol. 1987, 4,
406–425. [CrossRef]

34. Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets. Mol. Biol.
Evol. 2016, 33, 1870–1874. [CrossRef]

35. Sarmiento-Camacho, S.; Valdez-Moreno, M. DNA Barcode Identification of Commercial Fish Sold in Mexican Markets. Genome
2018, 61, 457–466. [CrossRef]

36. Almeida, F.S.; Frantine-Silva, W.; Lima, S.C.; Garcia, D.A.Z.; Orsi, M.L. DNA Barcoding as a Useful Tool for Identifying
Non-Native Species of Freshwater Ichthyoplankton in the Neotropics. Hydrobiologia 2018, 817, 111–119. [CrossRef]

37. Pegg, G.; Sinclair, B.; Briskey, L.; Aspden, W. MtDNA Barcode Identification of Fish Larvae in the Southern Great Barrier Reef,
Australia. Sci. Mar. 2006, 70, 7–12. [CrossRef]

38. Loh, W.K.W.; Bond, P.; Ashton, K.J.; Roberts, D.T.; Tibbetts, I.R. DNA Barcoding of Freshwater Fishes and the Development of a
Quantitative QPCR Assay for the Species-Specific Detection and Quantification of Fish Larvae from Plankton Samples. J. Fish Biol.
2014, 85, 307–328. [CrossRef] [PubMed]

39. Frantine-Silva, W.; Sofia, S.H.; Orsi, M.L.; Almeida, F.S. DNA Barcoding of Freshwater Ichthyoplankton in the Neotropics as a
Tool for Ecological Monitoring. Mol. Ecol. Resour. 2015, 15, 1226–1237. [CrossRef] [PubMed]

40. Meusnier, I.; Singer, G.A.C.; Landry, J.-F.; Hickey, D.A.; Hebert, P.D.N.; Hajibabaei, M. A Universal DNA Mini-Barcode for
Biodiversity Analysis. BMC Genom. 2008, 9, 214. [CrossRef] [PubMed]

41. Bhattacharjee, M.J.; Ghosh, S.K. Design of Mini-Barcode for Catfishes for Assessment of Archival Biodiversity. Mol. Ecol. Resour.
2014, 14, 469–477. [CrossRef]

42. Fields, A.T.; Abercrombie, D.L.; Eng, R.; Feldheim, K.; Chapman, D.D. A Novel Mini-DNA Barcoding Assay to Identify Processed
Fins from Internationally Protected Shark Species. PLoS ONE 2015, 10, e0114844. [CrossRef]

43. Shokralla, S.; Hellberg, R.; Handy, S.; King, I.; Hajibabaei, M. A DNA Mini-Barcoding System for Authentication of Processed
Fish Products OPEN. Sci. Rep. 2015, 5, 15894. [CrossRef]

44. Dhar, B.; Ghosh, S.K. Mini-DNA Barcode in Identification of the Ornamental Fish: A Case Study from Northeast India. Gene 2017,
627, 248–254. [CrossRef]

45. Bénard-Capelle, J.; Guillonneau, V.; Nouvian, C.; Fournier, N.; Le Loët, K.; Dettai, A. Fish Mislabelling in France: Substitution
Rates and Retail Types. PeerJ 2015, 2, e714. [CrossRef]

46. Hanner, R.; Becker, S.; Ivanova, N.V.; Steinke, D. FISH-BOL and Seafood Identification: Geographically Dispersed Case Studies
Reveal Systemic Market Substitution across Canada. Mitochondrial DNA 2011, 22, 106–122. [CrossRef]

47. Valdez-Moreno, M.; Pool-Canul, J.; Contreras-Balderas, S. A Checklist of the Freshwater Ichthyofauna from El Petén and Alta
Verapaz, Guatemala, with Notes for Its Conservation and Management. Zootaxa 2005, 1072, 43–60. [CrossRef]

48. Anbarasi, G.; Vignesh, R.; Arulmoorthy, M.P.; Rathiesh, A.C.; Srinivasan, M. Barcoding Profiling and Intra Species Variation
Within the Barcode Region of Two Estuarine Fishes Oreochromis Mossambicus and Oreochromis Niloticus. GJBB 2015, 4, 59–68.

49. Whitehead, P.J.P.; Nelson, G.J.; Wongratana, T. FAO Species Catalogue, Clupeoid Fishes of the World (Engraulidae); FAO: Rome, Italy,
1988; pp. 305–579.

50. Dawson, C.E. Gobiosoma (Garmannia) Yucatanum, a New Seven-Spined Atlantic Goby from Mexico. Copeia 1971, 1971, 432–439.
[CrossRef]

51. Greendfield, D.W.; Thomerson, J.E. Fishes of the Continental Waters of Belize, 1st ed.; University Press of Florida: Gainesville, FL,
USA, 1997.

52. FishBase. Available online: http://www.fishbase.org (accessed on 29 July 2021).
53. López-Vila, J.M.; Valdez-Moreno, M.; Schmitter-Soto, J.J.; Mendoza-Carranza, M.; Herrera-Pavón, R.L. Composición y Estructura

de La Ictiofauna Del Río Hondo, México-Belice, Con Base En El Uso Del Arpón. Rev. Mex. Biodivers. 2014, 85, 866–874. [CrossRef]
54. Zambrano, L.; Vázquez-Domínguez, E.; Garcia-Bedoya, D.; Loftus, W.; Trexler, J. Fish Community Structure in Freshwater Karstic

Water Bodies of the Sian Ka’an Reserve in the Yucatan Peninsula, Mexico. Ichthyol. Explor. Freshw. 2006, 17, 193–206.
55. Escalera-Vázquez, L.H.; Zambrano, L. The Effect of Seasonal Variation in Abiotic Factors on Fish Community Structure in

Temporary and Permanent Pools in a Tropical Wetland. Freshw. Biol. 2010, 55, 2557–2569. [CrossRef]
56. Camargo-Guerra, T.; Escalera-Vázquez, L.H.; Zambrano, L. Fish Community Structure Dynamics in Cenotes of the Biosphere

Reserve of Sian Ka’an, Yucatán Peninsula, Mexico. Rev. Mex. Biodivers. 2013, 84, 901–911. [CrossRef]
57. Montes-Ortiz, L.; Elías-Gutiérrez, M. Faunistic Survey of the Zooplankton Community in an Oligotrophic Sinkhole, Cenote Azul

(Quintana Roo, Mexico), Using Different Sampling Methods, and Documented with DNA Barcodes. J. Limnol. 2018, 77, 428–440.
[CrossRef]

382



Diversity 2021, 13, 513

58. Vásquez-Yeomans, L.; Vega-Cendejas, M.E.; Montero, J.L.; Sosa-Cordero, E. High Species Richness of Early Stages of Fish in a
Locality of the Mesoamerican Barrier Reef System: A Small-Scale Survey Using Different Sampling Gears. Biodivers. Conserv.
2011, 20, 2379–2392. [CrossRef]

59. Magalhães, A.L.B.; Orsi, M.L.; Pelicice, F.M.; Azevedo-Santos, V.M.; Vitule, J.R.S.; Lima-Junior, D.P.; Brito, M.F.G. Small Size Today,
Aquarium Dumping Tomorrow: Sales of Juvenile Non-Native Large Fish as an Important Threat in Brazil. Neotrop. Ichthyol. 2017,
15, e170033. [CrossRef]

60. Trujillo-Jiménez, P.; Sedeño-Díaz, J.E.; López-López, E. Reproductive Traits of the “Ocellated Killifish” Floridichthys Polyommus
Hubbs, 1936 (Pisces: Cyprinodontidae) Inhabiting Estuary of the Champotón River (Campeche, Mexico). J. Appl. Ichthyol. 2018,
34, 806–814. [CrossRef]

61. Koumoundouros, G.; Gagliardi, F.; Divanach, P.; Boglione, C.; Cataudella, S.; Kentouri, M. Normal and Abnormal Osteological
Development of Caudal Fin in Sparus Aurata L. Fry. Aquaculture 1997, 149, 215–226. [CrossRef]

62. Faustino, M.; Power, D.M. Development of the Pectoral, Pelvic, Dorsal and Anal Fins in Cultured Sea Bream. J. Fish Biol. 1999, 54,
1094–1110. [CrossRef]

63. López, N.; Ruíz, C.; Landines, M. Descripcion Macroscopica Del Desarrollo Larval Del Coporo (Prochilodus Mariae). Rev. Fac. Med.
Vet. Zootec. 2005, 52, 110–119. [CrossRef]

64. Thorsen, D.H.; Hale, M.E. Development of Zebrafish (Danio Rerio) Pectoral Fin Musculature. J. Morphol. 2005, 266, 241–255.
[CrossRef]

65. Fuiman, L.A.; Conner, J.V.; Lathrop, B.F.; Buynak, G.L.; Snyder, D.E.; Loos, J.J. State of the Art of Identification for Cyprinid Fish
Larvae from Eastern North America. Trans. Am. Fish. Soc. 1983, 112, 319–332. [CrossRef]

383





diversity

Article

Molecular Characterization of the Common Snook,
Centropomus undecimalis (Bloch, 1792) in the Usumacinta Basin

Jazmín Terán-Martínez 1, Rocío Rodiles-Hernández 2, Marco A. A. Garduño-Sánchez 3 and

Claudia Patricia Ornelas-García 4,*

Citation: Terán-Martínez, J.;

Rodiles-Hernández, R.;

Garduño-Sánchez, M.A.A.;

Ornelas-García, C.P. Molecular

Characterization of the Common

Snook, Centropomus undecimalis

(Bloch, 1792) in the Usumacinta Basin.

Diversity 2021, 13, 347. https://

doi.org/10.3390/d13080347

Academic Editor: Bert W. Hoeksema

Received: 28 April 2021

Accepted: 26 May 2021

Published: 29 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Doctorado en Ecología y Desarrollo Sustentable, Departamento de Conservación de la Biodiversidad,
El Colegio de la Frontera Sur, Carretera Panamericana y Periférico sur s/n, Barrio Ma. Auxiliadora,
San Cristóbal de Las Casas C.P. 29290, Mexico; jateran@ecosur.edu.mx

2 Departamento de Conservación de la Biodiversidad, El Colegio de la Frontera Sur, Carretera Panamericana y
Periférico sur s/n, Barrio Ma. Auxiliadora, San Cristóbal de Las Casas C.P. 29290, Mexico; rrodiles@ecosur.mx

3 Posgrado en Ciencias Biológicas, Departamento de Zoología, Instituto de Biología, Universidad Nacional
Autónoma de Mexico, Tercer Circuito Exterior S/N, Ciudad de Mexico C.P. 045110, Mexico;
marco.garduno@st.ib.unam

4 Departamento de Zoología, Instituto de Biología, Universidad Nacional Autónoma de Mexico, Tercer Circuito
Exterior S/N, Ciudad de Mexico C.P. 045110, Mexico

* Correspondence: patricia.ornelas.g@ib.unam.mx; Tel.: +52-55-4940-9215

Abstract: The common snook is one of the most abundant and economically important species
in the Usumacinta basin in the Gulf of Mexico, which has led to overfishing, threatening their
populations. The main goal of the present study was to assess the genetic diversity and structure
of the common snook along the Usumacinta River in order to understand the population dynamics
and conservation status of the species. We characterized two mitochondrial markers (mtCox1
and mtCytb) and 11 microsatellites in the Usumacinta basin, which was divided into three zones:
rainforest, floodplain and river delta. The mitochondrial data showed very low diversity, showing
some haplotypic diversity differences between the rainforest and delta zones. In contrast, we
consistently recovered two genetic clusters in the Usumacinta River basin with the nuclear data in
both the DAPC and STRUCTURE analyses. These results were consistent with the AMOVA analyses,
which showed significant differences among the genetic clusters previously recovered by DAPC
and STRUCTURE. In terms of diversity distribution, the floodplain zone corresponded to the most
diverse zone according to the mitochondrial and nuclear data, suggesting that this is a transition
zone in the basin. Our results support the relevance of the molecular characterization and monitoring
of the fishery resources at the Usumacinta River to better understand their connectivity, which could
help in their conservation and management.

Keywords: gene flow; hydrological connectivity; Usumacinta Basin; Gulf of Mexico; tropical rainfor-
est; Centropomus undecimalis

1. Introduction

Ecosystem integrity and aquatic biodiversity are largely determined by hydrologic
connectivity [1,2]. For freshwater ecosystems, connectivity involves the exchange of matter,
energy and organisms along the river; thus, species can move among feeding, spawning
and refuge habitats [3]. Connectivity comprises four dimensions: longitudinal, lateral,
vertical and temporal [4]. Longitudinal connectivity is considered one of the most important
dimensions of freshwater fish species’ connectivity [5] because it allows upstream and
downstream fish migration cycles to occur [6]. For migratory species, the maintenance
of longitudinal connectivity is very important; therefore, being able to evaluate their
presence and extension is of great importance to better understand what the threats to their
conservation could be [5,7–10].
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Genetic data represent a valuable tool for assessing connectivity [11] by providing
relevant information about gene exchange within and across populations [12]. Due to next-
generation sequencing, DNA barcodes have been used to monitor and explore biological
diversity with molecular markers like never before. In this sense, the Cytochrome c
oxidase subunit 1 (mtCox1) barcoding region has been widely used as a valuable marker
in vertebrates for phylogeography and conservation biology [13]. In this regard, previous
studies using DNA sequences have served not only to characterize cryptic diversity but
also to diagnose population variants within species [14,15], which, combined with nuclear
markers, could be useful for species management and conservation [16].

The common snook, Centropomus undecimalis, is an euryhaline fish, which means that
the species breeds at river mouths or in estuarine environments and then migrates to
river environments to feed [17]. The species C. undecimalis is widely distributed along the
Atlantic slope, from the coast of North Carolina, USA, to Brazil. In the Gulf of Mexico, it
is found at the mouths of the main basins [18,19], including the Usumacinta River basin,
where the species coexists with three other species of the genus: C. poeyi, C. parallelus and
C. mexicanus [20]. However, C. undecimalis is the most abundant, largest and most eco-
nomically relevant of these species due to its high commercial value [19,21]; therefore, the
species is a key resource for the local fisheries, which has led to overfishing, threatening its
populations in some regions [19,22–24]. Thus, we consider that molecular characterization
of the common snook populations in the Usumacinta River basin could shed light on the
conservation and management of the species.

Previous genetic studies of the common snook in the Usumacinta River basin recov-
ered a single genetic pool, including samples from the San Pedro River, at the basin’s
floodplain, to the coastal area at Tabasco, Mexico [25]. However, other studies using
freshwater species diversity and molecular data have suggested that the upper and lower
part of the Usumacinta basin are different biogeographic units [10,26–29]. In this sense,
Ornelas-García et al. [10] reported that despite the connectivity within the basin, the genetic
diversity could be heterogeneously distributed, at least in Astyanax aeneus species, where
the upper and lower basin present different levels of haplotype diversity, while the middle
part of the basin presents the highest diversity, tentatively associated with a transition zone.
Similarly, Elías et al. [29] suggested that the upper and lower Usumacinta River basin does
not correspond to a single biogeographic unit, based on endemic species diversity as well
as the phylogeographic patterns obtained with some representative fish groups in the basin
(i.e., cichlids and poeciliids).

In the present study, we assessed C. undecimalis genetic diversity and structure in the
Usumacinta River basin by means of the genetic characterization of two mitochondrial
markers (mtCox1 and mtCytb) and 11 nuclear microsatellite loci. For this purpose, we
conducted a sampling in the Usumacinta River basin, within a region of more than 600 km
along its course, from the upper part of the basin in Mexico, at the tropical rainforest (in
the Lacandon forest, Chiapas Mexico), throughout the Usumacinta River’s course until
reaching the river mouth in the Biosphere Reserve Pantanos de Centla, Tabasco, and the
coastal lagoon of Terminos, Campeche, in Mexico.

2. Materials and Methods

2.1. Sample Collection and DNA Extraction

In total, 81 individuals of C. undecimalis were collected from 15 sampling localities
along the Usumacinta River basin in Mexico, during the rainy and dry seasons between
February 2015 and March 2019 (Figure 1). We used the hydrological subdivision proposed
by Soria-Barreto et al. [20] with some modifications; thus, 3 geographical zones were
defined, considering river sub-basins as well as previously described fish diversity. The first
was the rainforest zone (RZ), which is the upper zone of the basin in the Mexican portion,
with most of the sampling points being included within the Montes Azules Biosphere
Reserve, except for the Benemerito location; thus, we collected samples from the Lacantun
River towards the Benemerito location and its confluence with the Usumacinta River. The
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floodplain zone (FZ) included six sampling points, from the Emiliano Zapata location to
the Jonuta location, following the course of the Usumacinta River, including the floodplain
lagoons of Canitzan and Catazajá. Additionally, two tributaries in this zone were sampled:
the San Pedro River (at the border between Mexico and Guatemala) and the Chacamax
River. Finally, the Usumacinta River delta (RD) was divided into three branches, and we
sampled two of them at five sampling points: Salsipuedes at the confluence between the
Usumacinta River and the Grijalva River, at the Pantanos de Centla Biosphere Reserve, the
Palizada River and Pom Lagoon (both in a coastal lagoon of Terminos (a RAMSAR site)),
and at the sea, in front of the Campeche coastline (see Figure 1, Supplementary Material
S1, Table S1: Sampling localities from the Usumacinta River basin). The specimens were
collected using gill nets and harpoons. All specimens were identified using the keys of
Castro-Aguirre [22] and Miller et al. [24].

 

Figure 1. Map of the sampled localities for Centropomus undecimalis. Triangles correspond to the
rainforest (RZ), squares correspond to the floodplain (FZ) and the circles correspond to the river delta
(RD). Lagoons are represented by the shaded polygons.
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Fin clip samples were taken from all individuals and preserved in 90% ethanol and
stored at −20 ◦C. Some individuals were preserved in formalin (10%) as voucher specimens
for future morphological analyses. The voucher samples were deposited at the Fish
Collection (ECOSC) at ECOSUR in San Cristobal de las Casas, Chiapas, Mexico. From
a fin clip, the DNA was extracted using a standard protocol involving proteinase-K in
SDS/EDTA digestion and NaCl (4.5 M) and chloroform, as described by Sonnenberg
et al. [30]. Both DNA quality and concentrations were measured using a Nanodrop 1000
device (Thermo Scientific, Mexico city, Mexico).

2.2. Mitochondrial and Nuclear Amplification

Out of the 81 collected samples (see Supplementary Material S1, Table S1), a subset of
72 samples was successfully amplified for a fragment of the cytochrome oxidase mitochon-
drial gene (mtCox1) with the Fish F (5′-TTC TCA ACT AAC CAY AAA GAY ATY GG-3)
and Fish R (5′-TAG ACT TCT GGG TGG CCR AAR AAY CA-3) primers [31]. However, only
34 samples were successfully amplified for the mitochondrial cytochrome b gene (mtCytb)
fragment; the primers used were GLU DG (5′-TGACCTGAAR-AACCAYCGTTG-3′) and
H1690 (5′-CGAYCTTCGGATTACAAGACCG-3′) [32]. For both fragments, amplification
was performed in a 10 μL reaction containing 2 μL of template DNA, 2 μL of a buffer,
3–4 mM MgCl2, 0.6 mM dNTPs, 0.1 μL of Taq DNA polymerase and 0.2 μL of each primer.
The cycling conditions included an initial denaturation at 94 ◦C for 4 min, followed by
30 cycles of 94 ◦C for 45 s, a primer annealing temperature of 51 ◦C for mtCox1 and a
primer annealing temperature was 48 ◦C for mtCytb for 30 s, and 72 ◦C for 30 s, with a
final extension at 72 ◦C for 10 min. For verification of DNA quality, electrophoresis was
performed in 1% agarose gels. The amplified fragments were analyzed using the Applied
Biosystems 3730xl with 96 capillaries (at the National Biodiversity Laboratory (LANABIO)
IBUNAM, Mexico City, Mexico).

Microsatellite loci were selected from a previous study in C. undecimalis [33]. Among
the loci described therein, 11 loci were chosen (Cun01, Cun02, Cun04A, Cun06, Cun09,
Cun10A, Cun14, Cun20, Cun21A, Cun21B and Cun22) and amplified for a total of 81 samples
(see Supplementary Material S1, Table S2: Eleven microsatellite loci used in determining
genetic variation among the Centropomus undecimalis samples from 13 sampling localities
along the Usumacinta River basin). The forward primers of these 11 primer pairs were
fluorescently labeled with the 6-FAM and HEX dyes (Macrogen, Inc., Seoul, South Korea).
The loci were amplified in 2 multiplex reactions using a Multiplex PCR kit (QIAGEN)
in a 5 μL final reaction volume following the kit instructions. The PCR amplification
procedure consisted of 1 cycle of denaturation at 95 ◦C for 5 min, then 35 cycles of 94 ◦C
for 30 s, annealing for 30 s at 52–60 ◦C and extension at 72 ◦C for 45 s, followed by a final
7-min extension at 72 ◦C. To verify which microsatellites were amplified successfully, the
PCR products were visualized in a 2% agarose gel in 1× TAE buffer at 120 V for 30 min
and stained with the GelRed Nucleic Acid Gel Stain (Biotium, San Francisco, CA, USA).
Allele sizes were determined by comparing the fragments with the LIZ 500 Size Standard
(Applied Biosystems, Waltham, MA, USA). Allele scoring was performed using Geneious
v 10.6, USA (www.geneious.com, accessed on 28 April 2021).

2.3. mtDNA Diversity and Genetic Differentiation

We performed independent analyses for each mtDNA fragment, due to the great
difference in the number of amplified samples between the 2 mitochondrial markers (72
for mtCox1 and 34 for mtCytb). A de novo alignment was performed using the BIOEDIT
Sequence Alignment Editor [34]. We checked each chromatogram to verify each position by
eye and corrected sequencing errors if necessary. We calculated the number of haplotypes
(h), haplotypic diversity (Hd), nucleotide diversity (pi) and the number of polymorphic sites
with DnaSP v.6.12.03 [35]. The haplotype networks were constructed for each mitochon-
drial fragment independently (for mtCOX1 and mtCytb) with PopArt software V. 1.7 [36]
using the ML topology. We constructed an ML phylogenetic tree with RAxML v8.2.X soft-
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ware [37], implemented via the Cipres web portal [38]. We used JMODELTEST v2.1.1 [39]
to identify the most appropriate model of sequence evolution for both mtDNA fragments
(HKY + G). We performed a hierarchical analysis of molecular variance (AMOVA) [40] to
partition the mtDNA genetic variation into a geographical context, including the variation
among zones (RZ, FZ and RD). The significance of the variance components associated
with the different levels of genetic structure was tested using nonparametric permutation
procedures as implemented in Arlequin V3.5.2.2 [40].

2.4. Microsatellite Diversity and Genetic Differentiation

We genotyped 81 individuals of C. undecimalis, with 11 microsatellite loci (see Supple-
mentary Material S1, Table S3: Genotypes of nine loci of Centropomus undecimalis popula-
tions). The fragment length was standardized with an internal size marker, GeneScan-500
Liz (Applied Biosystems), in Genious R.10.6, USA (www.geneious.com, accessed on 28
April 2021). Allele frequency tables for individuals were created using the Bin utility in
Genious R.10.6, USA. Genotypes were checked with Micro-Checker v2.23 [41] for null
alleles, large allele dropout and stutter bands. Departure from Hardy–Weinberg equilib-
rium and linkage disequilibrium between loci were tested with GENEPOP v4.7 (online
version) [42] using a Markov chain algorithm with 10,000 iterations for dememorization,
100 batches and 5000 iterations per batch. The following basic genetic statistics were cal-
culated using GenAlEX [43]: number of alleles per locus (Na), effective number of alleles
per locus (Ne), observed (Ho) and expected (He) heterozygosity for each locus, fixation
index (FIS) values per locus and the number of private alleles. We used Arlequin V3.5. [40]
to calculate F-statistics to measure the genetic differentiation among populations from
different sites [44].

To identify the genetic structure of C. undecimalis in the Usumacinta River basin, we
carried out a Bayesian clustering analysis in STRUCTURE v2.3.3 [45]. This method allowed
us to determine the optimal number of groups or clusters (K), assigning each individual to
1 or more groups. We applied the admixture model and the uncorrelated allele frequency
model. To determine the optimal number of clusters, without prior information, the
program was run 10 times for different K values (K from 1 to 13 + 1); for each run, the
MCMC algorithm was run with 1 M replicates and a burn-in of 200,000 replicates. To
determine the most likely K value based on the DK method, also known as the Evanno
method [46], the STRUCTURE results were analyzed with STRUCTURE Harvester [47].

In addition, a discriminant analysis of principal components (DACP) [48,49] was
performed in RStudio [50]. DAPC is a multivariate analysis designed to identify and
describe clusters of genetically related individuals. DAPC relies on data transformation
using PCA as a prior step to discriminant analysis (DA), ensuring that the variables
submitted to DA are perfectly uncorrelated. The DA method defines a model in which
genetic variation is partitioned into a between-group and a within-group component, and
yields synthetic variables which maximize the first while minimizing the second [48].

DAPC was performed with the microsatellite data, using the individual clustering
assignment found in STRUCTURE. In this regard, we used the individual cluster assign-
ments based on the 2 best Structure K values (K = 2 and K = 3). We also ran the K-means
clustering algorithm (which relies on the same model as DA) with different numbers of
clusters, each of which gave rise to a statistical model and an associated likelihood. With
the find.clusters function of the Adegenet package v. 2.1.3 [48], we evaluated K = 1 to K = 13
possible clusters in 10 different iterations (DAPC) [49]. In both cases, the selection of the
number of principal components was carried out with a cross-validation analysis. The
validation set was selected via stratified random sampling, which guaranteed that at least
1 member of each conglomerate or cluster was represented in both the training set and the
validation set [51]. The clusters or conglomerates resulting from the DAPC were visualized
in a scatter diagram, using the first 2 discriminant functions, representing individuals
as points, whereas genetic groups were enclosed by inertia ellipses, with a positive co-
efficient for the inertia ellipse size of 1.5. The clusters were grouped by their proximity
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in the discriminant space through a minimum spanning tree (MST). The proportions of
intermixes, obtained from the membership probability based on the retained discriminant
functions, were plotted for each individual. The DAPC admixture index was plotted using
Structurly [52]. Additionally, we tested the possible presence of substructures within the
estimated clusters with the find.clusters function in Rstudio [50].

Using the microsatellite data and the genetic groups estimated from the DAPC analysis,
we calculated a genetic distance matrix, based on the number of allelic differences between
individuals (Hamming distances), to construct minimum expansion networks with the
poppr package, version 2.8.5 [53]. In the estimated minimum expansion network, each node
represents the multilocus genotypes of the different samples, and the edges represent the
genetic distances connecting the multilocus genotypes [53].

We estimated gene flow based on recent migration rates (m) among the genetic clusters
obtained with STRUCTURE software (K = 2 and K = 3) and DAPC (K = 3) using an
assignment test in BayesASS 3.0.3 [54]. First, we ran BayesASS 3.0.3 for 10,000,000 iterations
with a burn-in of 1,000,000 to adjust the mixing parameters, in order to have acceptance
rates for the proposed changes in the parameters between 20% and 60%, according to
the BayesASS user manual [54]. The delta values used for allele frequency (a), migration
rate (m) and the inbreeding (f ) coefficient were 0.4, 0.2 and 0.55, respectively. With those
parameters, we then ran BayesASS iteratively 10 times, with different starting seeds, and
the total log likelihood was plotted on tracer to assess convergence within runs. The
number of times each outcome was achieved over the 10 runs was recorded, and the mean
migration rates were calculated for each of these outcomes. Migration rates with lower
95% confidence intervals below m = 0.02 were not considered significant and were also
omitted. The effective size (Ne) of the populations was estimated in the web version of
NeEstimator v2.1 via the linkage disequilibrium (LD) method and with 95% CI [55].

Finally, 2 different groupings were tested in the hierarchical AMOVA using data from
the 11 microsatellite loci: (1) geographical criteria, including variation among basin zones
(RZ, FZ and RD), among localities within the zones and within localities; and (2) according
to the clusters obtained with the DACP analysis (K = 3) and STRUCTURE software (K = 2
and K = 3). A sequential Bonferroni test was performed to adjust the critical value of
significance [56].

2.5. Isolation by Distance

To detect the effect of isolation by geographical distance (IBD), we compared the
correlation of genetic distance (FST), RE = FST/(1 − FST) [57] with geographical distance [58].
The distances were obtained by following the channels of the rivers sampled with the
measure tool of the ArcGIS program. IBD was estimated using the correlation coefficient
(R2) for all pairs of populations for the 2 mitochondrial fragments and the 11 microsatellite
loci with the Mantel test in the vegan package in RStudio [50].

3. Results

A fragment of 574 bases of mtCox1 (n = 72) and a fragment of 454 bases of mtCytb
(n = 34) were obtained from three zones within the Usumacinta basin. In the dataset for the
mtCox1 fragment, we recovered eight haplotypes with a total of seven variable sites, with
a low haplotypic diversity of Hd = 0.281 and a low nucleotide diversity with a π value of
0.0006 (Table 1). The haplotype network for mtCox1 showed a star-like shape (Figure 2A),
with Hap3 showing the highest frequency and being present at the 80% the sampled zones
(Figure 2B). Despite this, the results indicated the presence of exclusive haplotypes for each
zone: rainforest, Hap 1; floodplain, Hap 4, 5 and 6; river delta, Hap 7 and 8.
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Table 1. Genetic diversity estimations of mtDNA for each zone of the common snook (Centropomus undecimalis): n = number
of sequences; h = number of haplotypes; Hd = haplotypic diversity; S = number of variable sites; k = average pairwise
nucleotide differences; π = nucleotide diversity. Summary statistics for nine polymorphic microsatellite loci: n = number of
individuals with amplification; Na = number of alleles per locus; Ne = effective number of alleles per locus; HO = observed
heterozygosity; He = expected heterozygosity; FIS = fixation index given for each locus. Values with the asterisk represent
significant deviations from Hardy–Weinberg equilibrium.

mtDNA Locus

Group mtCox Cyt-b Cun20 Cun
10A

Cun
02

Cun
21A

Cun
04A

Cun
01

Cun
021B

Cun
06

Cun
14

Rainforest
zone

n = 23

n 17 10 n 20 20 21 22 18 23 22 22 22
h 3 2 Na 14.000 15.000 8.000 5.000 5.000 8.000 5.000 7.000 10.000

Hd 0.323 0.466 Ne 7.619 11.429 6.300 1.770 3.927 3.348 3.796 4.990 5.378
S 2 1 Ho 0.950 0.900 0.571 0.500 0.889 0.739 0.864 0.636 0.864
k 0.338 0.001 He 0.869 0.913 0.841 0.435 0.745 0.701 0.737 0.800 0.814

π 0.0005 0.466 FIS −0.094 * 0.014 0.321 −0.150 −0.193 −0.054 −0.173 0.204 * −0.061

All
locus

FIS
−0.011

Floodplain
zone

n = 29

n 29 10 n 24 27 29 29 23 27 29 26 29
h 5 4 Na 15.000 19.000 8.000 3.000 6.000 11.000 6.000 6.000 10.000

Hd 0.369 0.822 Ne 6.776 12.678 6.570 1.597 3.792 3.455 3.103 4.711 6.029
S 3 2 Ho 0.708 0.815 0.448 0.483 0.696 0.556 0.724 0.577 0.862
k 0.458 1.08 He 0.852 0.921 0.848 0.374 0.736 0.711 0.678 0.788 0.834

π 0.0008 0.002 FIS 0.169 0.115 0.471 * −0.291 0.055 0.218 * −0.068 0.268 * −0.033
*

All
locus

FIS
0.085

River
delta
n = 29

n 26 14 n 29 29 29 29 29 29 29 28 29
h 3 2 Na 6.000 17.000 3.000 3.000 5.000 11.000 6.000 4.000 10.000

Hd 0.150 0.538 Ne 4.890 7.410 2.683 1.279 3.266 2.448 4.102 1.744 6.207
S 3 1 Ho 0.690 0.862 0.552 0.241 0.621 0.586 0.793 0.571 0.759
k 0.230 0.538 He 0.795 0.865 0.627 0.218 0.694 0.592 0.756 0.427 0.839

π 0.0004 0.001 FIS 0.133 0.003 0.120 −0.106 0.105 0.009 * −0.049 −0.339 0.096

All
locus

FIS
0.011

All

n 72 34 n 73 76 79 80 70 79 80 76 80
h 8 4 Na 18 21 8 6 6 14 6 9 14

Hd 0.281 0.615 Ne 4.216 5.933 3.250 1.562 3.154 2.937 3.111 2.370 4.390
S 7 2 Ho 0.784 0.868 0.495 0.410 0.732 0.652 0.772 0.568 0.822
k 0.354 0.722 He 0.743 0.815 0.647 0.276 0.674 0.635 0.661 0.527 0.756
π 0.0006 0.001 FIS 0.071 0.049 0.331 −0.203 −0.015 0.067 −0.097 0.113 0.001

For the mtCytb fragment, four haplotypes were identified with two variable sites, with
a relatively larger haplotype diversity (Hd = 0.615) but with a low π value of 0.001 (Table 1).
In the mtCytb haplotype network, we observed that the four haplotypes were distributed
more homogeneously among the sampled populations, with two haplotypes present in all
the sampled localities (Figure 2B), while the other two haplotypes were only present in the
FZ (that is, Jonuta, Emiliano Zapata and Catazaja). For both mitochondrial markers, the
highest number of private haplotypes was found in the FZ (Table 1), which also showed
the highest genetic diversity; thus, for mtCytb, the genetic diversity was Hd = 0.822 and for
mtCox1, Hd = 0.36, while the lowest diversity was observed for the RZ: Hd = 0.46 and 0.32
for mtCytb and mtCox1, respectively.

In the hierarchical AMOVA for mtCox1 and mtCytb, most of the variation was recov-
ered within populations: 86.61% and 92.99%, respectively (Table 2), with very low but not
significant ΦCT values among groups (i.e., mtCox1 ΦCT = −0.032; mtCytb ΦCT = 0.061).
Similarly, the differences between populations within groups were low but not signifi-
cant (i.e., mtCox1 ΦSC = −0.080; mtCytb ΦSC = 0.009; mtCox1 ΦST = −0.044; mtCytb
ΦST = 0.07 (Table 2)).
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(A) (B) 

Figure 2. (A) ML haplotype networks for mtCox1 and mtCytb. The area of the circles is proportional to the number of
sequences found for each haplotype. Partitions and colors inside the circles represent the proportion of each zone within
each haplotype. (B) Frequencies and geographic distribution of mtCox1 and mtCytb haplotypes determined by combining
allelic variants. The polygon indicates the distribution within the sampled area (rainforest, floodplain and river delta); n
represents the number of sequences by haplotype.

Table 2. Analysis of molecular variance (AMOVA) for two mitochondrial and nine microsatellite loci, among zones
(rainforest, floodplain and river delta) and groups obtained with DAPC and STRUCTURE. Significant values are shown
with the asterisk (p < 0.05).

Marker
Variance
Among

Groups (%)

Variance among
Populations

within Groups (%)

Variance
within

Populations (%)

Among
Groups

FCT/Φ CT

Among
Populations

FSC/Φ SC

Within
Populations

FST/Φ ST

mtCox1 3.29 16.00 86.61 0.03295 −0.08010 −0.04451
mtCytb 6.13 0.88 92.99 0.06134 0.00936 0.07013

Microsatellite
K = 3 DACP 11.11 −0.69 89.57 0.111 * −0.007 0.104 *

Microsatellite
K = 2

STRUCTURE
5.79010 3.17138 91.03 0.0579 0.0336 0.089

K = 3
STRUCTURE 1.69 4.27 94.04 0.016 * 0.043 * 0.059 *
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3.1. Microsatellite Structure

The Cun-22 and Cun-09 loci were excluded from the analysis because the Cun-22
locus showed more than 51% missing data, while the Cun-09 and Cun-10 loci were linked;
therefore, we kept Cun-10, since it was the marker with least missing data (see Supple-
mentary Material S1, Table S4: Linkage disequilibrium results of nine microsatellites from
Centropomus undecimalis). The summary statistics for all microsatellite loci are presented in
Table 1. The number of alleles per locus ranged from 6 to 21. Five loci exhibited departure
from Hardy–Weinberg equilibrium (HWE), due, in some cases, to a statistically significant
deficit of heterozygotes.

We found evidence that null alleles may be present at five loci (Cun-20, Cun-10-A,
Cun-02, Cun-01 and Cun-06) but we found no evidence for allele dropout or stuttering
during PCR amplification. We found no evidence of scoring error, no large allele dropout
and no null alleles at the Cun-21-A, Cun-04-A, Cun-21-B and Cun-14 loci. In general, the
number of private alleles was low across the sampling sites (Table 3), with four private
alleles being found at Chajul, Lacantun and Canitzan.

Table 3. Descriptive statistics for the microsatellite data in the Usumacinta River basin.
Na = number of different alleles; Na (Freq ≥ 5%) = number of different alleles with a
frequency ≥ 5%; Ne = number of effective alleles; Np = number of private alleles or the number
of alleles unique to a single population.

Population Na Na Freq. ≥ 5% Ne Np

Tzendales River 3.556 3.556 3.115 1
Lacantun River 5.889 5.889 4.236 4

Chajul 5.111 5.111 4.012 4
Benemerito 3.667 3.667 2.889 1

Emiliano Zapata 4.333 4.333 3.426 2
San Pedro River 5.333 5.333 4.082 1
Chacamax River 3.778 3.778 3.165 2

Jonuta 4.000 4.000 3.421 0
Canitzan
Lagoon 5.222 5.222 4.016 4

Pom Lagoon 5.111 4.000 3.415 1
Palizada River 4.556 4.556 3.168 2

Terminos
Lagoon 3.000 3.000 2.495 1

Sea 4.556 4.556 3.225 0

A very small amount of genetic differentiation was detected among the Centropomus
undecimalis populations studied, as revealed by significant pairwise FST values for 12
pairwise comparisons out of 77 (Table 4). A geographical pattern of the distribution of
these differences was not recognized, but it could be identified that most of the significant
differences were between the RD and the FZ.

Bayesian clustering via Evanno’s method (i.e., STRUCTURE) [46] indicated that the
most likely number of clusters was K = 2 (Supplementary Material S2: Plots generated in
STRUCTURE Harvester and DAPC). The first cluster included Tzendales, Canitzan, most
of the individuals from Chacamax River and some individuals from the Lacantun River
and San Pedro River (Figure 3A, individuals in green), suggesting a genetic differentiation
of the populations from the RZ and FZ, while the second cluster included a mixture of
individuals from the RD and some individuals from the RZ and FZ (Figure 3A, individuals
in red).
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Table 4. Paired FST values among the 13 sampling localities of Centropomus undecimalis in the Usumacinta basin. Values
with the asterisk represent significant values after Bonferroni correction.

Tzendales
Lacantun

River
Chajul Benemerito

Emiliano
Zapata

San Pedro
River

Chacamax Jonuta Canitzan
Pom

Lagoon
Palizada

River
Terminos
Lagoon

Sea

Tzendales 0
Lacantun

River
0.015 0

Chajul 0.117 0.054 0
Benemerito 0.003 0.034 0.090 0
Emiliano

Zapata
0.089 0.054 −0.013 0.067 0

San Pedro
River

0.020 0.025 0.088 0.085 * 0.081 * 0

Chacamax 0.093 0.065 0.063 0.104 * 0.064 0.043 0
Jonuta 0.043 0.014 0.090 0.132 0.107 −0.009 0.04 0

Canitzan 0.046 0.027 0.069 0.078 0.082 * −0.007 0.017 −0.004 0
Pom

Lagoon
0.113 0.082 0.019 0.127 −0.066 0.111 0.112 0.121 0.097 0

Palizada
River

0.041 0.0002 0.015 0.091 −0.004 −0.002 0.037 −0.003 −0.001 0.011 0

Terminos
Lagoon

0.004 0.025 0.101 * −0.034 0.064 0.088 * 0.115 0.084 0.094 * 0.104 * 0.068 * 0

Sea 0.051 0.038 0.106 −0.02 0.102 0.125 0.103 0.141 0.114 * 0.148 * 0.118 * −0.038 0

Figure 3B shows the grouping obtained by STRUCTURE through Evanno′s test con-
sidering three genetic clusters (K = 3). One of the clusters included all individuals from
the RD zone, some individuals from the RZ (some individuals from Lacantun River) and
from the FZ (some individuals from Emiliano Zapata, San Pedro River and Chacamax)
(individuals in red). A second cluster joined some individuals from the RZ (Tzendales River
and Lacantun River) and from the FZ (Chacamax River, San Pedro River and Canitzan
Lagoon) (individuals in green). The remaining cluster was a mixture of populations from
the RZ and FZ.

After we removed the missing data, the microsatellite data matrix used for the analysis
of the population structure via the DAPC analysis had 64 individuals. The first analysis in
the DAPC considered two genetic clusters (K = 2), corresponding to the groups obtained
with STRUCTURE through Evanno′s test (see Supplementary Material S3A: Discriminant
analysis of principal components (DAPC): scatterplots of the discriminant analysis of
principal components of the microsatellite data for three zones) and, after a cross-validation
test, retained 10 principal components (PCs) with an accumulated variance of 60.1% for
the total data. As can be observed in the graph, only a small number of individuals were
grouped in the second cluster, which corresponded to a mixture of populations from the
RZ and FZ.

In the DAPC, we considered the three genetic clusters (K = 3), obtained by STRUC-
TURE through Evanno′s test (see Supplementary Material S3B). Thus, in the discriminant
analysis of principal components (DAPC), the scatterplots retained five principal com-
ponents (PCs) with an accumulative variance of 39.5% for the total data, after a cross-
validation test. Thus, one of the three clusters included all individuals from the RD zone,
some individuals from the RZ (Lacantun River) and from the FZ (Canitzan Lagoon and
San Pedro River). A second cluster joined individuals from the RZ (Tzendales River) and
from the FZ (Chacamax River and Canitzan Lagoon). The third cluster grouped a mixture
of populations from the RZ and FZ.
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Figure 3. Assessment of population genetic structure by Bayesian cluster analysis and DAPC based on the microsatellite
data. Bayesian Analysis was inferred at K = 2 based on locus data. Each single vertical line represents an individual and
its proportional membership probability among the K clusters. (A) K = 2; (B) K = 3. (C) Scatterplots of the discriminant
analysis of principal components of the microsatellite data, using find.clusters, for three zones. The axes represent the first
two linear discriminants (LD). Each circle represents a cluster and each dot represents an individual.

Finally, the find.clusters algorithm retrieved three different genetic clusters of the
13 populations of C. undecimalis analyzed, for all the runs performed (i.e., 10), showing the
lowest BIC value (i.e., 79). For K = 3, the cross-validation test resulted in the retention of
five principal components (PCs) with an accumulative variance of 39.5% for the total data.
In this case, the three clusters were mostly the same as the ones previously described for the
STRUCTURE software, with the only difference that in the third cluster, an individual from
the RD zone was included. The scatterplot of individuals on the two main components of

395



Diversity 2021, 13, 347

DAPC showed that they formed three groups, and no overlapping between the a priori
defined groups (Figure 3C). We did not find evidence of substructuring among the clusters
analyzed. In the hierarchical AMOVA, low but significant values of differentiation were
recovered (Table 2). Most of the genetic variance was observed within the populations
(94.04% by zones and 89.57% by STRUCTURE with K = 3). The differentiation among
groups was low (FST = 0.059 by zones), as was that among populations within groups
(FSC = 0.043); both differences were significant. We estimated the migration rate (m) using
BayesASS as an indicator of gene flow among the genetic groups. The BayesASS average
results using the groupings obtained with DAPC analysis (K = 3) and STRUCTURE software
(K = 2 and K = 3) are shown in Supplementary Material S1, Table S5 (BayesASS results
showing the average migration rate (mprom) by cluster obtained); for more information,
see Supplementary Material S1, Table S6 (Results of 10 runs of the BayesASS algorithm,
with the average and total number of times the results were achieved). In general, the
m-values were low among the genetic clusters. The m-value from k = 1 to k = 2 was the
lowest (DAPC = 0.009 and STRUCTURE = 0.008). The values of the product of m and Ne,
which represents the number of migrating individuals, are shown in Table 5.

Table 5. The estimated numbers of migrating individuals, calculated as the product of the average
migration rate (m) and effective population size (Ne).

From k = 1 From k = 2 From k = 3 Ne

DAPC

To K = 1 (m = 0.9745)
86.9254

(m = 0.042)
3.7464

(m = 0.0244)
2.17648 89.2

To K = 2 (m = 0.009)
0.0531

(m = 0.9159)
5.40381

(m = 0.0254)
0.14986 5.9

To K = 3 (m = 0.0164)
0.19516

(m = 0.042)
0.4998

(m = 0.9501)
11.30619 11.9

STRUCTURE K = 3

To K = 1 (m = 0.95581)
94.434028

(m = 0.07456)
7.366528

(m = 0.04342)
4.289896 98.8

To K = 2 (m = 0.00872)
0.142136

(m = 0.88829)
14.479127

(m = 0.02753)
0.448739 16.3

To K = 3 (m = 0.03545)
0.57429

(m = 0.03719)
0.602478

(m = 0.92904)
15.050448 16.2

STRUCTURE K = 2

To K = 1 (m = 0.98839)
23.128326

(m = 0.0834)
1.95156 N/A 23.4

To K = 2 (m = 0.01161)
0.189243

(m = 0.9166)
14.94058 N/A 16.3

3.2. Isolation by Distance

Although we observed differences in the level of genetic diversity across the desig-
nated zones (RZ, FZ and RD), we did not find a correlation between the geographic and
genetic distances for either mitochondrial marker (R2 = 0.005; p = 0.4265 and R2 = 0.0478;
p = 0.3916 for mtCox1 and mtCytb, respectively) nor the nuclear loci (Figure 4, R2 = 0.1143,
p = 0.1668).

396



Diversity 2021, 13, 347

Figure 4. Mantel test. Correlation between genetic distance via Slatkin’s linearized method and the geographic distance
(km), including the three markers (mtCox1, mtCytb and microsatellites). R2 = 0.005 (p = 0.4265) for mtCox1; R2 = 0.0478
(p = 0.3916) for mtCytb and R2 = 0.1143 (p = 0.1668) for microsatellites. The dotted line corresponds to the adjusted mtCytb
data, the solid line corresponds to the mtCox1 data and dashed line corresponds to the adjusted microsatellite data.

4. Discussion

The Usumacinta River basin is one of the largest basins in the Gulf of Mexico, whose
biological diversity is outstanding for the Mesoamerican region [29,59], with more than
170 species, including 50 fish families, making it one of the most diverse river basins in
Mexico [20]. Its hydrological connectivity allows the common snook to complete its life
cycle. The species is one of the most abundant, largest and most economically important,
with a high commercial value, which has led to overfishing of the species, threatening
their populations [60–62]. Testing the genetic structure of an euryhaline species such as
the common snook provides a unique opportunity to demonstrate the importance of the
hydrological connectivity of the Usumacinta River basin, providing a better understanding
of its conservation status.

4.1. mtDNA Genetic Structure

Our mtDNA results in the common snook support a degree of connectivity among
the three zones in the Usumacinta River basin, a pattern expected due to the migratory
nature of the species, as well as previous observations of some of its populations in a
smaller geographic area [25]. The star-like haplotype network is consistent with a lack
of geographical structure, showing haplotypes with low levels of sequence divergence
and a high frequency of singletons. A similar pattern can be related to rapid population
expansion or selection, which caused the rapid spread of a mitochondrial lineage [63].
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Despite the lack of a clear geographic differentiation, haplotype frequencies and exclusive
haplotypes differ among the zones analyzed. Particularly, with the mtCox1 marker, we
identified differences in haplotype occurrence and their frequencies between the rainforest
and delta zones (the upper and lower parts of the basin, respectively). These results
are consistent with previous comparative phylogeographic analyses of the basin, which
considered endemic species data and phylogeographic analyses for a selected group of
organisms (mainly cichlids and poecilids), and report differences between the upper and
lower parts of the Usumacinta River basin [29]. These results provide additional evidence
that could indicate the existence of geographic structure for some of the freshwater fauna
in the basin (e.g., Centropomus undecimalis) and support the hypothesis that the Usumacinta
does not correspond to a single biogeographic unit [29].

The floodplain was recovered as the most diverse zone (see Table 1), showing a higher
number of exclusive haplotypes (i.e., Hap 4, 5 and 6 for Cox1 and Hap3 and 4 for Cytb,
Figure 2A,B). Thus, the mtDNA variations suggested that the floodplain acts as a confluence
zone between the rainforest and river delta zones for the common snook. This pattern
of genetic transition was previously reported in the Astyanax aeneus species complex on
the basis of mitochondrial markers [10], where the floodplain zone was also found to be a
transition zone between the rainforest and delta zones of the Usumacinta River drainage.

Despite the aforementioned differences, we did not recover significant differences
among zones according to the hierarchical AMOVA, suggesting that the levels of differ-
entiation were fairly low among the zones. However, the molecular phylogeographic
patterns gave additional evidence about the relevance of using barcodes as valuable tools
to characterize and reveal cryptic diversity in widely distributed fish species. In accordance,
the geographic structure found inside the basin shows the utility of genetic information
for characterizing the diversity patterns in a region previously considered to be a single
unit [13].

4.2. nucDNA Genetic Structure

Microsatellite loci showed low but significant levels of differentiation among the
zones tested in this study. The heterozygote deficiency represents a deviation from the
Hardy–Weinberg Equilibrium (HWE) when the observed heterozygosity (Ho) is less than
the expected heterozygosity (He) [64]. These deviations from the HWE proportions can
be generated by the presence of null alleles and by an irregular system of inbreeding
or by population structure [64,65]. In our study, the heterozygote deficiency observed
could be explained by the presence of null alleles in some loci, but they were not shared
across populations. When we considered K = 2, one of the clusters was distributed in the
rainforest and floodplain zones, which included individuals from the populations from
Tzendales, Lacantun, Chacamax, San Pedro and Canitzan. The second group included a
cluster that shows a wider distribution across the basin, from the delta to the rainforest
zones (Figure 3). These results support the confluence of two different genotypic clusters
of the common snook in the Usumacinta River basin, one of which was widely distributed
in the lower part of the basin (the delta zone) and reached the uplands (the rainforest zone),
while the second cluster, which showed a more restricted distribution, occurred in the
rainforest and floodplain zones, possibly extending to the upper part of the Usumacinta
basin in Guatemala. A similar pattern was previously reported in the white turtle (Dermate-
mys mawii) [26–28], in which two genetic clusters were recovered along the Usumacinta
River basin.

The DAPC results suggest a high probability for K = 3. One of these genetic clusters
is widely distributed across the Usumacinta basin and is dominant in the delta zone.
Additionally, the rainforest and floodplain zones contain two different genotypic clusters;
the first one coincides with the cluster detected for the K = 2 analysis and the second one is
distributed among the remaining individuals from both zones, hierarchically dividing the
upper (rainforest and floodplain) from the lower part of the basin (delta zone).
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The ocurrence of different genetic clusters occurring in the upper Usumacinta (rain-
forest and floodplain zones) but not detected in the lower Usumacinta cluster (delta zone)
is in agreement with a previous study which supported the existence of two biogeographic
units within the Usumacinta River basin [29]. This biogeographic pattern could be the
result of both recent and historical events influencing fish diversification in the basin [29].
Further studies including adjacent areas on the distribution of the common snook would
allow a better understanding of the extent of the genetic clusters found here.

Additionally, the presence of two different genetic clusters in the upper part of the
Usumacinta basin could be related to the occurrence of different migratory contingencies
in the common snook populations. Previous studies on catadromous fish have shown that
they can present alternative migratory tactics within a conditional strategy [66]; in this
case, the individuals could make migratory decisions depending on the following factors:
individual status (e.g., body condition, growth rate), interactions with other organisms and
environmental conditions (e.g., habitat availability or river flow). Previous studies have
shown a high environmental similarity between the delta and the floodplain zones, the lat-
ter being considered as a reservoir for diversity where fish species can reproduce [20,67,68].
Additionally, the common snook individuals collected from the floodplain zone presented
advanced stages of gonadal development [17]. The fact that the two genetic clusters from
the rainforest and floodplain were not present in the delta zone could reflect an alternative
migratory contingence, in which the floodplain zone could provide the environmental con-
ditions necessary for the common snook to complete their life cycle, as happens with other
migratory species [68]. Further studies exploring the existence of migratory contingents in
the life cycle of C. undecimalis based on otolith 87Sr/86Sr analysis could shed light about the
variation in life cycles among individuals.

4.3. Gene Flow and Isolation by Distance

In this work, it was found that the migration rates for the three structuring models
showed a low genetic flow between the estimated clusters (Figure 3), with a low number
of possible migrants among them (Table 5). These low migration rates can promote
differential segregation between genetic clusters, supporting the idea that these groups
are well-discriminated units. However, in accordance with our previous results, neither
type of examined markers (mtDNA and nucDNA) showed an isolation by distance (IBD)
pattern, suggesting a more complex genetic structure in the C. undecimalis populations.

In this regard, the IBD, mitochondrial haplotypes and nuclear results are in agreement
with a previous study by Hernández-Vidal et al. [25], in which the lack of an IBD pattern
was described. However, in that study, the authors only compared two marine populations
(referred to as the sea population here) vs. individuals from the San Pedro River near
the Guatemala border, for a total of 79 individuals. Their results showed a 2% variance
between the sea and the San Pedro River basin (in the floodplain zone), very similar to our
results for those groups (nucDNA = 2.1%, mtCox1 = 3.29% and mtCytb = 6.13%; Table 2).

Based on the BayesASS results, we found a low gene flow among the genetic clusters
recovered. However, since one of the genetic clusters recovered was found throughout the
Usumacinta River basin, the structuring pattern related to geographic distance was not
observed. In this regard, a previous study involving allozymes in C. undecimalis recovered
strong differentiation between the Gulf of Mexico waters and the Caribbean populations,
suggesting that these populations could correspond to different management units [18].
Additionally, recent studies of C. undecimalis, from the Gulf of Mexico to Brazil, showed
very high genetic differentiation associated with the geographical distance between the
populations [69,70]. The results for genetic structuring and the estimation of migration
rates suggest that two to three different populations of the common snook converge in the
Usumacinta River basin.

Hydrological connectivity, together with historical processes, could have played a
major role in the genetic structure of the common snook population in the Usumacinta
basin over different temporal and geographical scales [26–28]. Further studies including
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wider geographical sampling in the Gulf of Mexico and the Caribbean could help us to test
these differential patterns of connectivity and genetic structure within the common snook
across different regions.

4.4. Implications for Species Conservation

Our results could have important implications for species conservation and manage-
ment. First, it is clear that the common snook migrates and disperses throughout the basin,
from the rainforest zone in Mexico (Tzendales River and Lacantun River) and its border
with Guatemala to the river delta zone. Thus, river connectivity is essential to allow the
species to maintain its life cycle. On the other hand, the genetic differences found in the
common snook, for which the floodplain zone was identified as the most diverse zone
according to both mitochondrial and nuclear data, suggesting that this zone corresponds
to a confluence between the rainforest and river delta zones in the Usumacinta River
basin; thus, the floodplain zone corresponds to a relevant unit for the conservation and
management of the species. In particular, the San Pedro River represents a unique region,
due to the environmental conditions, which could provide particular biological dynamics
that allow the species to reproduce. Thus, future studies could shed more light in this
regard [71]. Alterations in river connectivity will impact the life history of the common
snook, including its migratory and dispersal behavior and population size contractions,
affecting the fisheries in the region and ultimately species conservation. The identification
of the high-diversity unit zones (i.e., the FZ) through the use of barcodes could favor the
implementation of a responsible management program in these zones by decision-makers
for preserving not only the species but also its genetic diversity.

Regarding the genetic cluster recovered with the nuclear markers, we suggest that
these could represent alternative reproductive stocks of the species within the Usumacinta
basin; thus, even though we did not recover a geographic structure, we consider that
the basin represents a very important system for the conservation of the species’ genetic
diversity, where alternative reproductive strategies could have been taking place.

Finally, our study also recovered the diversity information of mitochondrial and
nuclear data that in contrast with previous studies that also shed light on the current status
of the species. With the two mitochondrial markers, the genetic diversity recovered was
lower (i.e., mtCox1 Hd = 0.28 and mtCytb Hd = 0.62) than previously reported for the
species [18,72], and also in comparison with other euryhaline species [73,74]; for mtCox1,
Hap3 was present in 80% of the samples analyzed. Similarly, in the nuclear data, the
heterozygosity values obtained in our study were lower than those previously reported
for 5 of our 11 microsatellite loci [25]. This information could be explained by our sample
size; however, the two types of data provide evidence that is consistent with biogeographic
patterns. Moreover, our results could also be related to an overexploitation of the species by
the local fisheries, urging the local authorities to implement conservation and management
programs to preserve the species’ evolutionary history.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13080347/s1. Supplementary Material S1: Table S1: Sampling localities from the Usumacinta
River basin. Table S2: Eleven microsatellite loci used in determining genetic variation among the
Centropomus undecimalis samples from 13 sampling localities along the Usumacinta River basin.
Table S3: Genotyping of nine loci of Centropomus undecimalis. Table S4: Linkage disequilibrium
results of nine microsatellites from Centropomus undecimalis. Table S5: BayesASS results showing the
average migration rate (mprom) by cluster, obtained with DAPC (k = 3) and STRUCTURE (k = 2,
k = 3). SD, standard deviation; CI, 95% confidence interval; N, the number of times this outcome
was reached over 10 runs with varying starting seeds. Table S6: Results of 10 runs of the BayesASS
algorithm, with the average and total number of times the results were achieved. Supplementary
Material S2. Plots generated in STRUCTURE Harvester and DAPC. (A) The mean log likelihood of
the data [L(K)]. (B) Estimation of population clustering levels from seven microsatellite genotypes
following Evanno′s test [46]. (C) BIC value changes (find.clusters function) of DAPC. Supplementary
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Material S3. Discriminant analysis of principal components (DAPC): scatterplots of the discriminant
analysis of principal components of the microsatellite data for three zones.
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