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Abstract

Subterranean estuaries are coastal ecosystems characterized by vertically stratified groundwater. The
biota within these ecosystems is relatively understudied due to the inherent difficulty of accessing such
extreme environments. The fauna inhabiting these ecosystems is considered vulnerable to extinction,
and the presence of cryptic species has major implications for research and conservation efforts. Most
species lack molecular data; however, the evaluation of genetic data for some taxa have revealed that
undocumented species are common. This study employs molecular species delimitation methods and
DNA barcoding through the analysis of publicly and newly generated sequences, including individuals
from type localities and non-crustacean phyla; the latter typically overlooked in biodiversity assessments
of subterranean estuaries. We analyzed 376 COI gene sequences and 154 16S rRNA gene sequences. The
COl sequences represented 32% of previously described species and 50% of stygobiont species from the
Yucatan Peninsula and Cozumel Island, while sequences of the 16S rRNA represented 14% of described
species, and 22% of stygobionts. Our results revealed cryptic genetic lineages and taxonomic
misidentification of species. As several species from these ecosystems are recognized as endangered,
the use of molecular approaches will improve biodiversity estimates and highlight overlooked cryptic

lineages in need of evaluation of conservation status.
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Background

Subterranean estuaries, also known as anchialine caves, are coastal aquifer ecosystems characterized by
vertically stratified groundwater, where a fresh to brackish meteoric lens is buoyed over one or more
layers of brackish to marine groundwater, each separated by a halocline interface [1,2]. Typically,

subterranean estuaries can be accessed via sinkholes that lead to complex networks of submerged cave
3
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systems [3,4]. Anchialine caves are typically subdivided into three sections: (i) the entrance, including
the photic zone that is nutrient rich and where photosynthesis dominates; (ii) cavern or twilight zone,
the ecotone between the photic and aphotic regions; and (iii) the “true” cave zone, which is aphotic and
often considered oligotrophic [5,6]. Subterranean estuaries are inhabited by stygobionts (i.e., species
with distributions limited to groundwater), stygophiles (i.e., found in both groundwater and epigean
environments), and stygoxenes (i.e., accidentals, or those found occasionally in groundwater habitats)
[7,8]. Stygobionts exhibit high levels of endemism and have been shown to exhibit close affinities to

deep-sea taxa [9], or, to epigean fauna from both freshwater and marine environments [10-12].

The Yucatan Peninsula (i.e., Mexican states of Campeche, Quintana Roo, Yucatan, eastern edge of
Tabasco, northern Belize, and northern Guatemala) and Cozumel Island are considered prime examples
of subterranean estuaries, geologically, hydrologically, and biologically based on over a century of
research and exploration [3,13,14], and both landmasses are often treated as one biogeographic region
for the study of stygobionts [15,16] (Figure 1). In this region, sinkholes are locally known as cenotes
[3,17]. The Yucatan Peninsula is the region with the highest number of mapped underwater caves,
including the longest underwater caves worldwide (i.e., Ox Bel Ha 436 km) [3,18]. Cozumel Island is
separated by a 400 m deep channel from the Yucatan Peninsula [19], with an estimate of more than 200

cenotes [20], however, only six of them have been mapped and scientifically explored [21].

These ecosystems are vulnerable to anthropogenic pressure [22,23], meteorological events [24—-26], and
possible extinction of endemic species [27], yet the evolutionary affinities of most anchialine stygobionts
remain poorly studied. The subterranean estuaries of the Yucatan Peninsula and Cozumel Island are
considered hotspots for diverse endemic invertebrate species. Currently, most species descriptions and
identifications, including recent publications, are based on morphological taxonomy [10,28-31], and

primarily focused on crustaceans [15,32,33]. Five stygobiont species are co-recorded on both the
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Yucatan Peninsula and Cozumel Island: Bahadzia bozanici Holsinger, 1992 [Amphipoda], Barbouria
cubensis (von Martens, 1872) [Decapodal, Calliasmata nohochi Escobar-Briones, Camacho & Alcocer,
1997 [Decapodal, Metacirolana mayana (Bowman, 1987) [Isopoda], and Yagerocaris cozumel Kensley,
1988 [Decapoda] [17,30,34]. Type species representatives (i.e., used in the original species description)
of Bahadzia bozanici and Metacirolana mayana include individuals from caves in both regions. The
holotypes are from a cave in Cozumel Island (La Quebrada), while the paratypes are from caves on the

Yucatan Peninsula (Carwash and Temple of Doom, respectively) and Cozumel Island [16,35].

Molecular methods have become widely used tools for the documentation of biodiversity and for the
identification of cryptic and undocumented species lineages [36—38]. Particularly, DNA barcoding serves
to establish genetic reference libraries for biodiversity assessments through metabarcoding and
environmental DNA (eDNA), including species identification by non-specialists. While metabarcoding
and eDNA analyses allows for community-level characterization of taxa without direct observation, the
lack of an accurate and curated species reference library is an outstanding problem in need of resolution

to address major research questions in subterranean biology [39—-41].

Mitochondrial cytochrome c oxidase subunit | gene (COIl) has been widely used for barcoding eukaryotic
fauna, data of which has become widely available via public databases, such as GenBank and the
Barcode of Life Data System v4 (BOLD) [39,42-47]. The ribosomal mitochondrial 16S rDNA (16S) gene
has also been proposed and used as an alternative or complement to COIl in DNA barcoding projects.
The gene 16S allows higher amplification success across taxa than COl alone since it is a more conserved
region, and in many taxa, 16S does not underestimate species diversity [38,48]. However, taxonomic
and sequence contamination errors, including pseudogenes, in public databases can lead to species
misidentification [10,49-51]. Therefore, to improve the knowledge of species distributions and clarify

taxon identities, it is crucial that species descriptions also include deposited genetic vouchers, and that
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efforts are made to resample species from type localities when molecular data are lacking. In turn, this
will drastically improve future phylogenetic evaluations, allows molecular species delimitations, and

resources for ecological studies.

This study aims to expand the current understanding of biodiversity within subterranean estuaries of the
Yucatan Peninsula and Cozumel Island under the following aims: to re-evaluate the taxonomic status of
stygobionts through molecular species delimitation analyses and create a DNA barcode library based on
COl and 16S. These subterranean estuaries serve as an ideal case study to evaluate diversity patterns
from this environment, and include sampling from type localities of select species, including non-
crustacean representatives that are historically overlooked in subterranean estuary studies (e.g.,
Annelida, Echinodermata, Nemertea and Porifera). It was predicted that most stygobiont species with a
broad distribution, especially those inhabiting different landmasses (i.e., Yucatan Peninsula and Cozumel

Island), will be represented by species complexes.

Methods

Literature review of DNA barcoding of fauna from the subterranean estuaries

A species list from the caves of the Yucatan Peninsula and Cozumel Island was compiled and updated
from Calderdn-Gutierrez et al. [17] (Suppl. 1). An exhaustive literature review was conducted to obtain
records of published and unpublished COIl and 16S sequence data. There is ample evidence that the
entrance and cave zones are distinct environments [5,7,52]. Consequently, only sequences from species
previously reported from the cave zone were considered in this study. We considered as type locality

only the sampling location of the holotype.

Sampling collection and study area
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Organisms were collected by hand using cave diving techniques from the cave zone (Figure 1a), relaxed
by cooling, until they stopped responding to physical stimuli, and preserved in 70-96% ethanol. Sampling
efforts took place between 2011 and 2023 from: (a) seven anchialine caves (i.e., with presence of a
halocline) on the Caribbean Coast of the Yucatan Peninsula: Aayin Aak (or Crustacea), Actun Ha (or
Carwash), Chac Mool, Sac Actun (accessing through cenote Kalimba and Manati), Murena (accessing
through cenote Aak Kimin), Muk Ki'in (accessing through cenote Nohoch Pek), Ox Bel Ha (accessing
through cenote Bang and Naharon); (b) six anchialine caves in Cozumel Island: Bambu, Chempita, Chun
Ha, El Aerolito, La Quebrada (accessing through cenote S-1 and Km-1), and Tres Potrillos; and (c) two
marine caves in Belize: Winter Wonderland (or Caye Chapel Cave) and Giant Cave (Figures 1-2). The
remaining preserved organisms were stored at room temperature or at -20°C, and DNA extractions were

stored at -20°C.

DNA extraction, amplification, sequencing, and sequence-based species delimitation

DNA extractions were performed using either the Qiagen DNeasy Tissue and Blood Kit, ethanol
precipitation [53], or, by phenol-chloroform [54]. Final elution was in 50 pl Buffer AE (Qiagen) or
Nuclease-free water (Promega). DNA quality was evaluated through UV-Vis spectrophotometer
NanoDrop2000 (Thermo Scientific). The Folmer region of COI was amplified using universal [45,46,55],
or specific primers [28,47,56]. The Palumbi region of 16S was amplified with the primers 16Sar/16Sbr
[57]. PCR reaction mixtures totalled 12.5 pl and included GoTaq polymerase (Promega - 6.25 pl), RNAse-
free water (4.25 pl), forward and reverse primers (0.5 pl each), and DNA template (1 pl). In some
instances, we also included 0.25 pl of MgCl 50 uM, 0.25 pl BSA, and/or 2 pl of DNA template, and in
each case, the water was adjusted to maintain a final volume of 12.5 pl. PCR products were visualized on
1% agarose gels stained with SYBR Safe (EDVOTEK) or GelRed (Biotium). Unsuccessful amplifications

were reamplified using the same PCR settings with 2 pl of PCR product from the first reaction and 3.25
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ul Nuclease-free water. Specific extraction method and successful PCR mixtures and conditions are
available in Suppl. 2. Successful PCR products were purified using ExoSap-IT Express (Applied
Biosystems) and sent to Azenta, Inc. (South Plainfield, NJ), or to the Genomics Core Lab at Texas A&M
University - Corpus Christi for sequencing. Contigs were assembled, visually inspected, trimmed and
cleaned using Geneious Prime ver. 2022.0.2 [58]. COI sequences were translated into amino acids and

checked for stop codons in Geneious Prime [58].

Morphological taxonomic assignment was conducted with current literature and original species
descriptions (e.g., [21,59—-61]). Molecular taxonomic assighnment was performed with the Identification
System of BOLD (COI sequences); and with the sequences in the GenBank database using BLAST,
applying a maximum 2% sequence divergence criterion (COIl and 16S sequences) [42—-44]. Eight
molecular species delimitations methods were applied to taxa with either a >2% divergence, sequences
from species with known cryptic species or taxonomic assignment problems. Species delimitation
methods were performed by genus. Sequences were aligned with related sequences from GenBank
using the MUSCLE Alignment algorithm in Geneious Prime [58,62]. Species were evaluated via: 1)
Uncorrected pairwise distance (UPD); 2) Corrected pairwise distance (CPD); 3) Poisson Tree Process
(PTP); 4) multi-rate Poisson Tree Process (mPTP); 5) Refined Single Linkage (RESL); 6) Automatic Barcode
Gap Discovery (ABGD); 7) Assemble Species by Automatic Partitioning (ASAP); and 8) General Mixed
Yule-Coalescent (GMYC). Uncorrected pairwise distance matrixes were constructed on Geneious prime
[58]; corrected pairwise distance matrixes were constructed on Mega 11 [63,64] with a Kimura 2
parameter model; a 2% sequence divergence was applied [47,58,65]. PTP and mPTP were performed

using an ultrametric and fully bifurcating tree (see below) with the default parameters (https://mptp.h-

its.org/), unless otherwise stated in Suppl. 2 [66]. RESL was performed in BOLD [42]. A probability of

0.001 to split groups was used for ABGD (https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html) and
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ASAP (https://bioinfo.mnhn.fr/abi/public/asap/) [67,68]. In ABGD, the initial partition was considered

[69]. For ASAP, the best partition was selected based on the ASAP-score, probability (p-rank) and ranked
distance (w-rank). The ultrametric and fully bifurcating phylogenetic tree required for GMYC, and used
on PTP and mPTP, was reconstructed using the Bayesian approach implemented in BEAUti and BEAST
v2.6.6. Two Markov chains of 50,000,000 generations each were run independently with a strict clock
(rate= 1). The optimal substitution model was identified though ModelTest based upon corrected AIC.
(Suppl. 2). A pre-burn period of 10,000,000 was used, and trees were sampled every 10,000 states. Both
runs were combined, and the maximum credibility tree was built with LogCombiner and TreeAnnotator
v2.6.6 [70]. Finally, the GMYC was performed on the R platform v4.1.2 with the package splits v1.0-20

[71,72].

A final delimitation scheme was based on >50% consensus agreement among all methods (i.e., number
of methods resulting in the same identification) to produce a robust delimitation. It has been
recommended at least a 75% agreement for species represented by a singleton (i.e., represented by
only one sequence) because each of these methods is affected by the lack of multiple sequences per
species [39]. From a biodiversity conservation perspective, the presence of more than one species was
assumed as the precautionary criterion and used a 50% consensus regardless of the number of

sequences available.

Results

Biodiversity and barcoded anchialine invertebrates from the literature

A total of 228 species (45% crustaceans; n= 101 species; Figure 3, Suppl. 1-2) have been recorded in the
literature pertaining subterranean estuaries of the Yucatan Peninsula and Cozumel Island, 42% (n=95; 80

nominal species) were classified as stygobionts. To date, 24 studies have included COIl and 16S data (n=


https://bioinfo.mnhn.fr/abi/public/asap/

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

11, COI & 16S; n=7, COl only; n= 6, 16S only; Figure 3, Suppl. 1-2). These sequences represented
individuals collected from 48 caves, of which most were concentrated near the “ring of cenotes” (Figure
2). Five species of crustaceans and one ophiuroid represented 59% of all available COI sequences in the
literature, and four shrimp species represented 78% of all the available 16S sequences. In contrast, 25

species were singletons or doubletons with COIl, and seven with 16S (Figure 3, Suppl. 2).

Prior to this study, non-crustacean barcoded species were limited to only one annelid, two stygobiont
fish species, and twenty-one echinoderms. DNA was extracted from a total of 234 specimens
representing eight metazoan phyla. A total of 100 COI and 48 16S sequences were successfully amplified
and sequenced, representing 44 species (32 stygobionts) across six phyla: Annelida (3 species),
Arthropoda (31 species), Echinodermata (6 species), Mollusca (1 species), Nemertea (1 species), and
Porifera (2 species). Sequencing failed for all samples representing Chordata and Cnidaria. Including this
study, 32% (73 species; 376 sequences) of all recorded species and 50% (48 species) of stygobionts have
been barcoded with COI, while 14% (n= 31 species; 154 sequences) of all recorded species and 22% (21
species) of stygobionts have been barcoded with 16S (Figure 3, Suppl. 2). Crustaceans are the most
widely barcoded (44 species, COIl; 19 species, 16S) within this environment. Available sequences now
represent 12 species from their type localities barcoded with COl and 16S (n= 5, COI & 16S; n= 7, COI
only; Figure 3, Suppl. 2), including COI barcoding information for all remipede species of the genus
Xibalbanus (Figure 5c), and COIl and 16S of the only described representative of the family
Anchialocarididae (Anchialocaris paulini Mejia-Ortiz, Yafiez & Lépez-Mejia, 2017). Newly generated
sequences include the first COl sequences representing the infraorder Procarididea, and the families
Anchialocarididae, Agostocarididae, and Epacteriscidae; and the first 16S sequences for the order
Stygiomysida, the family Tulumellidae, and the genera Creaseriella, and Metacirolana, and the second

for the order Thermosbaenacea.

10
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Species delimitation

Eight undescribed species lineages were identified: a) Crustacea: mysid shrimp Antromysis spp. (n= 2,
Figure 5a), stygiomysid shrimp Stygiomysis spp. (n= 2, Figure 5b), isopod Metacirolana sp. (n= 1, Figure
4c) and thermosbaenacean Tulumella sp. (n= 1); and b) Annelida: Macrochaeta sp. (n= 1), and
Flabelligeridae (n= 1). The only completely inconclusive results (i.e., a hypothesis was not supported by
>50% of the analyses) from species delimitation methods corresponded to representatives of
Stygiomysis, without species identification agreement on any sample (this study= 2 sequences, COI & 2,
16S; literature= 2, COI; sequence availability did not allow analyses with 16S; Table I, Figure 5b).
Inconclusive results for at least one sample were also present for Gorgonorhynchus (this study= 4
sequences, COl; literature= 1, COI, not from a cave environment), and Typhlatya (this study= 29
sequences, COl & 20, 16S; literature= 56, COIl & 74 from the Yucatan Peninsula and Cozumel Island). The
analyses of Antromysis, Metacirolana, Typhlatya and Xibalbanus identified several cryptic lineages

(Table I, Figures 4-5). See Suppl. 2 and Calderén-Gutiérrez et al., 2024 [73] for further details.

Table 1.- Summary of species delimitation analyses by genus. Number of described species are based on
the literature and preliminary identification with Blast and Bold. Species delimitation analyses:
Uncorrected pairwise distance (UPD), Corrected pairwise distance (CPD), Poisson Tree Process (PTP),
multi-rate Poisson Tree Process (mPTP), Refined Single Linkage (RESL, only available for COI), Automatic
Barcode Gap Discovery (ABGD), Assemble Species by Automatic Partitioning, and General Mixed Yule-
Coalescent (GMYC). Consensus refers to number of species within each genus, as identified by the
species delimitation analyses. IR indicate inconclusive results. Species identification of Typhlatya
follows Ballou et al (2022); Typhlatya kakuki was not included in the analysis with COI since there are no
sequences available from the Yucatan Peninsula or Cozumel Island. (*) At least one published sequence

identified as an undescribed species not previously reported; consensus identification with CO1

11
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sequences OM456541, OM456542, OM456544, and OM456519; and 16S sequence OM458928 identifies

them as from undescribed species. See Suppl. 2 and Calderdn-Gutiérrez et al., 2024 [73] for further

details.
Species delimitation analyses v u
co1 16S 2 3
o b 2
2 g o o 8 8
2820 o a E ] 8 = E O 0o o E 8 = E o :
825 5 K £ 22 25|58k 2 268 98
Antromysis 1 3 3 3 12 2 2 3 IR
Creaseriella 1 11 3 111 2 21 1 2 1 1 1 1 1 1
Metacirolana 1 2 2 4 2 2 2 2 42 2 3 2 2 2 2 2
Stygiomysis 2 4 4 2 1 4 2 2 2 IR
Typhlatya? 6/7* 10 10 10 9 6 6 7 8|9 9 9 7 7 7 9 8 9
Gorgonorhynchus 1 11 3 112 2 2|1 1 2 1 1 1 1 IR 1
Xibalbanus 4 4 4 4 3 3 3 3 3 3

Several stygobionts were confirmed to have an extensive distribution including: the isopod Creaseriella
anops (Creaser, 1936) (n=8, COI; n=3, 16S; Figure 4a) from inland and coastal caves (205 km) within the
Yucatan Peninsula. Typhlatya (Figure 4d) exhibited the most species with broad distributions, including
the first records of Typhlatya in caves from Cozumel Island corresponded to T. kakuki Alvarez, lliffe &
Villalobos, 2005 (n= 1, 16S) and T. iliffei Hart & Manning, 1981 (n= 1, COI; n=1, 16S). The type locality of
T. kakuki is Shrimp Hole cave in Acklins Island, Bahamas, with sequences available (n= 7, COIl; n= 13, 16S)
from Bahamas, including the type locality, and Caicos. Typhlatya iliffei was described from Tucker's
Town Cave in Bermuda, and has sequences available (n= 2, COI [Note: additional COl sequences are
available, but do not include the Folmer region]; n= 23, 16S) from Bermuda, type locality
representatives. Thus, species distribution range of T. kakuki and T. iliffei are 1,600 km and 2,575 km,
respectively. The remipede Xibalbanus cokei (Yager, 2013) (n= 4, COI) from Winter Wonderland cave
(type locality) was here identified as X. tulumensis (n=9, COl) in all species delimitation methods, with
pairwise COI similarities 96.6-98.7%. The latter supports an extensive a coastal distribution along the

Yucatan Peninsula (360 km). Species identification and delimitation analyses also confirmed that the
12
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species Cirolana adriani Ortiz & Chazaro-Olvera, 2015, Creaseriella anops, and Typhlatya dzilamensis are

identified as euryhaline, as they were distributed above and below the halocline (Figures 4-5, Suppl. 2).

Discussion

Our data indicate that species lineages from subterranean estuaries are more complex than expected.
The hypothesis was that most stygobionts species with a broad distribution, especially those inhabiting
different landmasses, will be represented by species complexes. However, we did not only identify
species complexes (e.g., Antromysis, Metacirolana), but also species with synonyms (e.g. Xibalbanus
tulumensis), species with broad distributions across spaces in the same (e.g., Creaseriella anops,
Typhlatya dzilamensis & Xibalbanus tulumensis) and different (e.g., Typhlatya iliffei & T. kakuki)
landmasses, and even across salinities (e.g., Creaseriella anops & Typhlatya dzilamensis). Inconclusive
results from the species delimitation methods in four genera further support the need of a higher
sequencing depth across the distribution range of the species within the subterranean (e.g. “Typhlatya

sp. A” has five sequences available collected across ~300km).

A detailed discussion by taxon, and biogeographic distributions is available on Suppl. 3.

DNA barcoding and data availability

The increase in sequence data availability from subterranean estuaries, especially among taxa from the
cave zones, provides: (a) a foundational molecular taxonomy reference to improve biodiversity
inventories [74], (b) genetic data for integrative ecological and evolutionary studies [10,75], (c) provide
information for further biodiversity studies to investigate not only subterranean estuary fauna, but also
overall biodiversity and phylogenetic relationships [76]. Nevertheless, to clarify taxonomic and
phylogenetic uncertainties, it is necessary to include in the analyses the type material (i.e., specimens

used in the original species description), or samples from the type locality (i.e., specimens collected from

13
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the sampling site from the type series) [77]. This study revealed taxonomic uncertainties that need to be
addressed among the genera Antromysis, Metacirolana, Typhlatya, Stygiomysis, and Xibalbanus (Figures
4-5, Suppl. 2, see below). However, there is substantial difficulty in verifying new and existing species
without molecular data from type material. There are only four previously described species that have
COl sequences from the type material: the amphipod Mayaweckelia troglomorpha Angyal, 2018,
remipedes Xibalbanus cozumelensis and Xibalbanus fuchscockburni, and the ophiuroid Ophionereis
commutabilis (Figures 4-5, Suppl. 2) [28,47,60,78,79]. The sea star Copidaster cavernicola Solis-Marin &
Laguarda-Figueras, 2010 is DNA barcoded (COI) from the type locality. Of these, only X. cozumelensis
also has 16S sequences. In this study we obtained the first DNA barcodes from the type locality
representatives of the shrimps Agostocaris zabaletai (COl & 16S), and Anchialocaris paulini (COl & 16S),
the isopods Metacirolana mayana (COI & 16S), and Cirolana adriani (COIl); and remipedes Xibalbanus
cokei (COl), and Xibalbanus tulumensis (COI). It is recommended that any future taxonomic work should
include sequencing from type material or type localities for future reference of species records, and

even considering the reconstruction of full mitochondrial genomes and genomic data [80,81].

Species records

There are conflicting perspectives in regards to the documentation of cave biodiversity, with either
taxonomic records of cave micro-endemics inhabiting only one or two caves (e.g., Xibalbanus spp.,
Agostocarididae) [21,60] or regional cave cosmopolitans (e.g., Antromysis cenotensis, Barbouria
cubensis) [13,82], with most species identification and description, including >50% being described since
2000, based solely on morphology [10,30,83—-85]. Furthermore, the paucity of ecological and
environmental data and/or number of sequenced species representatives and specimens from type

localities limits taxonomic evaluation and phylogenetic analyses.
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In this study, molecular data compared against known species records identified seven obstacles to
diversity assessments due to the biology of the species and the current state of biodiversity inventories
of subterranean estuaries. ldentified obstacles (labelled i-vii) are illustrated in the following four
examples. Example 1: Species complexes (i) and lack of genetic data from type locality representatives
(ii). Antromysis cenotensis is recorded as a single species across the Yucatan Peninsula [86], yet species
delimitation indicated at least three species lineages (Figure 5a). The absence of sampling from or near
the type locality (43 km to the nearest DNA barcoding sampling site) complicates the identification of
this mysid. Example 2: Distinct described morphospecies within a single species (iii) and assumed micro-
endemics (iv). The remipede Xibalbanus cokei, previously considered micro-endemic to a single cave in
Belize [87], was here supported as a potential junior synonym of X. tulumensis (Figure 5c). Example 3:
Poor taxonomic sampling for phylogenetic assessment (v) and low phenotypic diversity among syntopic
species (vi). The remipede Xibalbanus fuchscocburni is represented by a single sequence [28], and lives
in syntopy with the morphologically similar X. tulumensis [28]. Example 4: Limited ecological data (vii)
further hinders biodiversity assessments and other studies (i.e., ecology, biogeography). The shrimp
Procaris mexicana was described with only the cave name as the type locality (Cueva Quebrada,

Chankanaab Park, Cozumel); without coordinates or other details [88].

Lastly, congenerics of Typhlatya (5 species) [10], Stygiomysis (2 species, this study), and Xibalbanus (2
species) [28] have been recorded as syntopic within the same cave system within a short distance, or
even in the same cave passages. Low phenotypic diversity and/or limited understanding of ecological
attributes led to misidentifications (e.g., Typhlatya), underrepresented (e.g., Antromysis and
Metacirolana), and overrepresented (e.g., Xibalbanus and Barbouria) diversity [10,13,16,28,30,87].
Species misidentifications leading to incorrect evolutionary and ecological conclusions have already

been identified on Typhlatya [10] and Barbouria [30]. For example, Ballou et al., [10] detected a >20%
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misidentification rate on taxonomic, phylogenetic, and ecological studies on Typhlatya. Misidentification
of Typhlatya includes the mitochondrial genome identified as Typhlatya mitchelli on the NCBI Reference
Sequence (RefSeq, record NC035403) [10,89], however, it represents an undescribed species (Typhlatya
sp. B). The above highlights that species records without molecular verification from subterranean
estuaries may not be reliable beyond genus level, and likely does not reflect the potential diversity
estimations due to the lack or limited integrative taxonomic evaluations [10,30]. Syntopic species with
low phenotypic variation also restrict non-invasive visual ecological studies to genus-level on such taxa.
It is recommended that any future biodiversity assessment and ecological study of fauna from the
subterranean estuaries, especially from taxa identified with low phenotypic variation (e.g., Antromysis,

Stygomysis, Typhlatya, Xibalbanus), include molecular identification [10,41,75,90-92]).

Challenges of DNA barcoding for understudied taxa

Fauna inhabiting caves, especially stygobionts, can have limited population size, and several species are
threatened or vulnerable to extinction [27,93,94]. Diversity projects require sampling that are likely to
be limited in number, due to access or low abundances, thus the evaluation for each specimen should
be maximized for use in integrative taxonomy studies. This may include moving to downstream

|II

molecular approaches even when DNA extractions have “suboptimal” concentrations, which may lead to
fewer successful PCR amplifications. Some species may have PCR inhibitors [74], particularly when
collected from caves with high concentration of hydrogen sulphide. Another challenge with DNA
barcoding is primer selection, truly universal primers do not exist, thus a multi-primer approach is
needed for projects working with diverse taxonomic groups. In this case, COI primers by Geller et al.
[46], had the best results with our samples, and thus an initial exploration with Geller’s primers is

recommended. The amplification of 16S resulted as a feasible DNA barcoding alternative, with a higher

success rate than COl when considering the use of the same PCR conditions across taxa/samples and a
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single set of primers. Additionally, as observed in other studies [38,48], 16S resulted in a greater

taxonomic/specimen coverage for some groups and did not underestimate species diversity [38].

Fundamental research questions requiring molecular information in subterranean biology as identified
by Mammola et al., [40], such as: (a) Would the use of novel molecular methods provide new insights on
subterranean biodiversity patterns and affect known patterns?; (b) What drives subterranean patterns
of phylogenetic and functional diversity?; (c) What is the species richness pattern of subterranean
organisms globally? These questions emphasize how next generation sequencing methods have the
potential to improve the current understanding of biodiversity patterns and estimates. In order to
respond to these questions, it is necessary to increase DNA barcoding data availability of the
subterranean aquatic fauna. Among the major limitations of barcoding and/or metabarcoding projects
for understudied ecosystems are taxonomic misidentifications and/or limited representation in
sequence reference libraries [95]. Taxonomic misidentifications can be avoided with integrative
taxonomy approaches that include type material or samples from type localities [96]; while PCR-free
approaches like genome skimming circumvent PCR bias [80,81]. We also identify the need for
mechanisms allowing amendment of public databases, such as GenBank and BOLD, allowing third
parties updates, or adding alternative identification, thus leaving the original identity unchanged.
Update capabilities of sequence’s identification deposited in public databases will better represent the
dynamic state of the taxonomy and science and increase the applicability of the vast molecular data

publicly available.

Implications of DNA barcoding on the conservation of subterranean estuaries

Molecular analysis and species delimitation methods allowed for the identification and confirmation of
1) Syntopic species: five species of the shrimp Typhlatya in the Ox Bel Ha system [10]; two species of

remipede genus Xibalbanus in Aayin Aak [28]; and two species of the stygiomysid Stygiomysis in the
17



354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

Nohoch Pek system. 2) Identification of species complexes of the genera Antromysis, Tulumella,
Metacirolana, and Stygiomysis. 3) Broad species — spatial - distribution ranges have been confirmed for
ten species, including an isopod, shrimps and a remipede. 4) Broad species — salinity — distribution
ranges have been confirmed for the isopods Cirolana adriani and Creaseriella anops and the shrimp
Typhlatya dzilamensis [10]. Identifying the presence of cryptic species for conservation and
management purposes implies that the species richness and vulnerability of the ecosystem are likely
underestimated, especially for lesser-known microfauna such as Antromysis cenotensis belonging to a
species complex, while other species may be micro-endemic to single caves (e.g., Copisdaster
cavernicola, Teinostoma brankovitsi Rubio, Rolan, Worsaae, Martinez & Gonzalez, 2016, Triacanthoneus
akumalensis Alvarez, Illife, Gonzalez & Villalobos 2012) [84,85,94]. For research projects, cryptic and
syntopic species represent an opportunity to better understand evolutionary and ecological processes,
especially because these ecosystems have simpler community structures and the semi-isolation

characteristics of the subterranean estuary [10,36,97].

The presence of complex biodiversity patterns and inaccurate records of stygobionts taxa have also
been reported in other regions (i.e., Europe, Middle East, Australia) after molecular re-evaluation
[92,98,99], as such species complexes are likely a generality in aquatic subterranean ecosystems.
Climate change and increasing anthropogenic pressures, such as rapid demographic growth, tourism
activities, water pollution [22,23,27,100], are also concerning threats to subterranean ecosystems.
Inaccurate species identification have major legal and logistic implications for research and conservation
efforts, as some of the species are listed under extinction risk both in our study area (e.g., Xibalbanus
tulumensis, Antromysis cenotensis, Typhlatya pearsei) [101], and in other regions worldwide such as
Texas (e.g., Stygobromus pecki, Lirceolus cocytus) [102], the Canary Islands (e.g., Speleonectes ondinae)

[103], and Australia (e.g., Ophisternon candidum) [104]; and evidence suggests that all stygobiont
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species should be considered at risk of extinction [27,93]. Most species within subterranean estuaries
are either recently described or remain undescribed, and recent studies suggest that these species are

potentially the most vulnerable [27,84,85,93].

Conclusions

In this study, we identified the need of taxonomic status re-evaluation of stygobionts of the Yucatan
Peninsula and Cozumel Island with an integrative approach, utilizing molecular methods to complement
current morphological evaluations. Identified patterns of under- and over-descriptions have also been
reported in other regions after molecular re-evaluation, therefore, these patterns should be generalized
in aquatic subterranean ecosystems, and not limited to our study area. Reliable biodiversity records with
correct species identifications and species distribution ranges are required to: (a) provide a foundation
for continuing research in ecology, phylogenetics/genomics, evolution, biogeography, etc. at population
to ecosystem levels; (b) evaluate the conservation status of the species; and (c); develop and implement

proper conservation and management projects.
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707 Figure Legends

708  Figure 1.- Subterranean estuaries and their fauna. a) Diver sampling cave fauna. Representative

709  stygobionts: Belize: b) Xibalbanus tulumensis (Yager, 1987). Cozumel Island: c) Metacirolana mayana
710 (Bowman, 1987), d) Copidaster cavernicola Solis-Marin & Laguarda-Figueras, 2010. Yucatan Peninsula,
711 Quintana Roo: e) Typhlatya dzilamensis Alvarez, lliffe & Villalobos, 2005, f) Flabelligeridae, g)

712 Macrochaeta sp., stygophile h) Gorgonorhynchus cf. bermudensis. Images a-e, h, F. Calderon-Gutiérrez,

713  f-g, B. C. Gonzalez.
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714  Figure 2.- Distribution of caves with barcoded subterranean species with COl and 16S from the literature

715 and newly sequenced in a) study area, b) Yucatan Peninsula and c) Cozumel Island. Species records

716  under a cumulative category (e.g. “Both”) are only counted once.
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Figure 3.- Number of species in the subterranean estuary of Cozumel Island, and the Yucatan Peninsula
including Belize. Number of species recorded a) per region, and b) by water layer, c) species with COI
and d) 16S sequences available. Numbers above the bars (c & d), indicate species with sequences

available from the type locality within the study area.
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Figure 4.- Results of species delimitation for taxa with COl and 16S. a-d) Bayesian ultrametric and fully
bifurcating phylogenetic tree. ID-DNA name (bold and larger font) correspond to sequences new to this

study, with first 2-3 letters corresponding to the sampling region (BZE= Belize, Coz= Cozumel, YP=
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Yucatan Peninsula), followed by sampling cave in (c). NCBI GenBank accession codes correspond to
sequences from the literature. Coloured boxes correspond to the proposed species designation
following a >50% consensus agreement among species delimitation methods; alternative results for
analyses with inconclusive results (i.e., a hypothesis was not supported by >50% of the analyses) are
represented with discontinuous lines; in d) identity considering published phylogenetic analyses with
mitochondrial and nuclear genes [10], and results from both genes are represented with dotted lines. d)
Grouped sequences have a representative ID, follow by the number of sequences in that group. Salinity
is displayed for lineages and specimens for species identified in this study as euryhaline. See Suppl. 2

and Calderdén-Gutiérrez et al., 2024 [73] for further details.

a) Antromysis c) Xibalbanus
KT209343 Schistomysis kervillei JF332160 Speleonectes lucayensis
X KX830884% X, cozumelensis
YP 73 Antromysis sp.1 “lrE KX830885#%
—— MKS81568 A. cenotensis gﬁﬁfg*
YP 78 Antromysis sp.2 — JF297645 X. tulumensis
JF297647
YP 77 YP CP1b o
YP CP1
121 Km YP71 Bzec9819
. : Bze 9817
b) Stygiomysis Bze 9818
MK981568 Antromysis cenotensis Bze 9816
H1600Km [ MK900689 S. cf. holthuisi 13%987?674367
YP 52 Stygiomysis sp. 2 *Type locality (sample NC005938
8 from, or distance to)
MK900690 S. cokei xibalbanus colet ;: ;;1
2K . . rom type locality
i hm YP 51 Styglomysls sp. 1 JF297644 %  X. fuchscockburni

Figure 5.- Results of species delimitation for taxa with COI. a-c) Bayesian ultrametric and fully bifurcating
phylogenetic tree. ID-DNA name (bold and larger font) correspond to sequences new to this study, with
first 2-3 letters corresponding to the sampling region (BZE= Belize, Coz= Cozumel, YP= Yucatan
Peninsula). Sequences from the literature are identified by their NCBI GenBank accession numbers.
Colored boxes corresponded to the proposed species designation following a >50% consensus

agreement among species delimitation methods, alternative results for analyses with inconclusive
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results are represented with discontinuous lines. See Suppl. 2 and Calderdn-Gutiérrez et al., 2024 [73]

for further details.
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