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ABSTRACT ARTICLE HISTORY
The genus Diaforobiotus was established to accommodate species formerly assigned to Received 7 July 2025
the genus Macrobiotus (family Macrobiotidae), and is now placed within the family Accepted 11 August 2025
Richtersiusidae. Currently, the genus includes five species, one of which—Diaforobiotus First Publication
islandicus—has been recorded in Mexico. Although most of the country lacks studies 0 October 2025
focused on tardigrades, the Trans-Mexican Volcanic Belt (TMVB) is interesting since it is KEYWORDS
positioned between two major biogeographic regions (the Neotropical and the Nearctic) Altitudinal gradient;
and it serves both as a transition zone and as a hotspot of endemism. In this work, a new Diaforobiotus; DNA
tardigrade species, Diaforobiotus quetzalcoatli sp. nov., found in Mount Tlaloc (a locality barcoding; HotShot;
belonging to the TMVB, in central Mexico) is described. This new species is supported phylogeny and species
and described with an integrative approach using light, confocal, and scanning electron delimitation
microscopy, as well as DNA sequences of four molecular markers (COI, ITS-2, 18S rRNA,

and 28S rRNA). Phylogenetic analyses revealed that D. quetzalcoatli sp. nov. is closely

related to Diaforobiotus occidentalis from Canada, and species delimitation analyses

based on COI and ITS2 markers provide strong evidence that Mexican specimens

represent a sixth distinct species within Diaforobiotus.

Introduction

Tardigrades, or “water bears”, are microscopic metazoans in the phylum Tardigrada, growing through
moulting (Schill 2008). These organisms thrive in diverse environments, from marine habitats to high-altitude
mountains. Their unique ability to enter cryptobiosis, a state of suspended animation, enables them to
survive extreme conditions such as dehydration, freezing, and even a total vacuum (Heinis 1911; Beasley
1972; Nelson 1982; McInnes & Convey 2005; Michalczyk & Kaczmarek 2006; Guil et al. 2009).

The current taxonomic classification of this group primarily relies upon morphological characters—such
as the body shape, the claw morphology, the structure of the buccopharyngeal apparatus, the cuticle
ornamentation and appendages, and the egg ornamentation (Nichols et al. 2006)—as well as relatively
short DNA sequences such as COIl and ITS-2 (Jgrgensen et al. 2018).

Research on this phylum in Mexico is growing; however, studies on this phylum remain limited, and to date,
most publications have focused on species descriptions (Pérez-Pech et al. 2017; Moreno-Talamantes et al. 2019;
Moreno-Talamantes et al. 2020; Duefas-Cedillo et al. 2020). The first major contribution was made by Hoffman
and Jiménez (1994), who compiled a genus-level checklist identifying 16 genera. This was followed by the first
species-level checklist by Kaczmarek et al. (2011b). More recently, studies by Moreno-Talamantes et al. (2019) and
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Garcia-Roman et al. (2022) expanded the knowledge on diversity, which in turn led to an updated record of 43
genera and 75 species in the country (Duefas-Cedillo et al. 2024).

Since 2018, researchers from various Mexican institutions have been conducting a tardigrade inventory in the
Mexican Transition zone (MTZ), focusing on the Trans-Mexican Volcanic Belt (TMVB) to document limnoterrestrial
tardigrades in this region (Duefas-Cedillo et al. 2020, 2021, 2024; Garcia-Roman et al. 2022; Amezcua-Martinez et
al. 2025). The inventory aims to (1) create and annotate a list of tardigrade species in the MTZ, (2) assess the
environmental factors affecting their distribution and diversity, and (3) discover and describe new species. The
MTZ is a complex region that extends from the southwestern United States through Mexico and into parts of
Central America, reaching as far south as Nicaragua. The MTZ is a biogeographical area where Neotropical and
Nearctic biotas overlap. This convergence has given rise to a wide variety of ecosystems, shaped by significant
climatic variation and multiple geographic conditions (Morrone 2010). Within the MTZ, the TMVB plays a key role
in species diversification, endemism, and biogeographic transitions (Morrone 2005). Molded by a dynamic
volcanic history, isolated habitats, diverse elevations, and a wide range of climates, this region has ideal conditions
for biodiversity and driving evolutionary processes (Morrone 2010; also see Mastretta-Yanes et al. 2015). The
TMVB's environmental diversity and high endemism make it a promising area for species discovery (Gdmez et al.
2012), including tardigrades (Duenas-Cedillo et al. 2020). These animals have been previously found in coniferous
forests and alpine grasslands, thriving in humid, temperate, and cold conditions (Bartels & Nelson 2006, 2007;
Duenas-Cedillo et al. 2020, 2021, 2024; Garcia-Roman et al. 2022), highlighting the TMVB as a suitable region for
discovering a high diversity of tardigrades in various microhabitats. Kaczmarek et al. (2011a) noted that altitude
and humidity are key variables influencing the distribution of tardigrades, while Guil et al. (2009) observed that
species preferences for different altitudes can lead to greater species richness. Additionally, Gasiorek et al. (2021)
suggested that tardigrade fauna is frequently associated with cold habitats, and that geographically restricted
areas such as islands or mountain ranges like the TMVB can foster endemism. Given the role of the TMVB in
promoting endemism and its understudied tardigrade diversity, this study reports the discovery and description
of Diaforobiotus quetzalcoatli sp. nov. from Mount Tlaloc, the ninth highest volcano in Mexico, which is located
within the TMVB.

The genus Diaforobiotus was established by Guidetti et al. (2016), from species previously assigned to
Macrobiotus (Macrobiotidae), and transferred to the family Richtersiusidae based on morphological and genetic
evidence. The taxonomic history of this genus exemplifies the change of scientific understanding in response to
new data and methodologies: since the initial description of the type species, it has undergone substantial
taxonomic revisions, reflecting advances in integrative taxonomy and molecular methodologies (Murray 1910;
Séméria 1985; Kathman 1990; Guidetti et al. 2016; Stec 2023; Massa et al. 2024). Diaforobiotus is a genus with
five species, one of them with two subspecies (Degma & Guidetti 2024), mostly found in Europe (Richters 1904;
Murray 1910; Maucci 1982; Kathman 1990; Stec & Morek 2022; Stec 2023). In Mexico, the only documented
record of the family and genus is D. islandicus from Nuevo Ledn (Moreno-Talamantes & Ledn-Espinosa 2019);
however, all records outside Iceland should be interpreted with caution (Stec 2023).

In this study, a population of Diaforobiotus was examined in Mount Tlaloc. Using an integrative approach
that combines morphometry, phase contrast light microscopy (PCM) and scanning electron microscopy (SEM)
imaging, as well as molecular evidence, Diaforobiotus quetzalcoatli sp. nov. was supported and described.

Materials and methods
Sampling

Mount Tlaloc is an inactive volcano located in Mexico state (in the central part of the country) (Figure 1). The
combination of coniferous forest, alpine grassland, and nival zone, along with its volcanic origin and
elevation gradient (1500-4150 m a.s.l.), provides an ideal microhabitat for tardigrades, aligning with previous
findings on altitude-driven diversity (Bartels & Nelson 2006, 2007; Guil et al. 2009; Kaczmarek et al. 2011a;
Gasiorek et al. 2021). Specimens were obtained in the alpine grassland from three moss samples (4 cm? each)
collected on rock at the southwest slope at 4037 m a.s.l., 19°2446.1”N, 98°43'05.2"'W, based on the WGS84
geographic reference system. The mosses were stored inside paper bags and dried.
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Figure 1. Geographic map indicating the type locality of Diaforobiotus quetzalcoatli sp. nov. in Mount Tlaloc, State of
Mexico, Mexico.

Tardigrade processing

In the laboratory, a 2 g sample was taken from each collected moss and hydrated overnight. The samples
were then shaken, and the water was filtered through a coarse sieve. Subsequently, the water was conducted
through a series of mesh filters (500, 250, 74, and 24 um), allowing tardigrades and their eggs to be retained
on the meshes. Each supernatant was conducted through the sieves twice (double filtration) to obtain the
largest number of specimens. Then, the moss was placed in a partially covered Petri dish at room tempera-
ture to dry for a week, and placed back in a paper bag.

Mounting and microscopy

To generate a series of preserved organisms that supports the identification used for the molecular analysis
(“photogenophores” or “vouchers”), the specimens isolated from moss samples were divided equally into
three subsamples: the first one for the paragenophores (specimens sampled at the same time and locality as
the ones used for molecular analyses), the second one for the gDNA extractions, and the third one for SEM.
Paragenophores were mounted on slides with polyvinyl lactophenol (PVA) and Hoyer medium. Specimens
intended for gDNA extraction were individually mounted on cavity slides using a drop of water as the
mounting medium for provisional preparations (modified from Amezcua-Martinez et al. 2025). Specimens for
SEM were prepared according to Camarda et al. (2023). Both provisional and permanent slides were
observed and photographed at different magnifications (10x, 20x, 40%, and 100x) by PCM using a Zeiss
Axioskop with AxioCam ERc 5s digital camera. The measurements were taken using the program Image)
(Schneider et al. 2012). Specimens for SEM were examined in a Hitachi model SU 1510 scanning electron
microscope. All the images were obtained at the Laboratorio de Boténica Estructural and the Laboratorio de
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Microscopia y Fotografia de la Biodiversidad | of the Instituto de Biologia, Universidad Nacional Auténoma de
México (UNAM), both part of the Laboratorio Nacional de la Biodiversidad (LaNaBio).

Identification, morphometry, and morphological nomenclature

Specimens were identified using the taxonomic key by Pilato and Binda (2010). The specimens were
compared with other Diaforobiotus species using the keys of Stec (2023) and Massa et al. (2024).

The sample size for morphometrics was chosen following recommendations by Stec et al. (2016). All
measurements were made in micrometres (um). The terminology of the buccopharyngeal apparatus and
claws was based on Pilato and Binda (2010). The claw measurements were taken according to Kaczmarek and
Michalczyk (2017). The macroplacoid length sequence was determined according to Kaczmarek et al.
(2014b). Ventral and dorsal cuticular pores were measured (the raw morphometric data are provided in
SM.01). Morphometric data were managed using the template “Parachela” v. 1.2, available in the Tardigrada
Register (Michalczyk & Kaczmarek 2013).

Maoss identification

The mosses were identified using the key by Delgadillo-Moya et al. (2022). To analyse the distribution and shape of
the leaves, the moss stem was observed under a Stemi 2000-C stereoscopic microscope, and an Axiolab Zeiss bright
field microscope. The sporophyte and gametophyte were prepared for the histological section. Furthermore, the
moss was identified through the specific DNA marker rbcL coding region within the chloroplast, for large subunit
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCo) (Fazekas et al. 2012). The gametophyte with green
leaves was extracted (without rhizoids) and washed with distilled water. Subsequently, the moss sample was
macerated in a microtube, frozen in liquid nitrogen, and then subjected to cell disruption using a TissueLyser
(method modified from Dellaporta et al. 1983). For DNA extraction, a FavorPrep Plant Genomic DNA Extraction Mini
Kit (FAPGKO001) (FavorGen Biotech Corp) was used. The primers and sources for amplification are listed in Table 1.

DNA sequencing for tardigrades

To confirm identification and to take photographs of taxonomically relevant structures such as the buccophar-
yngeal apparatus, claws, and cuticles, before DNA extraction, specimens were mounted in water on cavity slides
and examined under PCM using a Zeiss Axioskop microscope. Subsequently, the photographed specimens
(photogenophores) were processed for DNA extraction. The HotShot technique (Montero-Pau et al. 2008;
Amezcua-Martinez et al. 2025) was employed for DNA extraction, because it is a fast, economical, and efficient
method for obtaining tardigrade gDNA. We amplified fragments of the the small and large ribosomal subunits (185
rRNA and 28S rRNA), the internal transcribed spacer (ITS-2) and the cytochrome C oxidase subunit | (COI). Primers
and Polymerase Chain Reaction (PCR) programmes for amplification are listed in Table 2. The PCR products were

Table 1. DNA markers and primers used for identification of mosses using the unit RuBisCo.

DNA marker Primer direction Primer sequence (5"-3") Source
rbclaF +634-F Forward 5'-ATGTCACCACAAACAGAGACTAAAGC- 3’ Fazekas et al. (2012)
rbclaF +634-R Reverse 5" -GAAACGGTCTCTCCAACGCAT -3’

Table 2. DNA markers and primers employed for amplification and sequencing of DNA fragments of Diaforobiotus
quetzalcoatli sp. nov.

Primer
DNA marker Primer name direction Primer sequence (5"-3") Source PCR programme
Small Sub-Unit ribosomal Ribonucleic 18S_Tar_1Ff  Forward AGGCGAAACCGCGAATGGCTC Stec et al. Stec et al.
Acid (18SrRNA) 18S_Tar_1Rr  Reverse GCCGCAGGCTCCACTCCTGG (2017) (2020a)
Large Sub-Unit ribosomal Ribonucleic 28S_Eutar_F  Forward ACCCGCTGAACTTAAGCATAT Gasiorek et al. ~ Stec et al.
(28SrRNA) (2018) (2020a)
28SR0990 Reverse CCTTGGTCCGTGTTTCAAGAC Mironov et al.
(2012)
Internal Transcribed Spacer 2 (ITS-2)  ITS2_Eutar_Ff Forward CGTAACGTGAATTGCAGGAC Stec et al. Stec et al.
ITS2_Eutar_Rr Reverse TCCTCCGCTTATTGATATGC (2018) (2020a)
Cytochrome C Oxidase subunit | (COI) LCO1490 Forward GGTCAACAAATCATAAAGATATTGG  Folmer et al. Michalczyk et al.

HCO02198 Reverse TAAACTTCAGGGTGACCAAAAAATCA (1994) (2012)
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corroborated by 1.5% agarose gel electrophoresis stained with GelRed Nucleic Acid Gel Stain 10,000x
(Biotium™) and purified with the ExoSap-IT enzyme (Applied Biosystems), following the manufacturer’s
instructions. The sequence reaction was prepared with 4 uL of water, 2 pL of Buffer 5%, 2 uL of big dye
Terminator v. 3.1 (Applied Biosystems), 1 uL of the primer, and 2.5 uL of purified product. The reaction
was placed in a PCR 2720 according to Amezcua-Martinez et al. (2025). When finished, samples were
purified with Sephadex CentriSep™ plates (Princeton) and read in a 3730xl sequencer (Applied
Biosystems) at the LaNaBio.

Phylogenetic analyses and genetic delimitation of the new species

Newly generated sequences were analysed using the programs FINCH TV (Geospiza, Inc 2004) and
MEGA11 (Tamura et al. 2021). The identity of the obtained sequences was verified using BLAST
(Altschul et al. 1990). As support for the phenotypic differential diagnosis between the new species
and other Diaforobiotus species, marker sequences deposited in the GenBank database were used to
calculate the uncorrected genetic distances (p-distance), using the program MEGA11 (Tamura et al.
2021). The Diaforobiotus species with sequences deposited in the GenBank database and used in this
analysis are the following: D. islandicus (Richters, 1904), D. occidentalis (Murray, 1910), D. hyperonix
(Maucci, 1982), and D. svalbardicus Stec, 2023. The distance matrices are provided in the
Supplementary material (SM.02).

Phylogenetic analysis

To establish the phyletic position of the new species, a phylogenetic tree was constructed using the
concatenated 18S rRNA + 28S rRNA + ITS-2 + COI sequences of the genus Diaforobiotus with the sequences
of Macrobiotus hannae and M. shonaicus as outgroup (accession numbers are listed in Table 3). Sequences of

Table 3. List of species and their GenBank accession numbers for the nucleotide sequences used in the phylogenetic and
genetic species delineation analyses (n/a = not available). New sequences are marked in bold.

Taxon 18s rRNA  28s rRNA Col ITS-2 Source
Diaforobiotus hyperonyx 1T.339 OM179853 OM179860 OM151287 OM179866 Stec and Morek (2022)
Diaforobiotus hyperonyx 1T.341 OM179855 OM179861 OM151288 OM179868 Stec and Morek (2022)
Diaforobiotus hyperonyx IT.344 OM179852 OM179859 OM151286 OM179867 Stec and Morek (2022)
Diaforobiotus hyperonyx IT.345 OM179854 OM179862 OM151289 OM179869 Stec and Morek (2022)
Diaforobiotus islandicus 1 HQ604972 n/a n/a n/a Bertolani et al. (2014)
Diaforobiotus islandicus 2 HQ604973 n/a n/a n/a Bertolani et al. (2014)
Diaforobiotus islandicus 15.042 MT812470 MT812461 MT808072 MT812597 Stec et al. (2020)
Diaforobiotus occidentalis S2011.Dia.vV01 0Q029309 n/a 0Q029491 n/a Massa et al. (2024)
Diaforobiotus occidentalis S2011.Dia.vV02 0Q029310 n/a 0Q029492 n/a Massa et al. (2024)

Diaforobiotus quetzalcoatli sp. nov. MT.MX.01 PV018904 n/a PQ506034 PV018916 Present study
Diaforobiotus quetzalcoatli sp. nov. MT.MX.05 PV018905 PV018909 n/a PV018917 Present study
Diaforobiotus quetzalcoatli sp. nov. MT.MX.06 n/a PV018910 PQ506035 n/a Present study
Diaforobiotus quetzalcoatli sp. nov. MT.MX.07 n/a PV018911 n/a PV018918 Present study

Diaforobiotus quetzalcoatli sp. nov. MT.MX.16 n/a PV018912 n/a n/a Present study
Diaforobiotus quetzalcoatli sp. nov. MT.MX.17 n/a n/a PV017055 PV018919 Present study
Diaforobiotus quetzalcoatli sp. nov. MT.MX.19 n/a n/a n/a PV018920 Present study

Diaforobiotus quetzalcoatli sp. nov. MT.MX.26 PV018906 PV018913 PV017056 n/a Present study
Diaforobiotus quetzalcoatli sp. nov. MT.MX.30 PV018907 PV018914 PV017057 PV018921 Present study
Diaforobiotus quetzalcoatli sp. nov. MT.MX.33 PV018908 PV018915 PV017058 PV018922 Present study

Diaforobiotus quetzalcoatli sp. nov. MT.MX.34 n/a PV018923 Present study

Diaforobiotus svalbardicus NO.386 MT812471 MT812463 MT808074 MT812598 Stec et al. (2020b)

Diaforobiotus sp. 1D.517 MT812472 MT812462 MT808073 MT812599 Stec et al. (2020b)

Richtersius coronifer NO.385 MH681760 MH681757 MH676053 MH681763 Stec et al. (2020a)

Richtersius aff. coronifer 1T.120 MH681761 MH681758 MH676054 MH681764 Stec et al. (2020a)

Richtersius aff. coronifer 1T.317 1 MK211387 MK211385 MK214326 MK211382 Stec et al. (2020a)

Richtersius aff. coronifer 1T.317 2 n/a n/a MK214327 MK211383 Stec et al. (2020a)

Richtersius aff. coronifer 1T.317 3 n/a n/a MK214328 n/a Stec et al. (2020a)

Richtersius aff. coronifer PL.247 MH681762 MH681759 MH676055 MH681765 Stec et al. (2020a)

Richtersius tertius GR.008 1 MK211386 MK211384 MK214323 MK211380 Stec et al. (2020a); Pogwizd and Stec (2022)
Richtersius tertius GR.008 2 n/a n/a MK214324 MK211381 Stec et al. (2020a); Pogwizd and Stec (2022)
Richtersius tertius GR.008 3 n/a n/a MK214325 n/a Stec et al. (2020a); Pogwizd and Stec (2022)
Richtersius ziemowiti MT241891 MT241895 MT246504 MT241896 Kayastha et al. (2020)

Macrobiotus hannae MH063922 MH063924 MH057764 MH063923 Nowak and Stec (2018)

Macrobiotus shonaicus MG757132 MG757133 MG757136 MG757134 Stec et al. (2018)
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the newly barcoded species and sequences of species obtained from GenBank were aligned with the MAFFT
algorithm version 7 (Katoh et al. 2002) implemented in the MAFFT online service (Katoh et al. 2019).
Sequences were checked by visual inspection and translated to amino acids using the invertebrate mito-
chondrial code implemented in MEGA11 (Tamura et al. 2021) to check for the presence of pseudogenes. The
sequences were concatenated using SequenceMatrix (Vaidya et al. 2011). The concatenated alignment was
divided into six data blocks, constituting three separate blocks of ribosomal markers and three separate
blocks of three codon positions in the COI data set. We selected the best partitioning scheme with the
program ModelFinder (Kalyaanamoorthy et al. 2017) and the best substitution model for the posterior
phylogenetic analysis using ModelTest-NG (Darriba et al. 2020). The optimal substitution model for each
partition, identified using the Bayesian Information Criterion (BIC), was as follows: HKY+G4 for the first codon
position of COIl, GTR+I+G4 for the third codon position of COIl, and GTR+G4 for the second codon position of
COlI, as well as for the datasets of 28S, 18S, and ITS-2. Bayesian inference (Bl) marginal posterior probabilities
were estimated using MrBayes v. 3.2 (Ronquist & Huelsenbeck 2003). The analysis was run for 10 million
generations, starting from random trees, with the Markov chain sampled every 1000 generations. The
convergence between the two independent runs was confirmed by an average standard deviation of split
frequencies below 0.01. To assess stationarity and determine the appropriate burn-in (set to the first 10% of
generations), Tracer v. 1.7 (Rambaut et al. 2018) was used. Effective sample size (ESS) values exceeded 200,
and the consensus tree was generated by summarizing the remaining topologies after excluding the burn-in.
Additionally, maximum likelihood (ML) analyses were performed with IQ-TREE2 (Minh et al. 2020), and
branch support values for the ML tree were calculated using 1000 ultrafast bootstrap replicates (UFBoot)
(Hoang et al. 2018). The final consensus trees were visualized in FigTree v. 1.4.4, available at http://tree.bio.ed.
ac.uk/software/figtree, and edited with Adobe Photoshop™ 2024.

Species delimitation

Putative species were inferred using COI and ITS-2 sequences through three different approaches: Poisson
Tree Processes (PTP; Zhang et al. 2013), Assemble Species by Automatic Partitioning (ASAP; Puillandre et al.
2020), and haplotype/sequence parsimony network analysis. All three analyses were performed for COI,
while only ASAP and network analyses were conducted for ITS-2.

The molecular analysis of the COI gene was conducted on a 648 bp dataset comprising 15 sequences,
including six sequences from Mexico obtained in the present study and nine sequences retrieved from
GenBank, representing congeneric taxa within the genus Diaforobiotus. The ITS-2 fragment was analysed
using a dataset of 450 bp, composed of eight sequences obtained from Mexican specimens and seven
sequences retrieved from GenBank, except for Diaforobiotus occidentalis, for which ITS-2 sequences were not
available (accession numbers are listed in Table 3).

Pairwise genetic distances for COIl and ITS2 were computed using MEGA11 for all sequences obtained for
the present study and available Diaforobiotus sequences present in GenBank. Macrobiotus shonaicus Stec et
al. 2018 (Eutardigrada, Macrobiotoidea; GenBank acc. n. MK757136) was used as an outgroup. Parsimony
network relationships among specimens were inferred following the method described by Templeton et al.
(1992), implemented in TCS v. 1.21 (Clement et al. 2000), and visualized using tcsBU (Murias dos Santos et al.
2016). A 95% connection limit was applied, as recommended for species delimitation and discovery (Hart &
Sunday 2007). Distance-based ASAP analysis was conducted on the online platform (https://bioinfo.mnhn.fr/
abi/public/asap/). PTP analysis was performed using ML gene trees generated in RAXML version 8.2.12
(Stamatakis 2014) as implemented in CIPRES, utilizing GTR+G as the evolutionary model.

Comparative material

The new species was compared with the original descriptions and redescriptions of all currently known
Diaforobiotus species and other useful literature: Richters (1904), Murray (1910), Maucci (1983), Séméria
(1985), Kathman (1990), Stec and Morek (2022), Stec (2023), and Massa et al. (2024). Additionally, we
examined the following type material (animals and eggs): Diaforobiotus islandicus (Slides 1680, 3026),
Diaforobiotus hyperonyx (Slides 9980.95-9986.95) and Macrobiotus ruffoi (Slides 1342, 4132), deposited at


http://tree.bio.ed.ac.uk/software/figtree
http://tree.bio.ed.ac.uk/software/figtree
https://bioinfo.mnhn.fr/abi/public/asap/
https://bioinfo.mnhn.fr/abi/public/asap/
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the Bertolani collection (University of Modena and Reggio Emilia, Italy) and Maucci collection (Natural History
Museum of Verona, ltaly).

Results
Taxonomic account
Phylum Tardigrada Doyeére, 1840
Class Eutardigrada Richters, 1926
Order Parachela Schuster, Nelson, Grigarick and Christenberry, 1980

Family Richtersiusidae Guidetti, Schill, Giovannini, Massa, Goldoni, Ebel, Forschler, Rebecchi and
Cesari, 2021

Diagnosis (amended by Massa et al. 2024)

Double claws Y-shaped, two branches with an evident common tract with different length, and an internal
septum. Lunules I-IIl can be smooth or indented. Claws IV with an indented lunule, showing variability in the
shape of the lunules. Buccal tube with ventral lamina presents, with a ventral thickening in its anterior
portion and a cuticular thickening on the anterior, dorsal wall of the buccal tube (which can form a large
apophysis). Transverse crest in the buccal armature absent. The pharynx contains two rounded macropla-
coids. The presence of a microplacoid is variable, as it may be present or absent. Cuticular pores are observed
in at least one life stage. Eggs are laid freely, exhibiting elongated conical processes and lacking areolation on
the surface. Granulation on the body and legs is absent in all currently recognized species.

Genus Diaforobiotus Guidetti, Rebecchi, Bertolani, Jonsson, Kristensen and Cesari, 2016

Diagnosis (amended by Guidetti et al. 2016)

Eyes are present in all the species reported. Live animals are orange, yellow, or green; after mounting, they
are transparent. The cuticle is smooth, with circular or elliptical pores present randomly scattered throughout
the body. Relatively short buccopharyngeal apparatus, buccal tube rigid, 10 peribuccal lamellae, and ventral
lamina are present. A dorsal thickening in the anterior portion of the buccal tube is present, in conjunction
with a large tooth on the surface of the tube. The oral cavity armature is composed of three bands of teeth of
different shapes. Posterior to the second band of teeth, several strong, scattered, round teeth are present.
The first band is positioned posteriorly to the peribuccal lamellae, the second band with rows of granular
teeth (larger than the first band), the third band composed of three large teeth, two lateral and a posterior
medial tooth. Pharynx with triangular apophyses and two macroplacoids, rounded at the ends. Microplacoid
may be present. Pulvinus can be present or absent in legs I-lll on the internal surface. Richersiusidae type
claws, with accessory points on primary branches. Legs I-lll possess trapezoidal or rounded lunules, with
teeth that may be present or absent. Claw IV features a large lunule bearing teeth of variable size and
number. Eggs are laid freely, spherical with elongated conical processes, smooth egg surface without
areolation or reticulation, and pores may be present or absent.

Diaforobiotus quetzalcoatli sp. nov.

Figures 2-8, Tables 4-6
Zoobank register number: urn:lsid:zoobank.org:pub:C28DDD5A-64A8-433D-8C80-50B49EEDOD88

Material examined

Holotype, 22 paratypes, and three eggs on slides with Hoyer and PVA mounting media; six paratypes,
identified as photogenophores (voucher specimens), were used for DNA extraction. Additionally, 10 para-
types and five eggs were prepared for SEM.


https://urn:lsid:zoobank.org:pub:C28DDD5A-64A8-433D-8C80-50B49EED0D88
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Figure 2. Diaforobiotus quetzalcoatli sp. nov., habitus: (a) dorso-lateral projection of the entire animal (holotype, Phase
Contrast Microscopy (PCM)); (b) dorsal view of the entire animal Scanning Electron Microscopy (SEM). (c—d) aspect of cuticle
showing the cuticular pores (PCM and SEM, respectively). Scale bars in micrometres (um).

Type locality
Mount Tlaloc (Figure 1), State of Mexico, Mexico. In the moss Grimmia elongata (Kaulf.) Brid. 1816 on rock;
GenBank code: PV077283) from alpine grassland; altitude 4037 m a.s.l. 19°24'46.1"”N, 98°43'05.2"W.
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Table 4. Measurements (in pm) and pt values of morphological structures of the holotype and paratypes of Diaforobiotus
quetzalcoatli sp. nov. N = number of specimens/structures measured; range = the smallest and the largest structure among
all measured specimens; SD = standard deviation.

RANGE MEAN SD Holotype
CHARACTER N um pt um pt um pt um pt
Body length 23 220-776 534-1312 545 927 152 181 659 1022
Diameter of pores in anterior region 8 0.4-3.1
Diameter of pores in dorsal 6 0.3-2.2
Diameter of pores ventral 5 1.3-2.0
Diameter of pores in legs 5 13-24
Buccopharyngeal tube
Buccal tube length 23 40.1-69.6 - 57.2 - 8.1 - 64.5 -
Stylet support insertion point 21 29.9-55.8 71.0-80.1 43.0 75.9 6.8 2.1 49.9 77.4
Buccal tube external width 22 4.6-9.8 9.8-15.9 7.6 13.4 15 1.6 9.4 14.6
Buccal tube internal width 22 3.0-7.7 6.6-13.3 5.4 9.6 1.2 1.9 44 6.8
Ventral lamina length 13 23.6-49.5 54.2-75.1 34.5 59.8 6.6 5.6 375 58.1
Placoid lengths
Macroplacoid 1 20 7.8-19.1 16.8-30.7 13.7 24.1 3.2 4.1 13.8 21.4
Macroplacoid 2 20 5.6-12.0 13.8-18.0 9.0 15.8 19 1.5 11.6 18.0
Macroplacoid row 20 14.4-33.7 35.8-52.8 252 44.3 53 5.1 279 43.3
Claw | heights
External base 5 54-116 9.7-18.0 8.6 14.3 29 37 11.6 18.0
External primary branch 5 6.2-7.3 11.2-12.5 6.9 11.7 0.5 0.6 73 11.3
External secondary branch 5 3.6-4.8 6.5-8.3 44 7.4 0.5 0.6 438 7.4
External base/primary branch (cct) 4 78.9-158.4 - 113.8 - 33.1 - ? -
Internal base 6 44-133 11.0-20.2 8.7 14.7 3.6 4.1 11.2 17.4
Internal primary branch 6 6.6-7.3 10.5-16.4 7.1 12.5 0.3 2.1 73 11.3
Internal secondary branch 6 4.1-5.6 6.3-11.6 438 8.5 0.6 2.2 44 6.8
Internal base/primary branch (cct) 5 66.9-191.5 - 116.8 - 529 - ? -
Claw Il heights
External base 4 5.1-10.8 9.7-16.7 8.2 14.5 3.1 3.3 10.8 16.7
External primary branch 4 4.5-8.6 10.8-13.3 6.8 12.2 2.1 1.4 8.6 13.3
External secondary branch 4 3.6-4.9 6.9-10.4 44 8.1 0.6 1.5 49 7.6
External base/primary branch (cct) 4 89.1-132.3 - 118.1 - 19.6 - 125.6 -
Internal base 4 9.2-134 15.0-20.8 1.8 18.4 2.0 2.9 13.4 20.8
Internal primary branch 4 6.6-8.6 10.2-13.1 7.4 11.6 1.0 1.6 6.6 10.2
Internal secondary branch 4 4.6-5.9 7.1-9.0 5.1 8.0 0.7 1.0 46 7.1
Internal base/primary branch (cct) 4 116.7-203.9 - 163.5 - 46.5 - 203.0 -
Claw Ill heights
External base 5 5.5-10.6 9.6-18.9 7.2 13.2 20 3.9 6.2 9.6
External primary branch 5 5.0-7.0 7.8-12.3 5.8 10.7 0.9 1.8 5.0 7.8
External secondary branch 4 3.4-52 6.7-8.6 4.2 7.9 0.8 0.8 ? ?
External base/primary branch (cct) 5 87.3-179.5 - 123.7 - 34.8 - 124.0 -
Internal base 3 7.7-99 11.9-17.6 84 14.1 1.2 3.1 7.7 11.9
Internal primary branch 3 6.3-11.9 11.3-19.7 10.0 16.5 3.2 4.6 11.9 18.4
Internal secondary branch 3 5.2-8.2 9.2-13.6 7.2 11.8 1.7 2.3 8.2 12.7
Internal base/primary branch (cct) 3 64.6-156.3 - 95.2 - 529 - 64.7 -
Claw IV heights
Anterior base 6 6.4-14.1 12.2-25.8 1.4 19.6 3.8 4.8 13.8 214
Anterior primary branch 6 6.1-12.9 11.6-19.6 9.0 15.7 25 2.8 8.9 13.8
Anterior secondary branch 6 4.5-8.7 8.9-13.2 6.1 10.7 1.6 1.5 6.1 9.5
Anterior base/primary branch (cct) 6 95.9-155.1 - 125.1 - 25.7 - 155.1 -
Posterior base 7 7.3-15.8 15.4-24.0 1.8 204 3.2 3.1 12.8 19.8
Posterior primary branch 7 4.8-10.7 9.2-17.8 8.4 14.5 23 2.9 9.5 14.7
Posterior secondary branch 7 4.0-7.9 7.6-12.0 5.8 10.1 1.6 1.8 6.3 9.8
Posterior base/primary branch (cct) 7 120.6-167.7 - 1423 - 14.9 - 1347 -

Description of the new species

Animals (measurements and statistics in Table 4). The body is light green in live specimens and transparent
after mounting in Hoyer and PVA media. Eyes are present in all specimens mounted in slides. The body has a
smooth cuticle (Figure 2(a, b)). Circular and oval pores are present with irregular distribution all over the body
(visible in live animals) (Figures 2(c, d) and 3(b)). Pores around the mouth opening are present. Rigid buccal
tube with a slight curvature in the anterior portion. Ventral lamina present (Figure 4(a)). In the buccal armature,
three bands of teeth are present (Figure 5(a-d)): the first two bands are formed by small and numerous teeth,
that are imperceptible in PCM but visible in SEM (Figure 5); the second band of teeth is larger than the third
band, which is visible in PCM and SEM. Teeth of the first band 0.07-0.13 um in height, the teeth of the second
band 0.32-0.44 um in height; details in Table 5. The third band presents, both ventrally and dorsally, two large
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Figure 3. Diaforobiotus quetzalcoatli sp. nov., juvenile hatching from the egg: (a) general view of the hatching animal: (b) a
closer view of the egg processes in the first plane, and the cuticle of the animal in the second plane. (c) buccopharyngeal
apparatus. Arrows indicate the cuticular pores; arrowheads indicate the claws II; indented arrowheads indicate the dorsal
spikes. Scale bars in micrometres (um).

and pointed teeth (0.93 um in height), as well as a rounded median tooth (in PCM). The teeth of the third band
and the medial tooth are arranged in a triangular configuration (Figure 5(c, d)). The medial tooth is between
0.6 and 1.2 um in height and between 0.7 and 1.4 um in width (tooth measurements are detailed in Table 5).
The distance between the two anterior teeth of the third band is 3.0-4.9 um, while the distance between the
two anterior teeth and the medial tooth of the third band is 2.8-4.0 um. The stylet support insertion point is
located close to the pharyngeal bulb. Inside the pharyngeal bulb a triangular apophysis and a row of two
macroplacoids (with sequence 1> 2) present (Figure 4(b)). The macroplacoids are rod shaped, with the first
one showing a slight medial constriction and the second an evident subterminal constriction (Figure 4(b)). The
microplacoid and septulum are absent. In most specimens two cuticular spikes were observed between the
apophysis and the end of the buccal tube (Figure 4(a)). The claws are of the Richtersiusidae type with
accessory points on primary branches (Figure 6(a—d)). Cuticular bars under the claws are present (Figure 6
(a)). The lunules on claws I-lIl are smooth, small, and shaped like amorphous trapezoids (Figure 6(a, c)), while
those on claws IV are indented with small teeth (Figure 6(b, d)). Granulation on all legs is absent. Pulvinus in
legs I-lll are present (Figure 6(g, f)). The lines of musculature can be seen on legs IV (Figure 6(b)).

Eggs (measurements and statistics in Table 6). Egg spherical (Figures 7 and 8). In PCM, the surface between
the processes presents faint dark dots, evenly distributed (Figures 7(c, d)). With SEM, the surface is smooth
without pores or reticulation (Figure 8(b)). The processes are slender and conical with apices filamentous
(projected at the top) (Figures 7(b), 8(a—d)). The surface of the process is covered with granulation from the
proximal to distal sections (Figures 7(b, c) and 8(c, d)).

Reproduction
The new species is dioecious; the males have testes, and the females have ovaries. No evidence of sperm
allowed us to compare their shape.

Type material repositories
The holotype (Slide TLPR 37) and 15 paratypes (Slides TLPR 1-33) are deposited in the Tardigrada Collection
at the Coleccion Nacional de Insectos (CNIN) at the Institute of Biology, Instituto de Biologia-Universidad
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Figure 4. Diaforobiotus quetzalcoatli sp. nov., buccopharyngeal apparatus (dorso-ventral projection in PCM): (a)general
view (holotype); (b—c) dorsal and ventral placoids, respectively (paratype); arrows indicate the central constriction in the
first macroplacoid; arrowhead indicates subterminal constriction in the second macroplacoid; empty arrowheads indicate
the dorsal spikes. Scale bars in micrometres (um).

Nacional Auténoma de México (IBUNAM). Two paratypes (Slides TLPR27 and TLPR71) are deposited in the
Bertolani collection at the University of Modena and Reggio Emilia, Italy (UNIMORE).

Etymology. The species is named after the god Quetzalcoatl, brother of the god Tlaloc (the name given to
the mountain where the study site is located) in Aztec history. Quetzalcoatl is a cultural hero, often depicted
as a feathered serpent (“serpiente emplumada” in Spanish), or one adorned with beautiful feathers. In
Mesoamerican culture, depictions of this god often feature shades of green, similar to those observed in
Diaforobiotus quetzalcoatli sp. nov. The species name is constructed as a possessive formed directly from the
personal name “Quetzalcoatl”. This name is masculine and singular; thus, we use the ending “-i”. So, the
species is named in honour of the god Quetzalcoatl (following the International Code of Zoological
Nomenclature, 1999).

Moss identification
Morphological and molecular data were available to identify the moss from which D. quetzalcoatli sp. nov.
was extracted, as Grimmia elongata (Kaulf.) Brid. 1816. The presence of sporophytes in the moss indicates a
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Figure 5. Diaforobiotus quetzalcoatli sp. nov., oral cavity armature: (a-b) dorsal and ventral views, respectively (paratype);
(c—d) dorsal and ventral views, respectively (SEM); the arrow indicates teeth of the first band; flat arrowheads indicate teeth
of the second band; empty arrowheads indicate teeth of the third band; indented arrowheads indicate the medial tooth in
dorsal. Scale bars are in micrometres (um).

Table 5. Measurements of distance between teeth in Diaforobiotus quetzalcoatli sp. nov. N=number of structures
measured; range = the smallest and the largest structure among all measured specimens; SD = standard deviation.

RANGE MEAN SD

CHARACTER N um pt pm pt um pt
Heights of teeth in the first and second bands

Teeth of the first band (height) 6 0.07-0.13 0.33-0.33 0.11 0.3 0.0 ?

Teeth of the first band (width) 6 0.09-0.23 0.32-0.32 0.13 0.3 0.0 ?

Teeth of the second band (height) 4 0.32-0.44 0.80-0.80 0.40 0.8 0.1 ?

Teeth of the second band (width) 4 0.31-0.54 0.77-0.77 0.45 0.8 0.1 ?
Third band teeth distance

Between the teeth of the third band 6 2.97-4.85 4.82-7.81 3.86 6.5 0.7 1.1

Between the tooth of the third band and medial 6 2.75-3.96 4.80-5.97 3.28 55 0.4 0.4

Medial tooth height (SEM) 4 0.63-1.16 ? 0.93 ? 0.2 ?

Medial tooth width (SEM) 4 0.69-1.37 ? 0.99 ? 0.3 ?
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Table 6. Measurements of morphological structures of the eggs of Diaforobiotus quetzalcoatli sp. nov. mounted in PVA
medium. N =number of eggs/structures measured; range = the smallest and the largest structure among all measured
specimens; SD = standard deviation.

CHARACTER N RANGE (um) MEAN SD
Egg bare diameter 3 123-151 139 15
Egg full diameter 3 165-184 176.1 10
Process height 9 13.8-19.9 16.9 23
Process base width 9 2.3-33 2.8 0.3
Process base/height ratio 9 14%-22% 17% 3%
Inter-process distance 9 5.2-129 8 2.6
Number of processes on the egg circumference 3 30-36 323 3.2

mature specimen with the capacity to host numerous specimens and eggs of D. quetzalcoatli sp. nov. and
other species of tardigrades in the microhabitat.

The partial RuBisCo gene from Grimmia elongata (Kaulf.) Brid. 1816 was represented by one haplotype
(GenBank accession code): rbcL: PV077283.

Phylogenetic position and genetic delimitation of the new species

Phylogenetic reconstructions using Bl and ML methods produced trees with similar topologies and mostly
well-supported nodes, although the ML tree exhibited the lowest support values (refer to SM.04 and Figure 9).
In our analysis, we recovered two monophyletic clades, corresponding to the genera Diaforobiotus and
Richterisus. Consistent with Stec and Morek (2022), the Richtersius clade demonstrates a similar topology,
with R. coronifer from Norway and R. ziemowiti from Nepal forming a sister pair to the other species within the
genus (see Figure 9). Within Diaforobiotus, D. hyperonyx forms the sister lineage to a larger clade that includes
all congeners. Within the remaining Diaforobiotus, the most basal split separates the (D. islandicus, D. svalbar-
dicus) clade from a subclade (D. sp. ID.517 + D. occidentalis, D. quetzalcoatli). The newly described species forms
a strongly supported monophyletic group, including five sequences (sp. nov. 1, 5, 6, 7, and 17) of D.
quetzalcoatli sp. nov. It is sister to a clade containing D. occidentalis (samples S2011 Dia.VO1 and Dia.vV02).

Regarding the COI dataset, sequences from the Mexican population exhibited low levels of sequence
divergence, with uncorrected p-distance values ranging from 0.1% to 4.0%. In contrast, genetic distances
between the Mexican sequences and those from other congeneric populations were substantially higher,
ranging from 15.8% to 21.1%. Species delimitation analyses performed using both the PTP model and the ASAP
method consistently grouped Mexican sequences together, forming a distinct lineage (Figure 10). The best
partition generated by ASAP (ASAP score =1.00; threshold p-distance =8.99%) identified six groups of
sequences, corresponding to six putative species: Diaforobiotus quetzalcoatli sp. nov. (Mexico), D. hyperonyx
(Italy), D. occidentalis (Canada), D. islandicus (Iceland), D. svalbardicus (Norway), and an unidentified
Diaforobiotus species from Indonesia (Figure 10). In the haplotype network analysis, five out of six Mexican
sequences clustered closely together, while one sequence appeared slightly more divergent, exhibiting p-
distance values between 2.3% and 4.0%, relative to the others from the same population (Figure 10).

For the ITS-2 dataset, species delimitation using ASAP identified three groups of sequences, corresponding
to three putative species: Diaforobiotus quetzalcoatli sp. nov. (Mexico); D. hyperonyx (ltaly); and a group
comprising D. islandicus, D. svalbardicus, and an unidentified Diaforobiotus species from Indonesia (Figure
10). Although the resolution of ITS-2 was lower compared to COIl, Mexican sequences consistently clustered
together and were separated from other congeneric taxa. Genetic divergence among individuals from the
Mexican population was very low, with p-distance values ranging from 0.0% to 0.23%. Haplotype network
analysis based on ITS-2 further supported these results, grouping the Mexican sequences into a single distinct
cluster, consistent with the pattern observed for the COIl dataset. Overall, while the ITS-2 marker revealed
slightly lower genetic variability and recovered fewer putative species than COI, the two markers provided
congruent evidence for the genetic distinctiveness and internal cohesion of the Mexican population.

Genotypic differential diagnosis
The genetic divergence between the sequences analysed in the genus Diaforobiotus shows a range between
molecular markers. The ranges of uncorrected genetic p-distances (shown in the Supplementary materials,
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Figure 6. Diaforobiotus quetzalcoatli sp. nov., claws in PCM and SEM: (a-b) claws Il and IV, respectively (PCM). (c-d) claws Il
and IV, respectively, seen in SEM. (e—f) claws Ill seen in PCM and SEM respectively (paratype); arrows indicate the smooth
lunules under the claws Il; arrowheads indicate the indented lunules under the claws IV; indented arrowheads indicate the
pulvinus on the internal surface of the leg Ill. Scale bars in micrometres (um).

SM.02), from the most to the least conservative between the new species and other species of the genus
Diaforobiotus for which sequences are available from GenBank, are as follows:

e COl: 16.0-22.0%, with the most similar species being D. occidentalis MV2022 Dia2 from Canada
(0Q029492), and the least similar species being D. hyperonyx IT.341 from Italy (OM151288).
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Figure 7. Diaforobiotus quetzalcoatli sp. nov., eggs seen in PCM: (a) the surface seen in PCM; (b) focus on egg processes in
the circumference seen in PCM; (c—d) focus on egg surface between processes seen in PCM. Scale bars in micrometres (um).

e ITS-2: 12.0-20.0%, with the most similar species being D. islandicus 1S. 042 from Iceland (MT812597),
and the least similar species being D. hyperonyx IT.344 from Italy (OM179867).

* 18S: 0.30-1.62%, with the most similar species being D. occidentalis Haida Gwaii 1 from Canada
(0Q029310), and the least similar species being D. hyperonyx IT.344 from Italy (OM179867).

e 28S: 1.25-49.75%, with the most similar species being D. islandicus IS. 042 from Iceland (MT812597), and
the least similar species being D. islandicus TarCPH23 from Spain (MH079486).

Phylogenetic analyses based on Bayesian and ML methods confirm that D. quetzalcoatli sp. nov. forms a well-
differentiated monophyletic clade, sister to D. occidentalis from Canada, with very low support values
(Bayesian posterior probabilities >0.90 and bootstrap support > 50), and separated from another clade
comprising European species. The haplotype network further highlights D. quetzalcoatli sp. nov.’s unique
genetic structure, distinct from European species, revealing six putative species with COI and three with ITS-
2, which demonstrates a consistent and differentiated internal variability among its congeners. Additionally,
genetic divergence percentages (COI, ITS-2, 18S rRNA, and 28S rRNA) exceed the usual speciation threshold
in the genus, supporting the validity of D. quetzalcoatli sp. nov. as a new species and providing a basis for its
morphological description and delimitation.

The three nuclear markers and one mitochondrial marker were represented (GenBank accession codes
SM.03): 18S rRNA: PV018904-PV018908; 28S rRNA: PV018909-PV018915; ITS-2: PV018916-PV018923 (H1) and
COI with two haplotypes: PQ506034-PQ506035 and PV017055-PV017058) from D. quetzalcoatli sp. nov.
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Figure 8. Diaforobiotus quetzalcoatli sp. nov., eggs seen in SEM: (a) general view of the entire egg; (b-d) details of the egg surface
and egg processes. Indented arrowheads indicate the granulation on the process surface. Scale bars are in micrometres (um).

Morphological differential diagnosis

Currently, there are five species within Diaforobiotus: D. caelicola (Kathman 1990), D. hyperonyx, D. islandicus, D.
occidentalis and D. svalbardicus (Stec 2023; Degma & Guidetti 2024, Massa et al. 2024). Diaforobiotus quetzalcoatli
sp. nov. stands out from other species within the genus due to its unique combination of traits, including smooth
eggs, light green pigmentation, and an elongated egg process that differs from those of D. svalbardicus, D.
islandicus, and D. hyperonyx. Furthermore, it presents distinctive morphometric measurements across various
anatomical structures, further supporting its differentiation from related species. Moreover, D. quetzalcoatli sp. nov.
differs specifically from:

o D. caelicola (Kathman, 1990), known only from its type locality in Colorado, USA (Kathman 1990), by a slightly
larger body length (up to 668 um in D. caelicola vs up to 776 um in D. quetzalcoatli sp. nov.). By shorter
primary branches on leg Il (17.5 pm in D. caelicola [holotype] vs 4.5-8.6 um in external primary branch and
6.6-8.6 um in internal primary branch in D. quetzalcoatli sp. nov.). By shorter primary branches on claws IV
(32.5 um in D. caelicola [holotype] vs 6.1-12.9 um in anterior primary branch and 4.8-10.7 um in posterior
primary branch in D. quetzalcoatli sp. nov.). By a shorter egg process height (up to 34 um in D. caelicola vs up
to 19.9 um in D. quetzalcoatli sp. nov.). By the morphology of apex processes (apices divided into multi-tipped
points in D. caelicola vs filamentous without division at the apices in D. quetzalcoatli sp. nov.).
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Figure 9. Phylogenetic tree constructed from concatenated sequences of the family Richtersiusidae (185 rRNA + 28S rRNA
+ ITS-2 + COIl). Numbers above branches indicate Bayesian posterior probability values (=0.90), while numbers below
branches indicate bootstrap support values (=50), and asterisks indicate maximal support. The outgroup is indicated in grey
font. The new species is in bold font. The scale bar represents substitutions per position.
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e D. hyperonyx (Maucci, 1982), known only from its type locality in Italy (Maucci 1982; Stec & Morek 2022),
by the presence of three teeth in the dorsal portion of the third band of the oral armature, by a larger
buccal tube internal width (pt 4.6-6.5 in D. hyperonyx vs pt 6.6-13.3 in D. quetzalcoatli sp. nov.). By the
claw common tract longer than half of the entire claw height, by a smaller external primary branch in
claw | (pt 41.6-63.3 in D. hyperonyx vs pt 11.2-12.5 in D. quetzalcoatli sp. nov.). By a smaller external
secondary branch in claw | (pt 21.0-31.0 in D. hyperonyx vs pt 6.5-8.3 in D. quetzalcoatli sp. nov.). By a
smaller anterior primary branch in claw IV (pt 62.8-97.1 in D. hyperonyx vs pt 11.6-19.6 in D. quetzalcoatli
sp. nov.). By a shorter distance between the third band of teeth and the medial tooth (4.52 um in D.
hyperonyx vs 3.0-4.0 um in D. quetzalcoatli sp. nov.). By a greater length of the medial tooth (0.923 um
in D. hyperonyx vs 0.6-1.2 um in D. quetzalcoatli sp. nov.). By the larger height of the egg processes
(9.4-11.9 uym in D. hyperonyx vs 13.8-19.9 um in D. quetzalcoatli sp. nov.).

e D. islandicus (Richters, 1904), known from its type locality in Iceland (Richters 1904; Stec 2023) and
reported in North America (Kaczmarek et al. 2016; Moreno-Talamantes & Ledén-Espinosa 2019), by a
longer distance between the third band of teeth and the medial tooth (3.18 um in D. islandicus vs 4.0 um
in D. quetzalcoatli sp. nov.). By a shorter external primary branch in claw | (pt 24.7-30.2 in D. islandicus vs
pt 11.2-12.5 in D. quetzalcoatli sp. nov.). By a shorter anterior primary branch in claw IV (pt 28.1-37.7 in
D. islandicus vs pt 11.6-19.6 in D. quetzalcoatli sp. nov.). By the absence of pores in eggs (vs pores
present as a ring in the base of the processes in D. islandicus). By a larger egg diameter (88.5-101.4 umin
D. islandicus vs 123-151 um in D. quetzalcoatli sp. nov.). By a larger height in the egg processes
(5.9-11.2 um in D. islandicus vs 13.8-19.9 um in D. quetzalcoatli sp. nov.).
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Figure 10. Species delimitation based on 648 bp of the COI gene of Diaforobiotus and Richtersius species. The tree resulting
from maximum likelihood analysis is shown on the left; values above branches represent the bootstrap values. PTP
represents the results of the Poisson tree process analysis, and it is shown in different colours of branches: putative species
are indicated using transitions from blue to red branches. The ASAP analysis (centre) shows groups of specimens with the
lowest ASAP score (1.00) as indicated with a rectangular shape. The haplotype network analysis is shown on the right; the
circles show the haplotypes, and their size indicates the haplotype frequency, while the dots show putative haplotypes.

e D. occidentalis (Murray 1910), known from its type locality in Victoria, British Columbia, Canada (Murray
1910), and reported in Costa Rica (Kaczmarek et al. 2014a), Argentina, Brazil, Peru (Kaczmarek et al.
2016), Greenland, and the USA (Kaczmarek et al. 2016), by a longer distance between the third band of
teeth and the medial tooth (3.00 um in D. occidentalis vs 4.0 um in D. quetzalcoatli sp. nov.). By a smaller
external primary branch in claw | (pt 23.5-29.0 in D. occidentalis vs pt 11.2-12.5 in D. quetzalcoatli sp.
nov.). By a shorter anterior primary branch in claw IV (pt 29.9-36.4 in D. occidentalis vs pt 11.6-19.6 in D.
quetzalcoatli sp. nov.). By the absence of microplacoid (present in D. occidentalis). By a greater egg
diameter (83.2-90.7 um in D. occidentalis vs 123-151 um in D. quetzalcoatli sp. nov.).

Diaforobiotus svalbardicus Stec 2023, known only from its type locality in Svalbard, Norway (Stec 2023), by a
smaller distance between the third band and the medial tooth (5.17 um in D. svalbardicus vs 4.0 um in D.
quetzalcoatli sp. nov.). By a smaller medial tooth (1.16 pm in D. svalbardicus vs 0.6-1.2 um in D. quetzalcoatli sp.
nov.). By a smaller external primary branch in claw | (pt 31.2-34.2 in D. svalbardicus vs pt 11.2-12.5 in D.
quetzalcoatli sp. nov.). By a smaller anterior primary branch in claw IV (pt 33.2-42.9 in D. svalbardicus vs pt
11.6-19.6 in D. quetzalcoatli sp. nov.). By a large egg bare diameter (107.2-125.9 um in D. svalbardicus vs
123-151 um in D. quetzalcoatli sp. nov.). By a large process height (7.9-12.4 um in D. svalbardicus vs 13.8-19.9
pum in D. quetzalcoatli sp. nov.).

Dichotomous key for the genus Diaforobiotus

(modified from Stec 2023 and from; Massa et al. 2024).

The dichotomous key for the genus Diaforobiotus comprises five valid species, along with ..................
D. quetzalcoatli sp. nov.
1. - Teeth present on lunulae of legs I-ll (e.g. Figure 6(b, d)) (2)
- Teeth absent on lunulae of legs I-ll (Figure 6(a, ¢)) (3)
2. - The claw common tract is longer than half of the entire claw height, egg surface between processes
with evenly distributed dark dots (visible in PCM; e.g. Figure 7(d))
Diaforobiotus islandicus (Richters 1904)
- The claw common track constitutes one-third of the entire claw length, egg surface between processes
without dark dots (visible in PCM) Diaforobiotus caelicola (Kathman 1990)
3. - The claw common tract shorter than half of the entire claw length, the dorsal portion of the third
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band of teeth in the buccal armature—where the transversal ridge is generally present,—comprises
only one tooth Diaforobiotus hyperonyx (Maucci 1982)
- The claw common tract is longer than half of the entire claw height, dorsal portion of the third band
of teeth in the buccal armature—where the transversal ridge is generally present—comoprises three
teeth(4)

4. - Microplacoid present (even if small and not always clearly visible), chorion surface with irregularly
distributed dark dots on the egg surface between processes (visible in PCM), egg process base/height
ratio 23-50% Diaforobiotus occidentalis (Murray 1910)
- Microplacoid absent (Figure 4) (5)
5. - Egg surface between processes without dots (only very few, evenly distributed, minute and faintly
light-refracting dots may be visible in PCM), egg process base/height ratio 56— 83%
Diaforobiotus svalbardicus Stec 2023
- Dots on the egg surface between processes (visible in PCM, but not in SEM), egg process base/height
ratio 14-22% Diaforobiotus quetzalcoatli sp. nov.

Discussion

Diaforobiotus is a relatively recent genus that currently comprises five species and two subspecies (Guidetti
etal. 2016; Stec & Morek 2022; Stec 2023; Massa et al. 2024; this study). The presence of dented lunules on leg
pair IV may represent a homoplastic trait, as similar structures occur in other tardigrade taxa. Among the
known Diaforobiotus species, D. svalbardicus exhibits the largest tooth measurements, whereas D. hyperonyx
has the smallest. The buccal armature emerges as a key morphological feature with potential applicability to
other taxa; in this study, parameters such as tooth height, width, and spacing proved valuable for distin-
guishing the new species. These features remain consistent within species and may serve as reliable
indicators for assessing both intra- and interspecific variability, provided specimens are correctly oriented
and mounted in an appropriate medium.

The smooth surface on the egg, the smooth lunules on legs I-lll, the green pigmentation, and the
morphometric characteristics of Diaforobiotus quetzalcoatli sp. nov. were also important traits distinguishing
this species. However, some species within the genus lack essential information required by modern
standards for species descriptions or descriptions. Particularly, D. caelicola and D. islandicus nicaraguensis
(Séméria 1985) should be re-collected from their type localities and re-examined to obtain morphometric
data, molecular analyses, and high-resolution microscopy images, which would help clarify their phyloge-
netic relationships within the genus (Richters 1904; Murray 1910; Séméria 1985; Kathman 1990; Maucci 1982;
Stec 2023; Massa 2024). The original description of D. islandicus nicaraguensis provides a valuable initial
account; however, it is somewhat limited, as it lacks detailed morphometric data and photographic doc-
umentation, and includes only a single schematic illustration of the egg (Séméria 1985). Similarly, although
D. caelicola was described with some morphometric data and schematic illustrations, further investigation is
needed to clarify key morphological features, such as the distribution of buccal teeth and cuticular pores, as
well as the surface structure of the egg (Kathman 1990). Molecular data is essential to evaluate the
phylogenetic position of both species within Diaforobiotus.

The diagnosis of D. occidentalis was recently revised by Massa et al. (2024). However, the measurements of
some structures and the morphological characters in the original description by Murray (1910) suggest that
the species found by Massa et al. (2024) may be a distinct taxon. In the description and scheme of D.
occidentalis by Murray (1910), the microplacoid (which he refers to as “comma”) is absent, whereas Massa et
al. (2024) identified this structure in the specimens they examined. Notably, Murray described and illustrated
the presence of a microplacoid in other species, implying that it would have been improbable for him not to
draw it. However, as noted by Massa et al. (2024), the small size of this structure might have resulted in its
being overlooked by Murray at the time. Nevertheless, as the original type material has been lost (Massa et al.
2024), it is imperative to conduct a redescription and neotype designation for this species, which remains
somewhat enigmatic. As evidenced by Massa et al. (2024), it could be useful to examine additional species to
reassess their classification.

The phylogenetic analyses presented in this study are consistent with the topology of Stec and Morek
(2022). Also, we included all available Diaforobiotus sequences from GenBank, along with the sequences of D.
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quetzalcoatli sp. nov. Our phylogenetic analyses recovered two distinct clades, albeit with moderate support:
the first clade comprises D. occidentalis and D. quetzalcoatli sp. nov., both distributed in the Americas; the
second clade includes D. svalbardicus and D. islandicus, species from northern European islands. This
topology aligns with the geographic distribution of the species and supports a division between American
and European clades. Diaforobiotus hyperonyx represents the sister lineage to all other species within
Diaforobiotus, a position that highlights its distinct evolutionary history. This observation, combined with
the notable elongation of its claw primary branches, has led Stec and Morek (2022) to suggest that D.
hyperonyx may warrant recognition as a separate genus (Tumanov 2005; Stec & Morek 2022). The placement
of D. quetzalcoatli sp. nov. alongside D. occidentalis suggests a close relationship between these American
taxa. However, to confirm distribution patterns and ecological traits, and to identify robust synapomorphies,
broader sampling is needed—particularly the inclusion of additional Diaforobiotus taxa from both Mexico
and South America (Guidetti et al. 2016).

Stec (2023) applied an integrative taxonomic approach to provide a detailed redescription of D. islandicus
and to describe D. svalbardicus, thereby enhancing diagnostic resolution through the combination of
morphological and molecular data. Despite this progress, several records of D. islandicus remain unverified
and warrant re-examination under an integrative framework. Notably, specimens from Nuevo Ledn, Mexico,
reported by Moreno-Talamantes and Leén-Espinosa (2019), exhibit dentition in the lunules of legs I-IV, with
the most pronounced structures on leg IV—features that correspond with those described by Stec (2023).
However, the absence of eggs in the material examined by Moreno-Talamantes and Ledn-Espinosa limits the
reliability of the identification. Due to the lack of these key diagnostic structures, and without molecular
confirmation, the assignment of these Mexican specimens to D. islandicus remains tentative. Therefore,
additional sampling and comprehensive analyses—including scanning electron microscopy of the egg
chorion and DNA sequencing—are essential to clarify the taxonomic status of these populations and to
assess the southern extent of the species’ distribution.

Recent advances have significantly improved the taxonomic resolution within Diaforobiotus. Massa et
al. (2024) amended the diagnosis of D. occidentalis and provided the first molecular data for the species.
Similarly, D. hyperonyx has been redescribed and genetically characterized by Stec and Morek (2022). In
the present study, we contribute to this effort by offering an integrative description of D. quetzalcoatli sp.
nov., incorporating both morphological and molecular data. With the addition of this new species, the
number of Diaforobiotus species supported by combined morphological and genetic evidence now
stands at five. Nevertheless, D. caelicola, despite having a relatively detailed morphological description,
still lacks molecular data to support its phylogenetic placement (Stec & Morek 2022; Stec 2023; Massa et
al. 2024).

It is important to emphasize that, although DNA sequencing has become a powerful tool for species
identification, the limited availability of molecular data for a Diaforobiotus sequence, included in our
phylogenetic tree (D. sp. ID.517), highlights the continued relevance of morphological characters. As Pilato
(2024) observed, while molecular data are indispensable for detecting cryptic diversity, morphological traits
remain fundamental for species diagnosis and classification, offering valuable taxonomic information that
complements genetic analyses.

A comprehensive understanding of tardigrade diversity requires not only robust morphological
and molecular data but also information on the microhabitats they occupy, which can offer critical
ecological and taxonomic insights (Glime 2018). Despite their importance, detailed studies on
microhabitat preferences remain scarce (Beasley 1972; Schuster & Toftner 1982), underscoring the
need for more targeted ecological sampling in future research. The identification of Grimmia
elongata as the microhabitat of D. quetzalcoatli sp. nov. provides valuable ecological context and
contributes to our understanding of the species’ specific locality. While previous studies have found
no consistent or exclusive association between tardigrades and particular microhabitats (Zawierucha
et al. 2017; Nelson et al. 2019), recognizing the precise substrate can reduce ambiguity in future
surveys. Some tardigrade species may exhibit microhabitat specificity, and such information could be
critical for detecting or rediscovering rare taxa. Therefore, incorporating molecular tools for the
accurate identification of plant microhabitats, along with collaboration with bryophyte specialists,
could enhance the ecological resolution of tardigrade studies and address a component of biodi-
versity that is often overlooked.
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Distribution

The known distribution of Diaforobiotus species reveals a genus with broad ecological amplitude and
discernible biogeographical patterns. Species inhabit a range of environments, from Arctic glacial regions
such as Svalbard (D. svalbardicus, Stec 2023), temperate alpine zones in the Alps (D. hyperonyx, Maucci 1982;
Stec & Morek 2022), and high-altitude grasslands in central Mexico (D. quetzalcoatli sp. nov.), to temperate
forests in North America (D. caelicola, Kathman 1990; D. occidentalis; Murray 1910) and tropical zones in
South America (D. islandicus, e.g. Meyer 2001; Johansson et al. 2013). This environmental diversity suggests
both ecological plasticity and potential specialization within the genus. For instance, the restriction of D.
quetzalcoatli sp. nov. to alpine grasslands may reflect specific ecological requirements, while the broad range
of D. islandicus and D. occidentalis—recorded across the United States, Canada, Greenland, and Colombia—
could indicate ecological generalism or unrecognized cryptic diversity (e.g. Séméria & Elin 1989; Jergensen &
Kristensen 1991; Meyer & Hinton 2012). Biogeographically, the grouping of D. svalbardicus and D. islandicus
in northern European and North Atlantic regions, contrasted with the clustering of D. occidentalis and D.
quetzalcoatli in the Americas, suggests a transcontinental divergence pattern possibly shaped by historical
climatic events, such as glacial cycles (Nelson et al. 2019). While prior studies have shown no consistent
correlation between tardigrade species and specific microhabitats (Zawierucha et al. 2017; Nelson et al.
2019), identifying the moss Grimmia elongata as the substrate for D. quetzalcoatli sp. nov. provides a more
detailed ecological context. As emphasized by Glime (2018), microhabitat data are often overlooked but can
be informative for understanding tardigrade distribution. Moreover, the scarcity of studies explicitly identify-
ing host bryophytes (Beasley 1972; Schuster & Toftner 1982) underscores the importance of integrating
molecular techniques alongside bryological expertise. Employing DNA barcoding or metabarcoding to
accurately identify moss and liverwort species can complement traditional morphological identification,
especially when dealing with cryptic or morphologically similar taxa. Additionally, high-resolution imaging
methods such as SEM can provide detailed surface characterization of both tardigrades and their substrates.
Together, these approaches would significantly enhance the ecological resolution of tardigrade research and
clarify species—microhabitat associations that are often overlooked.

Conclusions

The genus Diaforobiotus comprises a diverse and widely distributed group within the family Richtersiusidae, with
species inhabiting Arctic, temperate, and tropical regions across North America, South America, and Europe.
Recent taxonomic and molecular studies, integrating morphological descriptions with genetic data, have
significantly improved our understanding of the genus. Its broad geographical range, from glacial environments
to tropical ecosystems, highlights its ecological adaptability. The presence of multiple species in Canada suggests
that North America may serve as a centre of diversity for the group. However, the discovery of D. quetzalcoatli sp.
nov. in Mexico expands the known distribution of the genus, indicating that its range may be broader than
previously recognized. Future research should prioritize increasing molecular data, reassessing species with
uncertain taxonomic status, and exploring new regions to further elucidate the diversity, evolutionary history,
and biogeography of Diaforobiotus. This study underscores the critical role of integrative taxonomy in revealing
the biodiversity of Mexican tardigrades, positioning Mexico as a significant centre for tardigrade research and
highlighting its vital contribution to expanding our knowledge of these microscopic organisms in previously
unexplored habitats.
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