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Abstract. The whip spider (Amblypygi) genus Paraphrynus Moreno, 1940 is distributed from the southern U.S.A. to the Greater Antilles
and northern South America. Mexico is the diversity hotspot of the genus where many morphologically similar species occur, often in close
geographical proximity. The present contribution aimed to resolve the diversity and phylogenetic relationships within the aztecus group
of species, which includes the type species, Paraphrynus mexicanus (Bilimek, 1867), resulting in the description of a new species from
Mexico, Paraphrynus pseudomexicanus sp.n. This is the first study to integrate morphology, karyotype, and DNA for species delimitation
in whip spiders. Karyotype data have not been previously used for the taxonomy of these arachnids. Sequence analysis included seven
species of the aztecus group, two other species of Paraphrynus, and an outgroup species of the putative sister genus, Phrynus Lamarck,
1801. Two nuclear genes (18S rDNA and 28S rDNA) and three mitochondrial genes (12S rDNA, 16S rDNA, and Cytochrome ¢ Oxidase
Subunit I) were analyzed phylogenetically. Hypotheses of karyotype evolution of Paraphrynus are consistent with conclusions based on
the morphological and molecular data. The ancestral karyotype of the aztecus group probably consisted of a relatively low number of bi-
armed chromosomes. Diploid numbers decreased by cycles consisting of inversion and consequent centric fusion during the evolution of
the clade comprising P. mexicanus and P. pseudomexicanus.
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1. Introduction

Whip spiders (Amblypygi), an ancient order of arach-
nids, dating back to the Carboniferous (DunrLor 1994),
and comprising approximately 220 extant species in 18
genera and five families (MIrRANDA et al. 2018), occur
mainly in tropical and subtropical regions (WEYGOLDT
2000). Although whip spiders have been relatively ne-
glected, compared to more diverse arachnid orders, more

attention has been paid to their morphology, systematics
and biology in recent years (e.g. CHAPIN 2014a,b; CHAPIN
& REeep-Guy 2017; HeBeTs et al. 2014a,b; SEITER et al.
2017; WoLrr et al. 2016, 2017; Fiiepov et al. 2017).
Many new species were described in the past decade, and
yet the systematics of whip spiders has to some extent
been constrained by their conservative morphology. Only
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one study to date explored other sources of evidence,
in addition to morphology, for resolving species limits
among whip spiders using three different sources of evi-
dence, namely behaviour, morphology and DNA (PrReND-
INI et al. 2005).

One source of taxonomic difficulty, among several in
the order, is the Neotropical genus Paraphrynus Moreno,
1940, a group of medium-sized to large whip spiders in the
family Phrynidae Thorell, 1883, distributed from the south-
western U.S.A., through Central America and the Greater
Antilles, to northern South America (HArVEY 2003). These
whip spiders inhabit caves, rock walls, and the trunks of
large trees, in tropical and subtropical forests. Paraphrynus
is most diverse in Mexico, where 15 of its 20 species occur
(ArMas 2012; ArRMAs & TrusLLo 2018).

MuLLiNex (1975) divided the species of Paraphrynus
into the aztecus, laevifrons, and raptator groups. The
study presented here addresses the aztecus group, which
was demonstrated to be monophyletic in a phylogenetic
analysis based on morphological characters conducted in
the framework of a M.S. thesis (BALLESTEROS 2010). As
originally defined by MuLLINEX (1975), the aztecus group
comprised five species, i.e., P. aztecus (Pocock, 1894),
P. velmae Mullinex, 1975, P. baeops (Mullinex, 1975),
P. mexicanus (Bilimek, 1867) and P. pococki Mullinex,
1975. However, MULLINEX (1975) also recognized three
different forms of P. mexicanus, i.e., the Cacahuamilpa
form (type locality in Mexico), the Arizona form, and
the Cuban form. QuinTERO (1983) subsequently de-
scribed as Paraphrynus cubensis Quintero, 1983 and re-
moved P. velmae from the aztecus group. More recently,
ARrMas (2012) described the Arizona form as P. caroly-
nae Armas, 2012. Consequently, the aztecus group pres-
ently contains six species, i.e., P. aztecus, P. mexicanus,
P. carolynae, P. cubensis, P. baeops and P. pococki. The
group is diagnosed on the basis of the following combi-
nation of characters: pedipalp basitarsus dorsal spine 1
longer than spine 3; no minute spine on pedipalp basi-
tarsus proximal to dorsal spine 1; pedipalp tibia dorsal
spine 7 (if present) shorter than spine 2; pedipalp femur
ventral spine III almost as long as spine I and spine II
(reduction in length). Additionally, all species of the az-
tecus group, except for P. aztecus, have reduced median
ocular tubercles and median ocelli, and only a single
tooth on the retrolateral margin of the proximal cheli-
ceral segment. Paraphrynus aztecus exhibits fully de-
veloped median ocelli and two cheliceral teeth on the
retrolateral margin of the proximal cheliceral segment
(BaLLEsTEROS 2010; MuLLINEX 1975; QuINTERO 1983;
ArMas 2012).

The present study aimed to resolve the diversity and
phylogenetic relationships within the aztecus group, by
integrating data from morphology, karyotype, and DNA
sequences. A new species of Paraphrynus is described
from Mexico and its morphology compared with the
closely related species, P. carolynae and P. mexicanus.
A phylogenetic analysis based on DNA sequences is pre-
sented for all species of the azfecus group and relevant
outgroups. Finally, the karyotype of one species of Phry-
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nus, i.e. P. marginemaculatus C.L. Koch, 1841, and five
species of Paraphrynus, i.e., P. aztecus, P. carolynae,
P. cubensis, P. mexicanus, and P. robustus, is presented,
permitting a hypothesis of karyotype evolution in Para-
phrynus, consistent with conclusions based on the mor-
phological and molecular data, to be presented.

Karyotype data could be an effective tool to differ-
entiate closely related species within morphologically
conservative orders like Amblypygi. Considerable intra-
generic differentiation of karyotypes, sufficient for use
in cytotaxonomy and phylogenetic reconstructions, has
been reported in most other arachnid orders analyzed
chromosomally so far, namely acariform and parasiti-
form mites (NorToN et al. 1993), harvestmen (TSURUSAKI
et al. 2020), palpigrades (KrRAL et al. 2008), pseudoscor-
pions (StAHLAVSKY et al. 2020), scorpions (SCHNEIDER
et al. 2020), and some groups of spiders (Araulo et al.
2020). Karyotypes of whip spiders also exhibit a high
level of intrageneric differentiation (J. Kral, unpublished
data). The present study is the first to make use of the
karyotype, in combination with other sources of evi-
dence, for species delimitation in whip spiders (PAuLa-
NETo et al. 2013). These data illustrate the importance of
an integrative approach (Dayrar 2005) to the systemat-
ics of whip spiders.

2. Material and methods

2.1. Taxon sampling and material examined

The new species of Paraphrynus, described in the pre-
sent contribution, was compared with congeners and
with the putative sister genus Phrynus Lamarck, 1801 as
the outgroup. Material used for morphology is deposited
in the collection of Naturhistorisches Museum, Wien,
Austria (NHMW); for chromosome analysis in the De-
partment of Genetics and Microbiology, Charles Univer-
sity, Prague, Czech Republic (JK); and tissue samples for
DNA extraction in the Ambrose Monell Cryocollection
at the American Museum of Natural History (AMNH),
New York, U.S.A. (Electronic Supplement S1).

The phylogenetic analysis included eleven terminal
taxa, representing all six described species of the azte-
cus group, i.e., P. aztecus, P. baeops, P. carolynae, P. cu-
bensis, P. mexicanus and P. pococki, two samples of the
new species, two other species of Paraphrynus, i.e.,
P. robustus (Franganillo, 1931) and P. viridiceps (Pocock,
1894), and Phrynus marginemaculatus as an outgroup
species.

2.2. Morphology
Material was examined with a Nikon SMZ25 stereomi-

croscope equipped with a DS-Ri2 microscope camera
(software NIS-Elements BR). Digital images were pro-
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Table 1. Primers used for amplification of 12S rDNA (12S), 16S rDNA (16S), 18S rDNA (18S), 28S rDNA (288S), and gene of Cyto-

chrome ¢ Oxidase subunit I (COI) in phylogenetic analysis of Paraphrynus Moreno, 1940 whip spiders.

Gene Primer Alias Sequence Citation

128 12Sai SR-N-14588 AAACTAGGATTAGATACCCTATTAT Kocher et al. (1989)
12Sbi SR-J-14233 AAGAGCGACGGGCGATGTGT Kocher et al. (1989)

16S 16Sar LR-N-13398 CGCCTGTTTATCAAAAACAT Simon et al. (1994)
16Sbr LR-J-12887 CTCCGGTTTGAACTCAGATCA Simon et al. (1994)

18S 18S1F TACCTGGTTGATCCTGCCAGTAG Wheeler et al. (1993)
18S5R CTTGGCAAATGCTTTCGC Wheeler et al. (1993)
18S3F GTTCGATTCCGGAGAGGGA Wheeler et al. (1993)
18Shi GAGTCTCGTTCGTTATCGGA Wheeler et al. (1993)
18SA2.0 ATGGTTGCAAAGCTGAAAC Wheeler et al. (1993)
18S9R GATCCTTCCGCAGGTTCACCTAC Wheeler et al. (1993)

285 28Sa D3A GACCCGTCTTGAAGCACG Nunn et al. (1996)
28Sbout CCCACAGCGCCAGTTCTGCTTACC Prendini et al. (2005)

col LCO LCO-1490-J-1514 GGTCAACAAATCATAAAGATATTGG Folmer et al. (1994)
HCO TAAACTTCAGGGTGACCAAAAAATCA Folmer et al. (1994)

cessed using Adobe Photoshop 8.0. Most diagnostic
structures used for species delimitation concern the go-
nopods and pedipalps. Descriptions of the male repro-
ductive structures follow Giupponi & Kury (2013). The
nomenclature of pedipalp segments and spines follows
QuinTERO (1981), with pedipalp divided into trochanter,
femur, tibia, basitarsus, pretarsus and tarsus (claw), pe-
dipalp dorsal spines indicated by Arabic numerals, and
ventral spines by Roman numerals, following WEYGOLDT
(2000). Pedipalp basitarsal spination differs among con-
specifics and is open to interpretation, following SEITER
& LANNER (2017) and SEITER & WoLFF (2017). Trichobo-
thrial nomenclature on the distitibia and distal basitibia
of leg IV follows WEYGoLDT (2000).

Abbreviations: bta = pedipalp basitarsal spination; co-
Is = pretarsus, row of long setae; co-ss = pretarsus, row of
short setae; cs = claw-like sclerites; D/V = dorsal/ventral
pedipalpal spine counts; dt = distitibia; Fi = fistula; FP =
carapace, frontal process; GO = gonopod (?); LaM =male
genitalia, lamina medialis; LoD = male genitalia, lobus
dorsalis; LoL1 = male genitalia, lobus lateralis primus;
LoL2 =male genitalia, lobus lateralis secundus; lsmd-s =
basitarsus, large submedial dorsal spine; Ismv-s = basitar-
sus, large submedial ventral spine; PI = gonopod, proces-
sus internus; rs = basitarsus, row of setae basal to cleaning
organ; spl —sp4 = basitarsus, dorsal spines 1 —4; spl, spll =
basitarsus, ventral spines I and II. A specific terminology
concerns the trichobothria of leg IV: bc = basocaudal;
bf = basofrontal; bt = basitibial; sbf = sub-basofrontal;
sc-x = x series caudal; sf-x = series frontal; stc-x = x se-
ries subterminal caudal; stf-x = x series subterminal fron-
tal; tc = terminal caudal; tf = terminal frontal; tm = ter-
minal medial.

2.3. DNA sequencing
Genomic DNA was extracted from leg muscle tissue

using a Qiagen DNeasy Blood and Tissue extraction
kit following manufacturer’s protocols. Extracted DNA

SENCKENBERG

was amplified for five gene loci, selected based on their
ability to provide resolution at various taxonomic levels
(PrenDINI et al. 2005), in overlapping fragments using
universal eukaryote and arachnid-specific primers (Table
1): three mitochondrial loci, i.e., Cytochrome ¢ Oxidase
Subunit I (hereafter, COI), 12S rRNA (12S) and 16S
rRNA (16S), and two nuclear loci, i.e., 18S rRNA (18S)
and 28S rRNA (28S). The polymerase chain reaction was
performed in an Epicenter thermocycler (Eppendorf) us-
ing GoTaq polymerase (Promega). DNA was verified on
a 1.2% agarose gel stained with Sybr safe DNA gel stain
(Invitrogen), and subsequently purified using the Am-
pure DNA purification system (Agencourt) on a Biomek
NX robot (Beckman-Coulter). Cycle sequencing was
conducted using Big Dye v1.1 and automated Sanger
dideoxy sequencing of single-stranded DNA performed
on an Applied Biosystems Inc. Prism™ 3730x. Paired-
strand reads were aligned using Sequencher™ and edited
by hand. Fifty-four DNA sequences were generated (Ta-
ble 2). The sequences were complete for all individuals,
except P. baeops (extract AMCC [LP 8667]), which was
missing the 16S locus.

2.4. Alignment, phylogenetic analysis and
genetic divergence

Multiple sequence alignments for individual gene parti-
tions were performed with the online alignment program,
MAFFT (Katon & Kima 2002; KatoH et al. 2005), using
the G-INS-i and Q-INS-i strategies, recommended by the
authors for fewer than 200 sequences with global homol-
ogy, and PAM1/K=2 matrix parameter, recommended by
the authors for aligning sequences of closely related taxa.
The L-INS-i alignment strategy was also investigated,
using the ‘leavegappyregion’ option in the desktop ver-
sion of MAFFT. There was no length variation among
the COI and 18S sequences, and minor length variation
among the 28S (a single nucleotide), 16S (no more than
fourteen nucleotides), and 12S (twenty-four nucleotides)
sequences (Table 3). The resulting alignments were man-
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Table 2. Terminal taxa, countries and states or provinces of origin, Ambrose Monell Cryocollection (AMCC) tissue catalog numbers, and
GenBank accession codes for 12S rDNA (12S), 16S rDNA (16S), 18S rDNA (18S), 28S rDNA (28S) and Cytochrome ¢ Oxidase Subunit
1 (COI) sequences used in phylogenetic analysis of Paraphrynus Moreno, 1940 whip spiders.

Species AMCC | Country, State/Prov. 128 16S 188 288 col

P aztecus 2096 Mexico, Veracruz MT753014 MT734759 MT734769 MT734785 MT738748
P baeaps 8667 Mexico, San Luis Potosi MT753015 | - MT734770 MT734786 MT738749
P, carolynae 14444 U.S.A,, Arizona MT753016 MT734760 MT734771 MT734787 MT738750
P, cubensis 13883 Cuba, Artemisa MT753017 MT734761 MT734772 MT734788 MT738751
P mexicanus 15431 Mexico, Guerrero MT753018 MT734762 MT734773 MT734789 MT738752
P, pococki 2091 Mexico, San Luis Potosi MT753019 MT734763 MT734774 MT734790 MT738753
P pseudomexicanus 14443 Mexico, Morelos MT753020 MT734764 MT734775 MT734791 MT738754
£ pseudomexicanus 14450 Mexico, Morelos MT753021 MT734765 MT734776 MT734792 MT738755
P robustus 13872 Cuba, Guantdnamo MT753022 MT734766 MT734777 MT734793 MT738756
P, viridiceps 13881 Cuba, Pinar del Rio MT753023 MT734767 MT734778 MT734794 MT738757
Phrynus marginemaculatus | 14072 Dom. Rep., Bahoruco Prov. MT753024 MT734768 MT734779 MT734795 MT738758

Table 3. Aligned length (base-pairs, bp) and model selected with JModelTest v2.1.6 using the Akaike Information Criterion (AIC) for 12S
rDNA (12S), 16S rDNA (16S), 18S rDNA (18S), 28S rDNA (28S) and Cytochrome ¢ Oxidase Subunit I (COI) gene loci used in phyloge-
netic analysis of Paraphrynus Moreno, 1940 whip spiders.

Length (bp) Model (AIC)
Locus G-INS-i L-INS-i Q-INS-i G-INS-i L-INS-i Q-INS-i
128 392 392 416 HKY+I HKY+ GTR+I+I
16S 531 530 544 GTR+I1+I GTR+I+T GTR+I1+I
18S 1760 1760 1760 HKY+ HKY+ HKY+
28S 530 530 531 GTR+ GTR+ GTR+
col 658 658 658 GTR+I+I GTR+I+I GTR+I+I"

Table 4. Sensitivity of DNA sequence data for phylogenetic analysis of Paraphrynus Moreno, 1940 whip spiders, to alignment method
(G-INS-i vs. Q-INS-i) and gap treatment (as missing data or a fifth character state), as reflected by the number and length of most parsimo-
nious trees (MPTs) recovered with equal weighting (EW).

G-INS-i L-INS-i Q-INS-i
Alignment Length 3870 3870 3871 3871 3909 3909
Informative Nucleotides 559 516 564 514 538 487
Informative Gaps missing (?) 43 missing () 50 missing (7) 51
Informative Sites 559 559 564 564 538 538
MPTs (EW) 1 1 1 1 2 1
MPT length (EW) 1639 1773 1632 1788 1542 1759

Table 5. Sensitivity of DNA sequence data for phylogenetic analysis of whip spiders in the genus Paraphrynus Moreno, 1940, to alignment
method (G-INS-I, L-INS-i and Q-INS-i), optimality criterion (Maximum Likelihood, ML, Bayesian Inference, BI, or parsimony), weight-
ing regime (equal weighting, EW vs. implied weighting, IW, with five k values) and gap treatment (as missing data, ?, or a fifth character
state, -), as reflected by the recovery of four clades of Paraphrynus: A: ((P. aztecus (P. mexicanus P. pseudomexicanus)); B: ((P. cubensis
(P. mexicanus P. pseudomexicanus)); C: ((P. aztecus P. cubensis) (P. mexicanus P. pseudomexicanus)); D: (P. aztecus P. cubensis (P. mexi-
canus P. pseudomexicanus)); E: ((P. baeops (P. carolynae P. pococki)) (P. aztecus P. cubensis P. mexicanus P. pseudomexicanus)));
F: ((P. carolynae P. pococki) ((P. baeops (P. aztecus P. cubensis P. mexicanus P. pseudomexicanus))); G: (P. baeops (P. carolynae P. po-
cocki) (P. aztecus P. cubensis (P. mexicanus P. pseudomexicanus))) .

Alignment | Gaps g:’i::‘r‘iz':y Weighting Regime A B c D E F 6

G-INS-i gaps (7) ML X X

BI X X

parsimony EW, IW: k=1, 3, 10, 60, 100 X X

gaps () EW, IW: k=1, 3,10, 60, 100 X X

L-INS-i gaps (7) ML X X

BI X X

parsimony EW, IW: 4 = 3, 10, 60, 100 X X

IW:k=1 X X

gaps () EW, IW: k=1, 3,10, 60, 100 X X

Q-INS-i gaps (7) ML, BI X X
parsimony Ew X X

IW: 4 =1, 3,10, 60, 100 X X

gaps (-) EW, IW: £ =10, 60, 100 X X
IW:k=1,3 X X
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Table 6. Diagnostic characters for three members of the aztecus group of Paraphrynus Moreno, 1940 whip spiders from North America.
Abbreviations: 'counts in parentheses from Armas (2012), those marked ‘x’ not mentioned; >mean; bta = pedipalp basitarsus spination;
CT = cerotegument; D/V = dorsal/ventral spine counts; dt = distitibia; FP = frontal process; GO = gonopod (?); lh = lateral horns; LaM =
lamina medialis; P1 = gonopod processus internus, SP = spermatophore organ (J).

Character P. carolynae P. mexicanus P. pseudomexicanus
Carapace tubercles fine coarse coarse

Carapace FP (Q) enlarged obsolete obsolete
Tritosternum (base) densely hirsute sparsely hirsute densely hirsute
Chelicera dentition 3+1/4 3+1/5 3+1/5

Chelicera tubercles obsolete obsolete present

Pedipalp femur D/V 6/6 6/6 7/8

Pedipalp tibia D/V 8/7 (6-9/x)' 8-9/6 (7/x)' 9/6

Pedipalp bta D/V 4/3(3/3)! 4/3(3/3)" 4/3

Pedipalp surface smooth rough rough

Tibial articles |2 29 21 27

Tarsal articles |2 60 59 59

Trichobothria dt IV 24 21 22

GO sclerotization partly, centric evenly evenly

GO base slender broadened broadened

GO distal markedly curved moderately curved rectilinear

SP organ Pl weakly developed weakly developed well-developed
SP organ LaM well-developed weakly developed weakly developed
CT globule surface wrinkled unknown network of pores
CT colloid particles large crystals unknown small crystals

ually checked in Geneious (Biomatters, Ltd). The con-
catenated G-INS-i alignment was 3870 base-pairs (bp)
in length with 559 sites, including 43 gaps, parsimony-
informative. The concatenated Q-INS-i alignment was
3909 bp in length with 538 sites, including 51 gaps, parsi-
mony-informative (Table 4). The concatenated L-INS-i
alignment was 3871 bp in length with 564 sites includ-
ing 50 gaps, parsimony-informative (Table 4). The nu-
cleotide composition was 26% A, 21% C, 26% G and
27% T.

The concatenated Q-INS-i, G-INS-i, and L-INS-i
alignments, partitioned by gene, were each analyzed
with Maximum Likelihood (ML) in RaxML-HPC v8
(Stamatakis 2006, 2014). All partitions were analyzed
using a GTR+T" model (YANG 1994). The tree was root-
ed on P. marginemaculatus. A rapid bootstrap analysis
with 1000 replicates was used to search for the ML tree
(Stamatakis 2014). Bayesian Inference (BI) was also
performed on the Q-INS-i, G-INS-i, and L-INS-i align-
ments using MrBayes v3.2.7 (RoNqQuisT & HUELSENBECK
2003) on the CIPRES gateway (https://www.phylo.org)
with the following settings applied to all partitions:
meme; nchains=4; sample frequency=1000; diagnosing
frequency =1000; burnin=0.25; savebrlens=yes. Models
for each gene were selected using the Akaike Information
Criterion (AIC) after testing 24 substitution models in
jModelTest v2.1.6 (GumpoN & GascUEL 2003; DARRIBA
et al. 2012) on the CIPRES gateway (Table 4). Analy-
ses with BI were terminated after 25 million generations
when the standard deviation of the split frequencies was
below 0.01.

A sensitivity analysis was conducted to assess the
sensitivity of the data to different parameters (alignment
method, weighting regime and gap treatment), follow-
ing PRENDINI (2000). Both concatenated alignments were

SENCKENBERG

analyzed with parsimony under equal weighting and im-
plied weighting (GoLoBorr 1993), with five values for
the concavity constant (k = 1, 3, 10, 60, 100) and gaps
treated as missing data or as a fifth character state. Parsi-
mony analyses were conducted in TNT v1.1 (GOLOBOFF
et al. 2003, 2008) with uninformative characters inacti-
vated, using a script by SANTIBAREZ et al. (2014), which
includes tree drifting, mixed sectorial search and tree
fusing for the tree search: hold 10000; rseedl; xm: no-
verb nokeep; rat: it 0 up 4 down 4 au 0 num 36 give 99
equa; dri: it 10 fit 1.00 rfi 0.20 aut 0 num 36 give 99 xfa
3.00 equa; sec: mins 45 maxs 45 self 43 incr 75 minf 10
god 75 drift 6 glob 5 dglob 10 rou 3 xss 10— 14+2 noxev
noeq; tf: rou 5 minf 3 best ke nochoo swap; xm: level 10
nochk rep 50 fuse 3 dri 10 rss css noxss mult nodump
conse 5 conf 75 nogive notarg upda autoc 3 xmix; xm;
xmult (Table 5).

Uncorrected pairwise genetic distances of the COI
locus were calculated in Mega v10.1.7 (Kamura et al.
2018; StecHER et al. 2020) for eight Paraphrynus termi-
nals representing all six described species in the P, az-
tecus group and two samples of the new species, P. pseu-
domexicanus.

2.5. Karyotype

Karyotype data were obtained for Phrynus marginemacu-
latus and six species of Paraphrynus (Electronic Supple-
ment S1). Chromosomes were prepared from the gonads
of nymphs or adults. Numerous mitoses and complete se-
quence of meiosis were found in the testes of adult males.
Chromosomes were prepared with a spreading technique
(DoLEss et al. 2011). Preparations were stained with 5%
Giemsa solution in Sorensen buffer (pH 6.8) for 30 min
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Fig. 1. Paraphrynus Moreno, 1940, habitus in life and type locality of the new species. A, B, E, F: Paraphrynus pseudomexicanus sp.n.,

female, habitus (A, B) and type locality, Cerro de los Ttneles, Morelos, Mexico (E, F). C: Paraphrynus mexicanus (Bilimek, 1867), male,
Juxtlahuaca Cave, Guerrero, Mexico. D: Paraphrynus carolynae Armas, 2012, male, Tucson, Arizona, U.S.A.

and observed under a BX 50 microscope (Olympus).
Images were obtained with a DP 71 CCD camera (Olym-
pus) using an oil immersion lens (100 x).

At least two plates of metaphase II (formed by two
sister metaphases II) per species were used to evaluate
the morphology of chromosomes and construct the kar-
yotypes. Relative chromosome lengths were calculated
as a percentage of the total chromosome length of the
diploid set. Chromosome morphology was classified
based on position of the centromere according to LEvan
et al. (1964). Chromosome measurements were taken
using IMAGE J software. Karyotypes were constructed
using the software Corel PHOTO-PAINT X4.
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3. Results

3.1. Morphology

Morphology suggested a close relationship between P. ca-
rolynae, P. mexicanus, and the new species, based on the
following characters. The count of dorsal and ventral
spines on the pedipalp basitarsus (four dorsal and three
ventral) is identical in all three species. The number of
tibial and tarsal articles of leg I, as well as the form and
shape of the frontal process, are identical in P. mexicanus
and the new species. The spermatophore organs are gen-
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erally similar in all three species (Fig. 11). Although the
gonopod processus internus is well developed in P. pseu-
domexicanus and weakly developed in P. carolynae and
P. mexicanus, the lamina medialis is well developed in
P carolynae and weakly developed in the other two spe-
cies. In contrast to the male spermatophore, the female
reproductive organs are very distinct among the three
species (Fig. 11). Whereas the gonopods of P. mexicanus
and P, pseudomexicanus exhibit a broadened base, the
distal parts of the sclerotized hooks are curved in the for-
mer and rectilinear in the latter. The gonopods of P. caro-
lynae exhibit a slender base, and are predominantly nar-
row, with a marked curvature distally.

Despite the similarity among the three species, sev-
eral diagnostic characters were identified to support the
new species, i.e., the presence of cheliceral tubercles; the
spination pattern of the pedipalp femur (7 and 8 major
spines on the dorsal and ventral margin, respectively)
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Fig. 2. Maps of southern part of
North America (A) and south-
ern part of central Mexico (B),
plotting known distributions of Pa-
raphrynus pseudomexicanus sp.n.
(black star), Paraphrynus mexica-
nus (Bilimek, 1867) (circles), and
Paraphrynus carolynae Armas,
2012 (triangles) compiled from
records in ArMAS (2012), ARMAS
& CUELLAR-BALLEZA (2018), HAR-
VEY (2003), and the present study.
Black symbols indicate localities
from which specimens were used
for morphology, DNA extraction
and cytogenetics.

(Figs. 5, 6); the number of tibial (27) and tarsal (59) arti-
cles of leg I (Table 6); and the number of trichobothria on
the distitibia of leg IV (22) (Fig. 9, Table 6).

3.2. Description of new species

Genus Paraphrynus Moreno, 1940

Paraphrynus pseudomexicanus sp.n.

Material examined. Type material. Holotype: 1 @ (NHMW
27612), MEXICO: Morelos: Ayala Municipality: Anenecuilco
surrounding, Cerro de los Tuneles, 18°47'19"N 99°01'34"W,
xi.2010, J. Kral. Paratypes: 1 & (NHMW 27613), 2 34, 2 99
(NHMW 27614), same data as holotype; 3 3, 3 29 (NHMW
29177), same data as holotype, except “captive bred, 17.vi.2013”;
1 & [leg] (AMCC [LP 14450]), 13.ix.2012, J. Kral, 1 & (karyo-
type, JK), same data as holotype, except “captive bred, 17.vi.2013,
M. Seiter.”
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Fig. 3. Paraphrynus Moreno, 1940, carapace, anterodorsal aspect (A, C, E), and pedipalp coxae and anterior part of tritosternum, ventral
aspect (B, D, F). A, B: Paraphrynus pseudomexicanus sp.n., holotype female (NHMW 27612), Cerro de los Tuneles, Morelos, Mexico.
C, D: Paraphrynus mexicanus (Bilimek, 1867), female NHMW 27616), Juxtlahuaca Cave, Guerrero, Mexico. E, F: Paraphrynus caroly-
nae Armas, 2012, female NHMW 27618), Tucson, Arizona, U.S.A. Scale bars: 0.5 mm.

Habitat. The type locality is a hill (1200—1300 m) cov-
ered by tropical dry forest dominated by bushes and low
trees (Fig. 1E,F), e.g., Brahea dulcis (Kunth) Mart., Cei-
ba aesculifolia (Kunth) Britten & Baker, Ficus sp., cacti,
e.g., Opuntia depressa Rose and Pachycereus weberi
(J.M. Coult.) Backeb., which alternate with crop fields
of Areca L. palms.

Whip spiders were collected from under stones and
logs, mostly in the vicinity of an abandoned railway tun-
nel. Acanthophrynus coronatus (Butler, 1873), another
species of whip spider in the family Phrynidae, was
found in sympatry.

Distribution. Presently known only from the type local-

ity Cerro de los Tuneles, near Anenecuilco, in the mu-
nicipality Ayala, Morelos, Mexico (Fig. 2).
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Extended diagnosis. Paraphrynus pseudomexicanus
can be morphologically distinguished from its closest rel-
atives, P. carolynae and P. mexicanus, based on the fol-
lowing characters (Table 6). The carapace dorsal surface
is densely covered with coarse tubercles and the frontal
process obsolete in P. pseudomexicanus, whereas the car-
apace dorsal surface is sparsely covered with fine gran-
ules and the frontal process well developed in the other
species. The tritosternum ventral surface is densely hir-
sute posteriorly in P. pseudomexicanus but sparsely hir-
sute posteriorly in the other species. The pedipalp femur
bears 7 dorsal and 8 ventral spines, the tibia 9 dorsal and
6 ventral spines, and the basitarsus 4 dorsal and 3 ventral
spines in P. pseudomexicanus, whereas the femur bears
6 dorsal and 6 ventral spines, the tibia 7—9 dorsal and
6—7 ventral spines, and the basitarsus 3—4 dorsal and
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3 ventral spines, in the other species. Leg I is comprised
of 27 tibial and 59 tarsal articles in P. pseudomexicanus
but 29 tibial articles and 60 tarsal articles in P. caroly-
nae, and 27 tibial articles and 59 tarsal articles in P. mexi-
canus. Leg IV distitibia bears 22 trichobothria in P. pseu-
domexicanus but 24 and 21 trichobothria in P. carolynae
and P. mexicanus, respectively. The female gonopod is
evenly sclerotized with a broadened base extending into
a rectilinear distal tip in P. pseudomexicanus, unlike the
other species, in which the female gonopod is partly cen-
tric to evenly sclerotized with a slender to broadened
base extending into a moderately to markedly curved dis-
tal tip. The male genitalia of P. pseudomexicanus bears a
well-developed processus internus and the lamina me-
dialis is obsolete whereas the processus internus is obso-
lete and the lamina medialis obsolete or well developed
in the other species.

Paraphrynus pseudomexicanus can be morphologi-
cally distinguished from the other species of the aztecus
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Fig. 4. Paraphrynus Moreno,
1940, cheliceral dentition, pro-
lateral (A, C, E) and retrolateral
(B, D, F) aspects (dense setae
close to prolateral denticle row,
at cheliceral base, removed). A,
B: Paraphrynus pseudomexicanus
sp.n., holotype female (NHMW
27612), Cerro de los Tuneles, Mo-
relos, Mexico. C, D: Paraphrynus
mexicanus (Bilimek, 1867), male
(NHMW 27615), Juxtlahuaca
Cave, Guerrero, Mexico. E, F: Pa-
raphrynus carolynae Armas, 2012,
male (NHMW 27617), Tucson,
Arizona, U.S.A. Scale bars: 1 mm
(A, B), 0.5 mm (C-F).

group by the following characters: P. pseudomexicanus
possesses 7 dorsal and VIII ventral spines on the pedipalp
femur, whereas P aztecus, P. baeops, P. cubensis and
P. pococki each possess 6 dorsal and VI ventral spines;
P. pseudomexicanus possesses 4 dorsal and III ventral
spines on the pedipalp basitarsus, whereas P. aztecus,
P. baeops, and P. pococki each possess 3 dorsal and III
ventral spines, and P. cubensis possesses 3 dorsal and
IT ventral spines. In addition, the dorsal pedipalp tibial
spines are long, the lobus dorsalis (male genitalia) well-
developed and pointed, and the female gonopod sclerites
rectilinear and basally broadened in P. pseudomexicanus,
whereas the dorsal pedipalp tibial spines are noticeably
shorter, the lobus dorsalis not visible dorsally, and the
female gonopod sclerites rectilinear and evenly pointed
in P. cubensis.

Etymology. The new species name is a combination of
the prefix pseudo-, meaning similar, and the word mexi-
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Flll FIV FV  FVI  FVII Fvill

Fig. 5. Paraphrynus pseudomexicanus sp.n., pedipalp trochanter and femur, dorsal (A, B) and ventral (C, D) aspects, and pedipalp tibia,
dorsal (E, F) and prodorsal (G, H) aspects. A, C, E, G: Holotype female (NHMW 27612), Cerro de los Ttneles, Morelos, Mexico. B, D,
F, H: Paratype male (NHMW 28618), Cerro de los Tuneles, Morelos, Mexico. Scale bars: 2 mm.

canus, referring to the morphologically most similar spe-
cies, P. mexicanus.

Description of holotype female. Color: Carapace, opis-
thosoma and legs uniformly light grey to brown (Fig. 1A,
B); carapace bordered by narrow white band; opisthosomal
tergites with darker spots; pedipalps light reddish to dark
brown depending on specimen age. Carapace: 1.39 times
wider than long (Table 7). Dorsal surface densely covered
with coarse tubercles, anterior margin with few fine tuber-
cles. Frontal process obsolete, slightly visible in dorsal
view. Ocelli well developed, elevated; lateral ocelli tri-ocu-
lar, median ocelli bi-ocular ellipsoid (Figs. 1A,B, 3A).
Chelicerae: Surfaces granular, finely and densely setose,
with many setaceous tubercles. Prolateral row of teeth
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comprising three cuspid denticles (Fig. 4A,B); ventral-
most tooth (distal: 3) largest; dorsalmost tooth (proximal:
1) bicuspid, upper cusp largest; retrolateral row with one
tooth (a) cuspid (3 > 1 > 2 > a); claw (moveable finger)
with five prominent teeth; proximal tooth largest, cuspid,
second bicuspid (holotype only). Sternum: Cuticle soft,
unsclerotized; three small, sclerotized sternites bearing
setae. First sternite (tritosternum) elongated with paired
subapical setae, tip of tritosternum broadly projecting be-
tween pedipalp coxae, bearing six setae posteriorly (Fig.
3B); second and third sternites small, oval to ellipsoid,
each bearing two small setae. Pedipalp gnathocoxa (ven-
tral surface) with broad surface of narrow, reddish setae
on broad white mesal surface. Pedipalps: Surfaces coar-
sely tuberculate. Trochanter prodorsal surface with row
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Fig. 6. Paraphrynus Moreno, 1940, pedipalp trochanter and femur, dorsal (A, B) and ventral (C, D) aspects, and pedipalp tibia, dorsal
(E, F) and prodorsal (G, H) aspects. A, C, E, G: Paraphrynus mexicanus (Bilimek, 1867), male (NHMW 27615), Juxtlahuaca Cave,
Guerrero, Mexico. B, D, F, H: Paraphrynus carolynae Armas, 2012, male NHMW 27617), Tucson, Arizona, U.S.A. Scale bars: 2 mm.

of six small spines, proventral surface with two large
spines and several smaller spinelets, interspersed with
setaceous tubercles (Fig. SA,C,E,G). Femur prodorsal
margin with seven major spines (Fig. 5A,C,E,G), F2
largest, F1 and F2 sharing same base (F2 > F3 >F1 > F5
> F6 > F4 > F7); prolateral surface with many large,
thickened tubercles; proventral margin with eight major
spines, FI largest (FI > FII > FIII > FV > FVII > FIV >
FVIII > FVI), interspersed with several small spines.
Tibia with nine major dorsal spines, T3 largest (T3 > T6
>T4>T5>T2>T7>T8>TI>T9); proventral margin
with six major spines, TV largest (TV > TII > TIV > TVI
> TI > TIII), interspersed with one or more small spinel-
ets. Basitarsus prodorsal margin with four large spines
submedially (Fig. 7 A-C), sp2 (=Ismd-s) largest, one
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small spine at base of sp3 and distal to sp4 (Ismd-s > sp4
> spl > sp3); proventral margin with three large spines,
spll (=1smv-s) largest, one small spine at base of splll;
distal margin with two long, apically thickened setae (rs)
adjacent to splll; prolateral surface with few well-devel-
oped spines proximally. Tarsus aspinose with well-devel-
oped cleaning organ, comprising short row of setae (co-
ss) dorsally and long row of setac (co-ls) ventrally.
Pretarsus (claw) not separated from tarsus (Fig. 7A—-C).
Legs: Dextral and sinistral antenniform legs comprising
38/27 tibial and 70/59 tarsal articles, respectively (Ta-
ble 6), difference probably due to regeneration of dextral
leg. Walking legs slightly elongated; leg IV basitibia
trisegmented, third segment with single trichobothrium
bt medially; distitibia with 22/22 trichobothria (Fig. 9A),
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C sp1 Ismd-s sp3  sp4 D

Fig. 7. Paraphrynus pseudomexi-
canus sp.n., pedipalp basitarsus
and pretarsus, prodorsal (A, B),
prolateral (C, D), and proventral
(E, F) aspects. A, C, E: Holotype
female (NHMW 27612), Cerro
de los Tuneles, Morelos, Mexico.
B, D, F: Paratype male (NHMW
28618), Cerro de los Ttneles, Mo-
relos, Mexico. Scale bars: 1 mm
(A,C,E),2mm (B, D, F).

Fig. 8. Paraphrynus Moreno, 1940,
pedipalp basitarsus and pretarsus,
prodorsal (A, B), prolateral (C, D),
and proventral (E, F) aspects. A,
C, E: Paraphrynus mexicanus (Bi-
limek, 1867), male NHMW 27615),
Juxtlahuaca Cave, Guerrero, Mex-
ico. B, D, F: Paraphrynus caroly-
nae Armas, 2012, male NHMW
27617), Tucson, Arizona, U.S.A.
Scale bars: 2 mm.

sinistrally and dextrally (distances: distitibia total length  arolium absent in adult. Gonopods: Evenly sclerotized,
6.75; bt to bf 3.39, bf to sbf 0.64, sbf to bc 0.60, bc to stcl ~ with two claw-like appendages, hard and cuspid, basally
2.08, stcl to stfl 0.11); tarsi with slight transverse line,  broadened, rectilinear without curved tips (Fig. 10A,B).
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Fig. 9. Paraphrynus Moreno, 1940, leg IV, basitibia and distitibia,
prolateral aspect illustrating number and arrangement of basitibial
and distitibial trichobothria. A: Paraphrynus pseudomexicanus
sp.n., holotype female (NHMW 27612), Cerro de los Ttneles, Mo-
relos, Mexico. B: Paraphrynus mexicanus (Bilimek, 1867), male
(NHMW 27615), Juxtlahuaca Cave, Guerrero, Mexico. C: Para-
phrynus carolynae Armas, 2012, male (NHMW 27617), Tucson,
Arizona, U.S.A. Scale bars: 2 mm (A, B), 1 mm (C).

Description of paratype male. Habitus: Resembles fe-
male holotype; lacking obvious secondary sexual dimor-
phism (Table 7, Figs. 5B,D,F,H, 7D—F). Male genita-
lia: Covered ventrally by genital operculum; operculum
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Table 7. Paraphrynus pseudomexicanus sp.n.., measurements (mm)
and meristic data for holotype and paratype deposited in the
Naturhistorisches Museum, Wien, Austria (NHMW). Counts for
legs I and IV refer to sinistral and dextral sides; other measure-
ments are reported from one side only. Note: ' count on dextral an-
tenniform leg probably aberrant due to leg regeneration (see text
for comments).

Holotype garatype
NHMW NHMW
27612 28618
Carapace | Length 8.06 6.16
Width 11.17 8.26
Distance between lateral ocelli 3.63 257
Pedipalp | Femur 6.57 451
Tibia 8.02 5.89
Basitarsus 3.69 259
Tarsus 3.64 244
Lleg! Tibial articles 27/38! 27/-
Tarsal articles 59/70" 59/-
Leg Il Femur 12.87 9.20
Leg lll Femur 13.64 9.54
Patella 2.15 1.345
Basitibia 12.82 10.02
Distitibia 7.07 5.57
Basitarsus+claw 442 3.22
Leg IV Femur M4 794
Patella 1.82 1.49
Basitibia 11.79 8.77
Basitibia division 3/3 3/3
Distitibia 6.26 5.04
Distitibial trichobothria 22/22 22/22
Basitarsus+claw 3.78 3.14

bearing several setae along anterior margin (Fig. 11A, B).
LoL1 and LoL2 blunt, LoL2 one-third length of LoL1;
PI large, blunt; LaM small, cuspid. Measurements: see
Table 7.

3.3. Molecular systematics

The concatenated Q-INS-i alignments were slightly
longer, with fewer parsimony-informative sites, than
the G-INS-i and L-INS-i alignments (Table 4). The tree
topologies recovered by analyses of the concatenated
alignments with ML and BI, partitioned by gene, were
mostly congruent, except for the positions of P. aztecus
and P. cubensis, which varied among the analyses (Ta-
ble 5). Most clades were consistently recovered with
high bootstraps (86% < x <100%) and moderate to high
posterior probabilities (0.76 < x < 1) in the ML and BI
trees, respectively, with the highest bootstraps for all
clades recovered in the ML tree obtained by analysis of
the Q-INS-i alignment (Fig. 12). The final optimization
likelihood probabilities for the G-INS-i, Q-INS-i, and L-
INS-i alignments were —12426.165885, —12234.231363
and —12409.810497, respectively. The ML and BI to-
pologies closely resembled the topologies obtained by
the parsimony analyses, differing only in the positions
of P. aztecus and P. cubensis in all alignments, and in the
position of P. baeops in the Q-INS-i alignment (Table 5).
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Table 8. Uncorrected pairwise genetic distances of the mitochondrial COI locus for eight terminals representing all six described species
in the P. aztecus group: Paraphyrnus aztecus (Pocock, 1894); Paraphrynus baeops (Mullinex, 1975); Paraphrynus carolynae Armas,
2012; Paraphrynus cubensis Quintero, 1983; Paraphrynus mexicanus (Bilimek, 1867); and Paraphrynus pococki Mullinex, 1975 and two
samples of the new species, Paraphyrnus pseudomexicanus sp.n.

2906 8667 14444 13883 15431 2091 14443
P aztecus 2906
P baeaps 8667 0.182
P, carolynae 14444 0.184 0.190
P cubensis 13883 0.170 0.195 0.195
P mexicanus 15431 0.201 0.190 0.199 0.205
P pococki 2091 0.182 0.198 0.164 0.185 0.195
P pseudomexicanus 14443 0.195 0.196 0.202 0.185 0.160 0.211
P, pseudomexicanus 14450 0.195 0.196 0.202 0.185 0.160 0.211 0.000

Fig. 10. Paraphrynus Moreno, 1940, female genitalia, dorsal (A, C, E) and posterior (B, D, F) aspects. A, B: Paraphrynus pseudomexi-

- e i e

canus sp.n., holotype female (NHMW 27612), Cerro de los Ttneles, Morelos, Mexico. C, D: Paraphrynus mexicanus (Bilimek, 1867),
female NHMW 27616), Juxtlahuaca Cave, Guerrero, Mexico. E, F: Paraphrynus carolynae Armas, 2012, female (NHMW 27618), Tuc-
son, Arizona, U.S.A. Scale bars: 0.5 mm (A, C, E), 0.2 mm (B, D, F).

The COI sequences of the two samples of P. pseu-
domexicanus sp.n. were identical and differed most from
P. carolynae and least from P. mexicanus (pairwise ge-
netic distances, 20.2% and 16.0%; respectively Table 8).

3.4. Karyotypes
Three species of Paraphrynus, i.e., P. aztecus, P. caro-
lynae, and P. cubensis, exhibited similar karyotypes,

comprising a relatively low number of chromosomes
(2nd' = 30—36) with exclusively biarmed (i.e., metacen-

278

tric and submetacentric) morphology. The chromosome
pairs decreased gradually in size (Fig. 13, Table S2). The
chromosomes of P. aztecus (2nd = 36) were metacentric
except for four submetacentric pairs (Nos 3, 7, 14, 15)
(Table S2). The karyotypes of P. carolynae (2nd = 30)
and P. cubensis (2nd =34) contained fewer submeta-
centric pairs, i.e., three pairs (Nos 1, 2, 12) and one pair
(No. 12), respectively (Table S2). The chromosomes
of P. mexicanus were also exclusively biarmed and de-
creased gradually in size (Fig. 13, Table S2). However,
the diploid number of this species (2nd = 24) was con-
siderably lower than in the previously mentioned taxa
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Fig. 11. Paraphrynus Moreno, 1940, spermatophore, dorsal (A, C, E) and ventral (B, D, F) aspects. A, B: Paraphrynus pseudomexica-
nus sp.n., paratype male (NHMW 28618), Cerro de los Tuneles, Morelos, Mexico. C, D: Paraphrynus mexicanus (Bilimek, 1867), male
(NHMW 27615), Juxtlahuaca Cave, Guerrero, Mexico. E, F: Paraphrynus carolynae Armas, 2012, male (NHMW 27617), Tucson, Ari-
zona, U.S.A. Scale bars: 0.5 mm.
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Phrynus marginemaculatus 14072

100

Paraphrynus viridiceps 13881

Paraphrynus robustus 13872
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Fig. 12. Maximum Likelihood phylogeny of Paraphrynus Moreno, 1940 whip spiders, based on 3909 aligned nucleotides of DNA sequence
from three mitochondrial and two nuclear gene loci (final optimization likelihood probabilities for Q-INS-i alignment of —12234.231363).
Numbers following species refer to tissue samples (Table 2). Bootstrap support values indicated at nodes. Circles indicate two nodes that

collapsed in the strict consensus of all analyses (Table 5).

(Fig. 12, Table S2). The new species (2n3 = 32) differed
from the other species analyzed in containing mono-
armed pairs. Eight pairs were metacentric (Nos 1, 2, 4, 6,
10, 11, 13, 16), one submetacentric (No. 14), and seven
acrocentric (Nos 3, 5, 7-9, 12, 15) (Fig. 13, Table S2).
The chromosome pairs of this species also decreased
gradually in size (Fig. 13, Table S2).

The two other species investigated, Paraphrynus ro-
bustus and Phrynus marginemaculatus, each exhibited
much higher diploid numbers. These species exhibited
similar diploid numbers and proportions of particular
chromosome types. Their karyotypes were dominated by
biarmed chromosomes. In P. robustus (2nd = 64), six-
teen pairs were metacentric (Nos 1-3, 8, 10, 11, 13, 14,
16, 18, 20—24, 28), six submetacentric (Nos 4, 9, 26, 29,
31, 32), two subtelocentric (Nos 15, 30), and eight acro-
centric (Nos 5—7, 12, 17, 19, 25, 27) (Fig. 13, Table S2).
Chromosome pairs decreased discontinuously in size,
forming two size groups: first to third pair (8.52—7.11%
of TCL) and fourth to thirty-second pair (from 5.67 to
1.02% of TCL) (Table S2). The karyotype of P. margi-
nemaculatus (2nd = 68) comprised fourteen metacen-
tric pairs (Nos 8, 13, 16, 17, 19-21, 24-26, 28-30,
34), five submetacentric pairs (Nos 1, 3, 10, 27, 31), five
subtelocentric pairs (Nos 4, 9, 11, 12, 18), and ten acro-
centric pairs (Nos 2, 5-7, 14, 15, 22, 23, 32, 33). The
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chromosome pairs decreased gradually in size (Fig. 14,
Table S2). Study of the karyotype did not reveal morpho-
logically differentiated sex chromosomes in males of
Phrynus and Paraphrynus.

4. Discussion

Mexico is a biodiversity hotspot for many animal taxa,
including tarantulas, ricinuleids and scorpions (e.g.
MEeNDOzA & FRANCKE 2017; VALDEZ-MONDRAGON et al.
2018; Quuano-RaveLL et al. 2019), and whip spiders
are no exception (e.g. ArRMas & TrusiLLo 2018; ArRMAS
et al. 2017). The country is inhabited by a diverse as-
semblage of whip spider species in three genera of the
family Phrynidae. The greatest species diversity occurs
in Paraphrynus (Harvey 2003, 2013), which has long
been a source of taxonomic confusion (MULLINEX 1975;
QUINTERO 1983).

The present study focused on species of the aztecus
group of Paraphrynus. Morphological data suggested
the presence of an undescribed species, closely related to
P. mexicanus, based on subtle character differences. Ad-
ditional sources of evidence, specifically karyotype and
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Fig. 13. Male karyotypes of Paraphrynus Moreno, 1940 whip spiders, based on plates formed by two sister metaphases 11, Giemsa stain-
ing. A: Paraphrynus aztecus Pocock, 1894 (2n=36). B: Paraphrynus carolynae Armas, 2012 (2n=30). C: Paraphrynus cubensis Quintero,
1983 (2n=34). D: Paraphrynus mexicanus (Bilimek, 1867) (2n=24). E: Paraphrynus pseudomexicanus sp.n. (2n=32). F: Paraphrynus
robustus (Franganillo, 1931) (2n=64). Scale bars: 10 um (A, C, D, E), 5 um (B, F).
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Fig. 14. Male karyotype of the whip spider, Phrynus marginemaculatus C.L. Koch, 1840 (2n = 68), based on plate formed by two sister
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DNA sequence data, were sought to independently test
the hypothesis of a new species. A phylogeny based on
five loci from the nuclear and mitochondrial genomes,
widely used in arachnid molecular systematics (SANTI-
BANEZ-LOPEZ et al. 2014; OJANGUREN AFFILASTRO et al.
2016; MenDozA & FrANCKE 2017) consistently supported
the hypothesis of a new species and its close relationship
with P. mexicanus. Genetic divergence between the new
species and its sister species was similar to divergence
among other species examined. Additional support for
the new species was provided by karyotype data, also in
widespread use for several other arachnid orders (Nor-
ToN et al. 1993; KRrRAL et al. 2008; Araujo et al. 2020;
SCHNEIDER et al. 2020; STAHLAVSKY et al. 2020; TSURUSAKI
et al. 2020) and known to exhibit a high level of diversity
in whip spiders (J. Kral, unpublished data 2020). Karyo-
type data suggested the new species and its sister taxon,
P. mexicanus, are separated by several chromosome re-
arrangements (probably centric fusions and inversions).
These rearrangements are usually involved in the forma-
tion of interspecific barriers and speciation (e.g., RIESEN-
BERG 2001; Noor et al. 2001; KIRKPATRICK & BaXToN
2006; Lowry & WiLLis 2010; FeDER et al. 2014). As with
another phrynid, Heterophrynus Pocock, 1894 (PauLa-
NETo et al. 2013), the males of Paraphrynus and Phrynus
did not exhibit morphologically differentiated sex chro-

« Fig. 15. Hypothesis of karyotype evolution in a clade of whip
spiders comprising Paraphrynus mexicanus (Bilimek, 1867) and
Paraphrynus pseudomexicanus sp.n. A: Hypothesized common an-
cestral karyotype of P. mexicanus and P. pseudomexicanus (2n=32,
biarmed chromosomes). B: Karyotype of P pseudomexicanus
(2n=32, biarmed chromosomes except for seven acrocentric pairs).
C, D: Hypothesized intermediates between karyotypes of P. pseu-
domexicanus and P. mexicanus (C: 2n=26, biarmed chromosomes
except for one acrocentric pair, D: 2n=26, biarmed chromosomes
except for two acrocentric pairs). E: Karyotype of P. mexicanus
(2n=24, biarmed chromosomes).
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mosomes. No data on sex chromosomes are available
from the other whip spiders.

Comparison of genomic and chromosome data also
permitted a reconstruction of karyotype evolution in
Paraphrynus in light of the molecular phylogeny. The
data indicate the ancestral diploid number of the clade
formed by Phrynus and Paraphrynus comprised ap-
proximately 70 chromosomes, close to the hypothesized
original diploid number for Phrynoidea (J. Kral, unpub-
lished data 2020). Karyotype similarity between Phry-
nus marginemaculatus and Paraphrynus robustus might
reflect a relatively basal position of the latter species
in the Paraphrynus tree. The karyotype of P. robustus
differs from the chromosome complement of P. margin-
emaculatus in possessing a slightly lower diploid num-
ber and higher portion of biarmed chromosome pairs.
This pattern suggests the number of biarmed pairs in
P robustus increased mostly by centric fusions of mon-
oarmed (subtelocentric and acrocentric) pairs. Subse-
quent evolution in Paraphrynus was apparently accom-
panied by a considerable decrease in the diploid number,
which involved centric fusions of remaining monoarmed
pairs. This process resulted in a karyotype saturated by
biarmed chromosomes. Based on the results presented
here, the ancestral karyotype of the aztecus group prob-
ably comprised 30—36 biarmed chromosomes. The
common ancestor of P. mexicanus and the new species
probably exhibited 32 biarmed chromosomes (Fig. 15).
The karyotype of the new species subsequently evolved
from this pattern by pericentric inversions of seven bi-
armed pairs, changing the morphology of these pairs to
acrocentric. The evolution of P. mexicanus included fu-
sions of acrocentric pairs observed in the new species
(Fig. 15).

In conclusion, data from morphology, karyotype and
DNA illuminated the understanding of diversity and phy-
logeny in members of the genus Paraphrynus, indepen-
dently supporting the recognition of a new species de-
scribed above, and illustrating the utility of an integrative
approach to the systematics of whip spiders.
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