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Abstract Representatives of Ooperipatellus (Peripatopsidae)
are among the smallest onychophorans known, commonly vary-
ing between 10 and 20 mm in length. Herein, we present a
peculiar new species of Ooperipatellus from Tasmania that can
exceed twice the length of other representatives of this taxon.
Ooperipatellus nickmayeri sp. nov. is comprehensively de-
scribed based on morphological, molecular, karyological and
slime protein profile data. Morphological analyses expose a set
of novel features in this species, including a swollen area covered
with a modified integument on the posterior border of the male
genital pad, modified papillae on the female ovipositor and the
presence of pseudoplicae in the dorsal integument. The evolu-
tionary significance of pseudoplicae remains unclear, but simi-
larities between O. nickmayeri sp. nov. and Plicatoperipatus
jamaicensis, the only species from which these structures were
previously known, suggest they evolved due to functional con-
straints of the onychophoran integument. Our karyological inves-
tigation further revealed that the new species has the largest kar-
yotype known within Peripatopsidae (2n = 50, XY). Finally, the
results of our molecular phylogenetic analyses support the rec-
ognition of O. nickmayeri sp. nov. and shed light on previously
unclear aspects of the biogeographical history of Ooperipatellus
in Southern Australia, Tasmania and New Zealand.
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Introduction

Onychophorans, or velvet worms, are currently classified
into two major subgroups: the circumtropical Peripatidae
and the circumaustral Peripatopsidae (Oliveira et al.
2012a). Representatives of Peripatopsidae, in particular,
represent over 60% of the onychophoran species de-
scribed and are remarkable in their diverse reproductive
features, including different insemination strategies, spe-
cialized sexual structures and various embryonic nourish-
ment modes (Mayer et al. 2015). However, this diversity
has been simplified in the literature, and peripatopsid
species are commonly referred to as simply Bovoviviparous^
and Boviparous^ (e.g. Ruhberg 1985; Reid 1996), which is a
rather misleading subdivision because the repeated use of
these definitions, although not meant to, may mistakenly im-
ply that they correspond to monophyletic clades (Mayer et al.
2015). Oviparity, for example, is reported for 44 species
assigned to 12 unrelated taxa, thus clearly suggesting that this
condition evolved several times independently within
Peripatopsidae, and ovoviparity is an oversimplification of a
range of different nourishment modes in unrelated taxa (Reid
1996; Mayer et al. 2015).

Among the Boviparous^ peripatopsids, all species with
13 or 14 leg pairs and lacking modified head structures,
such as sclerotized head organs, are classified within a
small taxon named Ooperipatellus Ruhberg, 1985 (see
also Reid 1996). This taxon currently includes only eight
species (Oliveira et al. 2012a), but data in the literature
suggest that Ooperipatellus is a diverse group and sev-
eral new species still await description in zoological
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collections and museums (e.g. Ruhberg 1985; Mesibov
and Ruhberg 1991; Briscoe and Tait 1993; Ruhberg and
Mesibov 1996; Brockmann 2007; Murienne et al. 2014).
Moreover, many species of Ooperipatellus may have
been neglected in the field due to their characteristic
small body size; adults are usually 10–20 mm long in
most species.

Representatives of Ooperipatellus have been reported from
three main regions: Southern Australia, Tasmania and New
Zealand (Ruhberg 1985; Reid 1996; Oliveira et al. 2012a;
Murienne et al. 2014). Despite the disjoint distribution,
Ooperipatellus is well supported as a monophyletic group by
both morphological and molecular data (Ruhberg 1985; Reid
1996; Allwood et al. 2010; Murienne et al. 2014). On the one
hand, this distribution pattern associated with the low vagility of
these animals suggests that representatives of Ooperipatellus are
suitable for testing vicariant speciation and biogeographical hy-
potheses in these three regions (Allwood et al. 2010). On the
other hand, the deficient data currently available for
Ooperipatellus species still prevent comparative studies within
the group and provide only a vague impression of their relevance
to the studies of Onychophora in general.

To explore the amount of information that can be gleaned
from this onychophoran subgroup, we investigated a new species
of Ooperipatellus recently discovered in Tasmania, which is re-
markable in that its large body exceeds twice the size of most
other representatives of this taxon. In the present study, we used
morphological, molecular, and karyological methods, as well as
slime protein profile data previously available for this species
(Baer et al. 2014), to comprehensively describe this giant new
egg-laying species and to create a taxonomic baseline that will
facilitate future comparative studies on Ooperipatellus. In addi-
tion, we generated molecular sequences from several other ony-
chophoran species, including representatives of Ooperipatellus,
in order to assess the evolutionary history of this taxon. Our study
revealed hitherto unknown aspects associated with
Ooperipatellus that shed light on the taxonomy, evolution and
biogeography of Onychophora.

Material and methods

Specimens

Specimens of the species studied were collected in January
2013 from typical onychophoran microhabitats (e.g. rotten
logs and leaf litter) in a small fragment of forest along the
Lyell Highway, at 42°20′36.3″S, 146°28′13.9″E, 545 m,
Tasmania, Australia (Fig. 1). Location data from the sampled
site were obtained using a handheld GPS navigator Garmin®
GPSMAP 60csx. The animals were initially accommodated in
plastic containers with humid tissue and transported to the
laboratory in Germany, where they were either fixed and

preserved according to Oliveira et al. (2010, 2012b) or kept
in culture as previously described (Baer and Mayer 2012;
Oliveira et al. 2012b). Specimens were collected under the
permit No. TFA 12259 of the Department of Primary
Industries, Parks, Water and Environment of Tasmania and
exported under the permit No. WT2013-8923 granted by the
Department of Sustainability, Environment,Water, Population
and Communities of the Australian Government. Type speci-
mens were placed in the scientific collection of the Queen
Victoria Museum and Art Gallery, Launceston, Tasmania.

Nomenclatural acts

The present work and its nomenclatural acts have been regis-
tered in ZooBank, which is the proposed online registration
system for the ICZN, and the ZooBank LSIDs (Life Science
Identifiers) can be resolved through any web browser by
appending the LSID to the prefix http://zoobank.org/^. The
LSID for this publication is urn:lsid:zoobank.org:pub:6
D843946-2FF2-41F4-BEF8-2C2CDF18EF32.

Morphological studies

Living specimens were photographed with a Nikon D7000 cam-
era under daylight. Preserved animals were initially analysed
with a stereomicroscope (Stemi 508, Carl Zeiss, Jena,
Germany), and specimens of both sexes were selected and pre-
pared further for scanning electron microscopy (SEM). For
SEM, specimens were fixed and preserved according to
Oliveira et al. (2012b, 2013), dehydrated in an ethanol series,
cut into smaller parts, dried in a critical point dryer (K850,
Emitech Ltd., Kent, England), coated with gold-palladium in a
SCD 050 Sputter Coater (BALZERS UNION, Balzers,
Liechtenstein) and examined using either a scanning electron
microscope (EVO 50; Carl Zeiss) or a field emission scanning
electron microscope (Hitachi S4000; Hitachi High-Technologies
Europe GmbH, Krefeld, Germany). Intra-specific character var-
iation was assessed by comparing the data obtained from addi-
tional specimens of different ages and sexes. Terminology of
morphological features is provided according to Reid (1996),
Oliveira et al. (2010, 2012b, 2013, 2016) and Oliveira and
Mayer (2013).

Karyology

For chromosome analyses, freshly dissected testes and
seminal vesicles were prepared according to Rowell et al.
(2011) with the following modifications. The tissue was
dissected in a saline based on the onychophoran blood
composition (Robson et al. 1966) at room temperature
and placed for 10 min in a hypotonic solution of water/
saline (3:1). Stained slides were mounted in Entellan
(Merck, KGaA, Darmstadt, Germany) and analysed under
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a light microscope (Zeiss Axio Imager. M2) equipped with
a digital camera (Zeiss Axiocam 503 colour). The images
obtained from chromosome preparations were initially
analysed using the freeware ImageJ 1.45s (Abràmoff
et al. 2004) with the plug-in BLevan^ designed for chro-
mosome classification (Sakamoto and Zacaro 2009).
Karyotype alignment was performed in Adobe (San Jose,
CA, USA) Photoshop and Illustrator CS6.

Molecular studies and phylogenetic analyses

Genomic DNA was extracted from muscle tissue of a single
specimen of each different onychophoran species (Table 1) using
the DNeasy Tissue Kit (Qiagen, Hilden, Germany) according to
themanufacturer’s protocol, and awhole genome shotgun library
was prepared and sequenced as described elsewhere (Oliveira
et al. 2012b). The sequenced reads were assembled de novo
using the CLC Genomics Workbench 4.7.2 (CLC bio, Aarhus,
Denmark). Sequences of the mitochondrial genes cytochrome

oxidase subunit 1 (COI), 12S rRNA and 16S rRNA, as well as
the nuclear genes 18S rRNA and 28S rRNA, were obtained from
whole genome shotgun libraries of relevant species by BLAST
searches (Altschul et al. 1997). Corresponding sequences of 22
additional species previously studied (Oliveira et al. 2012b;
Murienne et al. 2014), including three species of Peripatidae
(outgroup) and 19 species of Peripatopsidae (ingroup), were ob-
tained from GenBank (Table 1). All sequences were aligned
using the online version of MAFFT (Katoh et al. 2005), apply-
ing the FFT-NS-i strategy. The sequences obtained for this study
were placed in GenBank under specific accession numbers
(Table 1).

The final sequence alignment combining mitochondrial and
nuclear genes was used for genetic distance, saturation and phy-
logenetic analyses. Genetic distances and saturation tests were
performed using the Bdist.dna^ function of the R package ape
(Paradis et al. 2004) and the uncorrected pairwise (p), JC69
(Jukes and Cantor 1969), K81(Kimura 1980) and TN93 models
(Tamura andNei 1993).MaximumLikelihood inferencemethod

Fig. 1 Geographical position and relative size ofOoperipatellus nickmayeri
sp. nov. Maps on the left indicate the approximate position (red dot) of the
collecting site where the new species was found in Tasmania, Australia.
Drawings on the right side represent a comparison to scale of
O. nickmayeri sp. nov. (black), reconstructed from photographs of walking

specimens, with hypothetical representatives of Ooperipatellus (grey),
reconstructed based on the largest measurements previously reported for
males and females of this group in the literature (Ruhberg 1985;
Brockmann 2007)
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was used for phylogenetic analyses. Translated amino acids of
COI sequence alignments were verified a priori using
TranslatorX (Abascal et al. 2010). The maximum likelihood
analysis was conducted using RAxML 8.2.8 PTHREADS-
SSE3 (Stamatakis 2014), selecting the substitution models
GTR + GAMMAi for nucleotides and MTART + GAMMAi
for amino acids. The latter was derived from PROTTEST3
(Abascal et al. 2005) according to the Akaike information crite-
rion (Akaike 1973). Node support was calculated using 1000
bootstrap pseudoreplicates (Felsenstein 1985).

Image processing

Light and scanning electron micrographs were processed with
Adobe (San Jose, CA, USA) Photoshop CS6. Final panels
were designed with Adobe Illustrator CS6 and exported in
the Tagged Image File Format (tiff).

Results

Peripatopsidae Bouvier, 1905.
Ooperipatellus Ruhberg, 1985.
Ooperipatellus nickmayeri sp. nov. Figures 1, 2, 3, 4, 5, 6, 7,
8, 9 and 10; Figs. S1–S3
urn:lsid:zoobank.org:act:898CC4E5-90D2-4A19-AA32-D64
A563C9AD1
Previously referred to as BOoperipatellus sp.^ (Baer et al. 2014)

Specimens. Holotype—QVM:2016:11:0001, male, prepared
for SEM, I.S. Oliveira & G. Mayer col., January 2013.
Paratypes—QVM:2016:11:0002–0004, 1 female prepared
for SEM, I.S. Oliveira & G. Mayer col., January 2013; 2
females in 70% ethanol, I.S. Oliveira & G. Mayer col.,
January 2013. Additional material analysed—6 specimens,
I.S. Oliveira & G. Mayer col., January 2013: 4 females in
70% ethanol; 1 female prepared for molecular studies; 1 male

Table 1 Molecular sequences used for phylogenetic analyses with corresponding GenBank accession numbers

Species Accession number (by gene)

COI 12S rRNA 16s rRNA 18S rRNA 28S r RNA

Peripatidae (outgroup)
Eoperipatus sp.a,c KY322403 JX568982 KY322424 KY322417 KY322410
Epiperipatus edwardsii (Blanchard, 1847)b HG531958 HG531961 HG531962 HG531959 HG531960
Mesoperipatus tholloni (Bouvier, 1898)b KC754645 KC754478 KC754528 KC754576 KC754609
Principapillatus hitoyensis Oliveira et al., 2012b KC754642 KC754476 KC754525 KC754575 KC754606

Peripatopsidae (ingroup)
Euperipatoides rowelli Reid, 1996a KY322408 KY322435 KY322429 KY322422 KY322415
Kumbadjena occidentalis (Fletcher, 1895)b KC754653 KC754484 KC754535 KC754579 KC754614
Metaperipatus inae Mayer, 2007b KC754659 KC754490 KC754541 – KC754619
Occiperipatoides gilesii (Spencer, 1909)b KC754660 KC754491 KC754542 KC754583 KC754620
Ooperipatellus cryptus Jackson & Taylor, 1994b KC754662 KC754492 KC754544 KC754584 –
Ooperipatellus decoratus (Baehr, 1977)a KY322407 KY322434 KY322428 KY322421 KY322414
Ooperipatellus insignis (Dendy, 1890)a KY322406 KY322433 KY322427 KY322420 KY322413
Ooperipatellus nanus Ruhberg, 1985b KC754665 KC754495 KC754547 – KC754623
Ooperipatellus nickmayeri sp. nov.a KY322409 KY322436 KY322430 KY322423 KY322416
Ooperipatellus sp. 1b KC754666 KC754496 KC754548 KC754586 KC754624
Ooperipatellus sp. 2b KC754667 KC754497 KC754549 – KC754625
Ooperipatellus sp. 3b KC754668 KC754498 KC754550 – KC754626
Ooperipatellus sp. 4b KC754669 KC754499 KC754551 – KC754627
Ooperipatellus sp. 5b KC754670 KC754500 KC754552 KC754587 KC754628
Ooperipatellus sp. 6a KY322404 KY322431 KY322425 KY322418 KY322411
Ooperipatellus sp. 7a KY322405 KY322432 KY322426 KY322419 KY322412
Ooperipatus birrgus Reid, 2000b KC754671 KC754501 KC754553 – –
Ooperipatus caesius Reid, 2000b KC754672 KC754502 KC754554 – –
Ooperipatus porcatus Reid, 2000b KC754673 KC754503 KC754555 – –
Peripatoides suteri (Dendy, 1894)b KC754683 KC754511 KC754564 KC754591 –
Peripatopsis capensis (Grube, 1866)b KC754685 KC754513 KC754566 – KC754630
Peripatopsis lawrencei McDonald et al., 2012b KC754687 KC754514 KC754568 KC754594 KC754632
Peripatopsis moseleyi (Wood-Mason, 1879)b KC754688 KC754515 KC754569 KC754595 KC754633
Tasmanipatus anophthalmus Ruhberg et al., 1991b KC754691 KC754517 KC754572 KC754597 KC754635
Tasmanipatus barretti Ruhberg et al., 1991b KC754692 KC754518 KC754573 KC754598 -

a Present study
b Sequences from Murienne et al. (2014)
c 12S rRNA sequence from Oliveira et al. (2012b)
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prepared for karyotype analyses.

Type locality. Australia, Tasmania, a small fragment of forest
(∼0.11 km2) on the Lyell Highway (Route A10), 42°20′36.3″S,
146°28′13.9″E, 545 m, approximately 9 km driving from
Tarraleah (to the NW) and 6.8 km from Wayatinah (to the SE).

Etymology. Ooperipatellus nickmayeri sp. nov. is named after
the senior author’s son, Nick Mayer, who is responsible for the
discovery of the new species. During a collecting trip to Tasmania
in 2013, the then 6-year-old Nick unexpectedly requested a pause
at a certain point of the Lyell Highway, during which the authors
examined the surrounding area and discovered the new species

Species diagnosis. Large body size of adults; exceeding 60 mm
in females; 30 mm in males (Fig. 1). Male genital pad swollen
posteriorly (Fig. 2a, b); integument of swollen area lacking
dermal papillae, covered with finely granulated cuticle (inset in
Fig. 2b). Male crural tubercles present on leg pairs 6–13; proxi-
mally smooth, without scales, distal tips cone-shaped with tiny
scales (Fig. 2c). Male anterior accessory gland opening basal on
the 14th leg pair; anterior accessory gland tubercle covered with
scales (Fig. 2d). Male posterior accessory gland (anal gland)
openings paired, close together, located anterior to the anus
(Fig. 2e, f). Female ovipositor densely covered with small
primary dermal papillae; ovipositor papillae distinct in size and
shape from ventral dermal papillae; genital opening longitudinal,
apical and slit-like (Fig. 3a–d). Karyotype composed of 25 pairs
of chromosomes (2n = 50, XY); heteromorphic sexual chromo-
somes present (Fig. 4). Slime protein profile (in sodium dodecyl
sulphate polyacrylamide gel electrophoresis—SDS-PAGE) com-
posed of ten bands: three bands in large (738, 401 and 352 kD),
two bands in mid-sized (95.2 and 59.3 kD) and five bands in
small protein range (17.9, 14.9, 12.7, 11.5 and 10.2 kD) (Fig. 5 in
Baer et al. 2014, p. 269). Sequences of genes COI, 12S rRNA,
16S rRNA, 18S rRNA and 28S rRNA as presented herein
(Table 1).

Description.
The following description complements the data presented in
the species diagnoses.

Measurements. Maximum body size after preservation in 70%
ethanol: length 36 mm, width 3.7 mm, height 3.5 mm.

Colour pattern. Dorsal ground colour varying from blue to pre-
dominantly orange-brown; dorsal pattern variable, evident at dif-
ferent levels (Fig. 5). Every fourth antennal ring banded as fol-
lows: from distal to proximal, 15th, 19th, 23rd and 27th rings tan
or orange; remaining rings showing body ground colour
(Fig. 6a); 11th and 31st rings may appear banded (asterisks in
Fig. 6a). Slime papillae and anal region tan/orange. Ventral in-
tegument light blue; light tan/orange dermal papillae aggregated

on legs and laterally in interpedal regions (Fig. 6b); ventral or-
gans whitish (arrows in Fig. 6b). Spinous pads (both sexes),
crural tubercles (males), genital pad (males) and ovipositor
(females) light orange or whitish.

Head. Eyes well developed; modified head papillae and/or head
organ absent (Fig. 7a); 30–32 antennal rings; additional interme-
diate rings thinner, occurring basally between main rings; one
row (rarely two rows) of sensilla on antennal rings (Fig. 7b).
Antennal sensilla of single type (Fig. 7c), larger in size proximal-
ly on ventral antennal region; chemoreceptors restricted to anten-
nal tip, roundish, surrounded by fine and pointy scales (Fig. 7d).

Dorsal integument. Dorsomedian furrow evident along
longitudinal body axis. Dermal papillae arranged into 12 com-
plete plicae per segment; accessory papillae forming, in addition,
six thinner, (usually) incomplete pseudoplicae (sensu Oliveira
et al. 2014) in interpedal regions (Fig. S1a, b). Primary and
accessory papillae varying in size, arranged into repeated patterns
along dorsal midline (Fig. S1a, b). Primary papillae composed of
six to 12 scale ranks, equipped with apical, needle-shaped
sensorial bristle (Fig. 8a); accessory papillae exhibiting four or
five scale ranks, lacking sensorial bristle (Fig. 8b).

Ventral integument. Seven dorsal plicae passing between legs to
ventral body surface (Fig. 6b). Ventral primary and accessory
papillae reduced in size. Ventral organs roundish, small, located
along ventral midline between corresponding legs; preventral
organs indistinct. Type I and II crater-shaped papillae similar in
size, located between adjacent legs (Fig. 8c); type I crater-shaped
papillae roundish, lying on plicae (Fig. 8C, D); type II crater-
shaped papillae elongated, associatedwith pseudoplicae, forming
one ventral and one ventro-lateral row of six papillae (Fig. 8c, e).

Legs. Fourteen leg pairs in males and females; last leg pair re-
duced in size, not rotated, used for walking. Three complete
spinous pads per leg; first and third pads smaller than second
(Fig. 9a); spineless integumentary fold covered with scales pres-
ent between second and third pads (green in Fig. 9a–c); fourth
fragmented pad occurring proximally on most legs (Fig. 9a, c).
Nephridial tubercles of 4th and 5th leg pairs situated in the third
pad, splitting it into two unequal parts (Fig. 9c, d). Distal foot
equipped with paired claws; three distal foot papillae: one ante-
rior, one medial and one posterior papilla (Fig. 9e); basal foot
papillae absent. Number of bristles on proximal and distal
setiform ridges variable; single median bristle occurring distally
on ventral surface of several feet (arrow in Fig. 9f).

Posterior region. Genital opening between last pair of legs;
genital opening in males cruciform, with transversal slit
longer than longitudinal one; male genital pad densely
covered with scales, showing numerous sensorial bristles
(Fig. 2a). Female genital opening located apical on
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Fig. 2 Features associated with male reproductive structures in
Ooperipatellus nickmayeri sp. nov. Scanning electron micrographs. In
all images, the anterior orientation is at the top of the figure, with
posterior at the bottom. a Genital pad in overview. The posterior border
of the genital pad appears modified into a conspicuous swollen area
(dotted lines) in males of this species. Note the characteristic genital
opening of Ooperipatellus, the cruciform opening of which divides the
genital pad completely on the transverse but not on the longitudinal axis.
b Detail of the modified area of the genital pad. Note the lack of dermal

papillae and the finely granulated cuticle (inset) in this region. c Crural
tubercle. d Anterior accessory gland opening. In this species, the crural
tubercles are subdivided into a smooth base and an apical portion covered
with scales, whereas the anterior accessory glands open on an undivided
tubercle completely covered with scales. e Posterior-most body region.
Arrows indicate the position of the paired openings of the posterior
accessory glands (anal glands). f Detail of the posterior accessory gland
openings (arrows). Abbreviations: ag tubercle of anterior accessory
gland, au anus, ct crural tubercle, go genital opening
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ovipositor; ovipositor large and conspicuous, oriented
posteriorly (Fig. 3a, d). Anus terminal in both sexes.

Molecular analyses and phylogenetic relationships. We consid-
ered the mitochondrial genes COI, 12S rRNA and 16S rRNA,
as well as the nuclear genes 18S rRNA and 28S rRNA, for
molecular studies. Preliminary analyses revealed that all se-
quences are A + T biased and mitochondrial COI sequences
are saturated at the third codon position. For phylogenetic anal-
yses, concatenated nucleotide sequences of non-protein-coding
genes (12S rRNA, 16S rRNA, 18S rRNA and 28S rRNA) were
analysed together with either all nucleotides or the first and

second codon positions or translated amino acids of COI se-
quences. The translation of the COI nucleotides into amino
acids did not reveal any stop codons; hence, the analysed se-
quences correspond to functional protein-coding sequences.
Phylogenetic analyses using maximum likelihood retrieved
congruent results for the three data sets used (Figs. 10, S2
and S3). In all analyses, Ooperipatellus appears as a monophy-
letic and well-supported taxon encompassing two distinct
subclades: one composed of Australian (mainland +
Tasmania) and the other of New Zealand representative species
(Figs. 10, S2 and S3). Within the Australian subclade,
O. nickmayeri sp. nov. clusters together with three undescribed

Fig. 3 Features associated with female reproductive structures in
Ooperipatellus nickmayeri sp. nov. Scanning electron micrographs. In
all images, the anterior orientation is at the top of the figure, with
posterior at the bottom. a Posterior-most body region bearing a conspic-
uous ovipositor, which is characteristic of Ooperipatellus. b Detail of the

ovipositor base. Note the difference in shape, size and number of dermal
papillae on the ovipositor in comparison with the ventral integument. c
Densely packed dermal papillae on the ovipositor. d Detail of the genital
opening on the apex of the ovipositor. Abbreviations: go genital opening,
ov ovipositor, vi ventral integument
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species of Ooperipatellus from Tasmania, but is separated from
them by relatively long branches.

Discussion

Representatives of Ooperipatellus are among the smallest ony-
chophorans known, with adults of most species commonly
ranging between 10 and 20 mm in length (Brockmann 2007).
However, remarkable exceptions include males of O. nanus,
which may be only 5 mm long, and females of O. insignis,
which may reach a maximum of 39 mm in length (Ruhberg
1985). Herein, we describe a peculiar new species of
Ooperipatellus from Tasmania that, at first glance, stands out
for its large body size, exceeding 30mm inmales and 60mm in
females. Despite this size discrepancy, our data show that
O. nickmayeri sp. nov. exhibits nearly all characteristic features
of Ooperipatellus, including the oviparous reproduction mode,
females with well-developed ovipositor, 14 leg pairs in both
sexes, lack of modified head papillae and/or head organ, and
male genital opening cruciform but only fully dividing the gen-
ital pad transversally (Ruhberg 1985; Reid 1996; Brockmann
2007). Unfortunately, the limited number of male specimens
available for the present study prevented us from verifying
whether or not O. nickmayeri sp. nov. also exhibits internal
diagnostic features described for Ooperipatellus, e.g., vas
deferens thick-walled and shiny, and anterior accessory glands
long and coiled around posterior accessory glands (Reid 1996).
Nevertheless, O. nickmayeri sp. nov. is clearly retrieved within
Ooperipatellus in all molecular phylogenetic analyses

preformed herein, thus supporting its assignment to this taxon
irrespective of these internal characters.

Distinguishing O. nickmayeri sp. nov. from the only eight
species formally assigned toOoperipatellus, however, is amore
difficult task, given the insufficient information available for
these taxa in the literature (Cockerell 1913; Baehr 1977;
Ruhberg 1985; Jackson and Taylor 1994; Reid 1996). Apart
from the large body size, which could clearly distinguish
O. nickmayeri sp. nov. from any Ooperipatellus species
known, we were only able to identify a few features separating
it from previously described species. For example,
O. nickmayeri sp. nov. differs from the New Zealand species
O. nanus and O. viridimaculatus, respectively, in that it bears
14 instead of 13 leg pairs and exhibits neither segmental paired
green spots on the dorsal integument nor the tan/orange proxi-
mal spinous pad contrasting with the dark blue distal pads
(Dendy 1902; Ruhberg 1985). Furthermore, it can be distin-
guished from the mainland Australian O. parvus by the pres-
ence of 12 rather than 13 segmental plicae (Reid 1996),
O. insignis by its distinct karyotype and slime protein profile
(Rowell et al. 2002; Baer et al. 2014) and O. duwilensis by the
presence of banded antennae and the different number and
morphology of male crural tubercles (Reid 1996).

On the other hand, our literature survey did not reveal any
morphological features that could unambiguously separate
O. nickmayeri sp. nov. from the remaining three
Ooperipatellus species — the Tasmanian O. decoratus,
O. cryptus andO. spenceri— given the scarcity of information
available for these taxa. A potentially distinctive feature among
these species would be their colour pattern (see Fletcher 1895;

Fig. 4 Karyotype of Ooperipatellus nickmayeri sp. nov. Light
micrograph of mitotic chromosomes stained with Giemsa and sorted
according to their size and morphology. Inset in the lower right corner

shows the original preparation. Note the high number of chromosomes
(2n = 50), including the presence of a heteromorphic pair of sex
chromosomes (XY)
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Fig. 5 Colour pattern variation in Ooperipatellus nickmayeri sp. nov.
Images of walking specimens in dorsal view (left) and detail of the
corresponding colour pattern along the dorsal midline (right). In all

images, the anterior orientation is at the left of the figure, with posterior
at the right. Specimens of different sizes (not to scale)
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Fig. 6 Head and ventral colour pattern in Ooperipatellus nickmayeri sp.
nov. Images of living specimens. In all images, the anterior orientation is
at the left of the figure, with posterior at the right. a Head colour pattern.
Note the banded antennae and the orange/tan slime papillae. Antennal
rings that normally appear orange/tan are numbered according to their

position from distal to proximal; asterisks indicate antennal rings that may
appear orange/tan in addition. b Ventral colour pattern. Note the regular
distribution of the tan papillae on the interpedal region and the bright
ventral organs (arrows). Abbreviations: an antenna, sp slime papilla
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Baehr 1977; Jackson and Taylor 1994), but since detailed
information on the intraspecific variation of this character is
only available forO. nickmayeri sp. nov., its usefulness remains
limited until these data become available from the other taxa.
However, our molecular phylogenetic analyses show that
O. nickmayeri sp. nov. is arguably distinct from O. decoratus
and O. cryptus, as the latter two species are retrieved in a sep-
arate subclade. Instead, the new species clusters, in all analyses
performed, together with three other undescribed
Ooperipatellus species from Tasmania recognized herein and
in a previous study (Murienne et al. 2014), but the relatively

long branches separating them suggest that these animals are
unlikely to be conspecific.

Finally, no molecular data are available for O. spenceri, but
recent morphological and molecular analyses revealed a strong
point endemism among onychophorans, indicating that species
of this group are commonly confined to small areas (Reid 1996;
Daniels et al. 2009, 2016; Oliveira et al. 2012a, 2015).
Considering that the type locality of O. spenceri lies over
88 km apart from that of O. nickmayeri sp. nov., this strongly
suggests that these species are unlikely to be conspecific.
Similarly, the undescribed species BOoperipatellus sp. 6^

Fig. 7 Cephalic structures in Ooperipatellus nickmayeri sp. nov.
Scanning electron micrographs. In all images, the anterior orientation is
at the top of the figure, with posterior at the bottom. a Overview of the
head. The lack of sclerotized/eversible head organs and/or modified head
papillae is a characteristic feature of Ooperipatellus. Arrow points to
remnant of ejected slime on the head of the specimen. b Detail of

proximal antennal rings. Note the single row of antennal sensilla per ring.
c Detail of an antennal
sensillum. d Detail of a
chemoreceptor of the antennal tip. Abbreviations: an antenna, as antennal
sensillum, cr
chemoreceptor, ey eye
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Fig. 8 Dermal papillae in Ooperipatellus nickmayeri sp. nov. Scanning
electron micrographs. Black circles with white centre indicate the number
of scale ranks in primary and accessory papillae. a Primary papilla
equipped with sensorial bristle. b Accessory papillae lacking sensorial
bristle. c Distribution of type I (artificially coloured blue) and type II
(artificially coloured purple) crater-shaped papillae. Ventral side

uppermost. Note that the type I crater-shaped papillae lie on true plicae,
i.e., those bearing primary papillae (arrows), whereas the type II crater-
shaped papillae are associated with pseudoplicae and form a longitudinal
row of six papillae in the interpedal regions. d Type I crater-shaped pa-
pilla. e Type II crater-shaped papilla. Abbreviations: ap accessory
papilla, pp primary papilla, sb sensorial bristle
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Fig. 9 Structures associated with the legs in Ooperipatellus nickmayeri
sp. nov. Scanning electron micrographs. In all images, the distal
orientation is at the top of the figure, with proximal at the bottom.
Spinous pads are numbered from distal to proximal and fragmented
pads are delimited by dotted lines. Spineless integumentary fold
between the second and third pads is artificially coloured green. a A leg
from the midbody. b Detail of the spineless integumentary fold. This

structure is covered with small scales. c A leg of the fifth pair bearing
the nephridial tubercle in the third pad. dDetail of the nephridial tubercle.
eDistal foot in dorsal view. Note the presence of an anterior, a median and
a distal foot papilla (arrowheads). f Distal foot in ventral view. Arrow
points to a median bristle present in some feet of the specimens analysed.
Abbreviations: cl claw, nt nephridial tubercle
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sequenced herein was collected at the Blackwood Creek, 73 km
apart from the type locality of O. nickmayeri sp. nov. and
O. cryptus only 34 km apart fromO. decoratus— these species
are clearly retrieved separately in all phylogenetic analyses per-
formed. Therefore, O. spenceri may as well be considered as a
separate species from O. nickmayeri sp. nov. but requires a
comprehensive revision in order to elucidate the morphological
and molecular aspects that distinguish this species from the
remaining species of Ooperipatellus.

As demonstrated above, the lack of comparative data blurs
the taxonomical scenario within Ooperipatellus and compli-
cates identifying informative characters among species of this
group. In the present study, we used scanning electron micros-
copy to screen specimens of O. nickmayeri sp. nov. of both
sexes and look for morphological characters that could help
identify Ooperipatellus species in the future. In addition to
those characters previously known from the literature

(Ruhberg 1985; Reid 1996; Brockmann 2007), our analyses
exposed hitherto undescribed features for Ooperipatellus.
These include a conspicuous swollen area on the posterior bor-
der of the male genital pad, the characteristics of the integument
covering this swollen area, modified dermal papillae covering
the female ovipositor, and the presence, number and position of
pseudoplicae (sensu Oliveira et al. 2014) in the dorsal integu-
ment. However, the real taxonomic relevance of these novel
characters might only be clarified in the future, when additional
information on Ooperipatellus species becomes available.
Meanwhile, we suggest that the comprehensive morphological
description provided herein should be used as a baseline for
subsequent descriptions and/or revisions of species within this
onychophoran group in order to facilitate future comparative
studies.

The discovery of pseudoplicae in the integument of
O. nickmayeri sp. nov. represents an important finding for

Fig. 10 Phylogenetic relationships among representative onychophorans,
including Ooperipatellus nickmayeri sp. nov. Maximum likelihood
topology combining the 12S rRNA, 16S rRNA, 18S rRNA and 28S rRNA
with COI nucleotide sequences excluding the third codon position. Four

species of Peripatidae were used as outgroup taxa. Bootstrap values are
provided above the branches. Asterisks indicate maximum bootstrap
support values (=100)
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evolutionary studies of Onychophora. These structures have
only recently been identified in Onychophora and, so far, were
known from a single species of Peripatidae, Plicatoperipatus
jamaicensis (Grabham & Cockerell, 1892) (see Oliveira et al.
2014). Pseudoplicae consist of transverse rows of dermal papil-
lae that, in contrast to true plicae, are situated in the furrow
rather than on the ridge of the body annuli and are equipped
solely with accessory dermal papillae, thus lacking mechanore-
ceptors such as the sensorial bristles of primary dermal papillae
(Oliveira et al. 2014). The evolutionary significance of the
pseudoplicae remains unclear, but similarities between our data
and those described for P. jamaicensis suggest that these struc-
tures might have evolved due to functional constraints of the
onychophoran integument.

It has previously been suggested that in P. jamaicensis, the
evolution of pseudoplicae could be associated with the reduc-
tion in size of dermal papillae, which created extra space be-
tween the plicae for additional papillae to arise in this species
(Oliveira et al. 2014). In O. nickmayeri sp. nov., we could not
observe any apparent reduction in size of dermal papillae but,
instead, we found that the increased body size in this species
was not followed by a proportional increase in the papillae size.
For example, this species may reach over twice the length of
O. insignis but its large dermal papillae are only 69 μm in
diameter in comparison to 50 μm in the latter species (see
Reid 1996). Therefore, it is reasonable to assume that the extra
space between the true plicae in this species was also filled with
additional papillae.

One of the most remarkable features of the onychophoran
integument is its extremely hydrophobic surface. However, ul-
trastructural studies suggested that water-repellent substances
such as wax are lacking in the cuticle of these animals (Storch
and Ruhberg 1977, 1993); hence, its hydrophobic function is
most likely attributed to the specific construction of this integ-
ument, probably associated with a complex interconnection
between microstructure, size, number and arrangement of der-
mal papillae. Therefore, we speculate that an evolutionary
change in any of these factors would necessarily be associated
with a compensatory solution in order to maintain the hydro-
phobic function of the integument. In the two above situations,
for example, both the decrease in size of the papillae and an
increase in that of the body size (without a corresponding in-
crease in the papillae size) would result in spaced plicae, be-
tween which water could accumulate if these gaps were not
filled by additional papillae. Finally, we believe that adding
primary papillae to these gaps would necessarily require further
modification of the nervous system in order to supply the addi-
tional mechanoreceptors with nerves. Therefore, filling these
gaps with accessory papillae may have been the simplest solu-
tion to keep the hydrophobic function of the integument in
some species with increased body size.

We could not find any explanation why in some onychoph-
oran species, the size of the dermal papillae has been adjusted

according to the body size, while in others, the pseudoplicae
evolved. However, the presence of pseudoplicae in both repre-
sentatives of Peripatidae and Peripatopsidae suggests that this
feature may be more common than expected and might have
evolved independently in different onychophoran lineages. It is
also possible that pseudoplicae have long been interpreted as
true plicae, which would explain the higher number of segmen-
tal plicae reported for several species, including some represen-
tatives of Ooperipatellus (see Reid 1996), as opposed to only
12 observed in the vast majority of onychophorans (including
all known species of Peripatidae). These species with a higher
number of Bplicae^ still have to be investigated in detail to
clarify this issue, but if the variation found in the literature
indeed arose from the misinterpretation of pseudoplicae, it
would support a previous assumption that the number of seg-
mental plicae in Onychophora is regulated by an underlying
segmentation mechanism (Oliveira et al. 2014). Moreover, it
would imply that 12 true segmental plicae were already present
in the last common ancestor of Onychophora, and not only of
Peripatidae as previously assumed (Oliveira et al. 2014). While
all these aspects are still tenuous speculation, the presence,
number and segmental position of pseudoplicae may, indeed,
prove to be useful taxonomic traits, as demonstrated herein, and
should be compared between different onychophoran species in
the future.

The results of our karyological and molecular investigations
also provide important insights into the diversity and evolution-
ary history of Onychophora. Karyological analyses revealed
that O. nickmayeri sp. nov. holds the highest number of chro-
mosomes (2n = 50 XY) hitherto reported for a Peripatopsidae
species. Interestingly, the previous highest number of chromo-
somes within this onychophoran subgroup (2n = 42) was also
found in representatives of Ooperipatellus from all three main
regions where this taxon occurs: mainland Australia, Tasmania
and New Zealand (Rowell et al. 2002). This not only confirms
the previous assumption of high chromosome diversity within
Onychophora (Rowell et al. 1995, 2002) and the usefulness of
this method for species identification, but also suggests that the
high number of chromosomes is possibly characteristic of
Ooperipatellus and most likely evolved prior to the geograph-
ical separation of these three regions.

The biogeographical history of Ooperipatellus has not been
sufficiently explored to date. As demonstrated herein and in
previous molecular studies (Allwood et al. 2010; Murienne
et al. 2014), Ooperipatellus is a monophyletic group and en-
compasses two distinct subclades: one containing species from
New Zealand and the other from Australia. The origin of these
New Zealand species of Ooperipatellus, in particular, has been
investigated unsuccessfully in the past, since the divergence
time estimates spanned a period that overlapped with both the
rifting of New Zealand from Australia and its subsequent puta-
tive submersion during the Oligocene (Allwood et al. 2010).
Consequently, it remained unclear from this study whether the
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New Zealand lineages of Ooperipatellus had an early vicariant
or a late dispersal origin (Allwood et al. 2010). However, a
recent investigation (Murienne et al. 2014) using additional
taxa, genes and calibration points suggested that the divergence
of the two lineages of Ooperipatellus is older than previously
assumed and most likely occurred during the Upper Cretaceous
(∼75 million years ago [mya]). This divergence time would
only be compatible with the hypothesis that New Zealand
Ooperipatellus originated through vicariance, as it is too old
for a putative post-Oligocene dispersion of these animals into
New Zealand. Moreover, this divergence time perfectly coin-
cides with the rifting period of New Zealand from Australia,
which is assumed to have begun ∼80 mya (Allwood et al.
2010).

The lack of a clear phylogenetic differentiation between
Tasmanian and mainland Australian lineages may also be ex-
plained based on the scenario above. Paleogeographical data
suggest that the Tasman Sea, which currently isolates the
New Zealand species of Ooperipatellus from the Australian
ones, fully formed ∼55 mya (Allwood et al. 2010), thus break-
ing the land connection between New Zealand and the then
joint mainland Australia/Tasmania. However, the latter two re-
gions remained connected for at least an additional period of 30
million years until a series of Cenozoic glacial events led to the
repeated opening and closing of the Bass Strait (Brockmann
2007). During this period, the land connection between main
land Australia and Tasmania was severed and established sev-
eral times, with the last opening of the Bass Strait happening
only approximately 12,000–13,500 years ago, thus finally iso-
lating these two landmasses (Baehr 1976; Brockmann 2007).
The paleogeographical evidence of a longer connection be-
tween these two areas than to New Zealand thus may explain
why Tasmanian and mainland Australian species of
Ooperipatellus are still retrieved together in a single subclade
that is separated from the New Zealand lineages in molecular
analyses. However, whether or not the New Zealand species
should be regarded as an independent taxon is a matter for
future investigations.
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