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ABSTRACT: Sex-specific genetic markers, markers found in one sex but not the other, can be used
to recognize a species’ sex chromosome system in cases where traditional karyotyping fails. Spe-
cies with male-specific markers have an XX/XY system, while species with female-specific mark-
ers have a ZZ/ZW system. Here, we used data from restriction site-associated DNA sequencing,
or RADseq, from 2 species of combtooth blenny, Istiblennius lineatus and I. steindachneri, to iden-
tify an excess of female-specific genetic markers, which points to ZZ/ZW sex chromosomes. We
used PCR to validate the sex-specificity of one of these female-specific restriction site-associated
DNA markers in an additional Istiblennius species, I. edentulus. We observed no sex-specific PCR
amplification in 2 other Istiblennius species and 2 Blenniella species. This Istiblennius ZZ/ZW sys-
tem, when combined with cytogenetic data from the literature illustrating an XX/XY system in

Parablennius, establishes a transition between sex chromosome systems within Blenniidae.
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1. INTRODUCTION

Vertebrate sex-determining systems can broadly
be divided into environmental and genotypic sys-
tems with numerous transitions between them across
the tree of life (Bachtrog et al. 2014). There are abun-
dant transitions between sex-determining systems
not only among major vertebrate clades but also
within clades, and transitions even occur between
species within genera (Bachtrog et al. 2014). Teleost
fish are particularly diverse and exhibit repeated
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evolution of sex chromosomes, including XX/XY and
ZZ/ZW systems, environmental sex determination,
and sequential hermaphroditism (Devlin & Naga-
hama 2002). The clade Ovalentaria (>4800 species)
exemplifies this diversity and comprises some of the
most well-studied fish lineages regarding sex deter-
mination, including Cichlids (Cichlidae), medaka
(Adrianichthyidae), guppies and swordtails (Poecili-
idae), and neotropical silversides (Atherinopsidae)
(Mank et al. 2006). As well studied as these fishes
are, the sex-determining systems of most other ova-
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lentarians remain poorly known (Mank et al. 2006).
Here, we identify sex chromosomes in several
combtooth blenny species (herein referred to as
blennies) and highlight the diversity of blenny sex-
determining mechanisms.

Blennies (~404 species) are small (most <100 mm
total length), cryptobenthic fishes and are among the
most ubiquitous species in tropical marine habitats
(Fricke et al. 2019). Like many fishes, blennies pos-
sess diverse morphological and behavioral traits
associated with reproduction, including striking
sexual dimorphism. These sexually dimorphic char-
acters can be useful for identifying a blenny's pheno-
typic sex, but in some species the distinction be-
comes more complex due to alternate reproductive
strategies. Several blenny species have at least 2
behaviorally distinct male phenotypes: nesters and
sneakers. Nesters are the largest males that guard a
nest and care for eggs, while sneakers are small
males without adult male secondary sexual traits that
dash into nests guarded by larger males to release
sperm (Oliveira et al. 2001). Despite the prevalence
of phenotypic and behavioral information available
about blenny reproduction and sexual dimorphism,
relatively little is known about sex determination
and sex chromosomes. Only 1 species, the tentacled
blenny Parablennius tentacularis, has a described
sex chromosome system, XX/XY (Carbone et al.
1987). Although other blenny species have been
karyotyped, no other sex chromosomes have been
identified (Carbone et al. 1987, Caputo et al. 2001).

Restriction site-associated DNA sequencing, or
RADseq, can be used to develop sex-specific genetic
markers and identify a species’ sex chromosome
system, particularly when cytogenetically distinct
sex chromosomes are absent (Gamble 2016). This
involves generating RADseq data from multiple
males and females and identifying sex-specific re-
striction site-associated DNA (RAD) markers, that is,
RAD markers found in one sex but not the other
(Gamble & Zarkower 2014). These sex-specific RAD
markers are presumed to be on sex-limited parts of
the genome, such as the Y or W chromosomes. Spe-
cies with an excess of male-specific markers have
an XX/XY system, whereas species with an excess
of female-specific markers have a ZZ/ZW system
(Gamble et al. 2015). Here, we used RADseq data to
identify female-specific RAD markers, and thus a
ZZ7Z/ZW sex chromosome system, in 3 blenny species
(Istiblennius). These Istiblennius Z7Z/ZW systems,
when considered in light of karyotypic data from the
literature, demonstrate a transition in sex chromo-
some systems within Blenniidae.

2. MATERIALS AND METHODS

We extracted genomic DNA using the Qiagen®
DNeasy Blood and Tissue extraction kit from 7 adult
male and 6 adult female Istiblennius lineatus and 4
adult male and 4 adult female I steindachneri
(Table S1 in the Supplement at www.int-res.com/
articles/suppl/m627p195_supp.pdf). RADseq libraries
were constructed following previously published
protocols (Etter et al. 2011, Gamble et al. 2015). Li-
braries were pooled and sequenced using paired-
end 125 bp reads on an Illumina® HiSeq2500.

Raw Illumina reads were demultiplexed, trimmed,
and filtered using the process_radtags function in
Stacks (v1.48) (Catchen et al. 2011). We used RAD-
tools 1.2.4 (Baxter et al. 2011) to generate candidate
alleles for each individual and candidate loci across
all individuals using previously described parame-
ters (Gamble et al. 2015). A custom python script
was used to identify putative sex-specific markers
from the RADtools output (Gamble et al. 2015). We
examined the RADseq data using this bioinformatic
pipeline twice. First, we analyzed just 7 male and
6 female I. lineatus. Second, we analyzed all of the
I lineatus and I steindachneri samples together.
The small number of I. steindachneri samples pre-
vented us from analyzing that species on its own.
We assembled forward and reverse reads from the
confirmed sex-specific RAD markers and designed
PCR primers to validate the sex specificity of these
RAD markers using Geneious R10 (Kearse et al.
2012). We used BLAST (Altschul et al. 1990) to
identify the possible identity of the female-specific
RAD markers.

3. RESULTS

Analyses of Istiblennius lineatus RADseq data re-
covered 79692 RAD markers with 2 or fewer alleles
including 3 confirmed male-specific RAD markers
and 16 confirmed female-specific RAD markers.
Confirmed sex-specific markers are a subset of the
total number of sex-specific RAD markers that
excludes RAD markers occurring in the raw reads
files of the opposite sex, which are likely false posi-
tives. Analyses of RADseq data from 11 male and
10 female samples, combining I. lineatus and I. stein-
dachneri samples, recovered 84 333 RAD markers
with 2 or fewer alleles including zero male-specific
markers and 4 confirmed female-specific RAD mark-
ers. These 4 RAD markers were a subset of the larger
set of I. lineatus female-specific RAD markers.
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From this pool of 4 confirmed female-specific RAD
markers, we identified 2, Blenl and Blen4, which
consistently amplified in a sex-specific manner in
I lineatus samples (Fig. 1). Primer sequences (5' to 3')
were Blen1-F1 AAC ACT TGT CAG TAG AGG CAG
G and Blen1-R1 CCT TGT GTT GTT TTT CAA GCC
G (PCR fragment size = 478 bp), and Blen4-F1 CCC
GTTTTG TCT TTC GGT CAA A and Blen4-R1 ACC
TTT AGC GAG TTG TTG CTC (PCR fragment size =
544 bp). Female-specific amplification of Blen4
in 4 male and 4 female I steindachneri samples
prompted us to assess its utility in males and females
of 3 additional Istiblennius species, I. dussumieri,
I edentulus, and I. zebra, and 2 Blenniella species,
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Fig. 1. Female-specific PCR amplification of (A) restriction site-associated
DNA (RAD) marker Blen1 in 11 male and 12 female Istiblennius lineatus (sam-
ple IDs below [B]); (B) RAD marker Blen4 in 11 male and 12 female I. lineatus;
(C) RAD marker Blen4 in 4 male and 4 female I. steindachneri; and (D) RAD
marker Blen4 in 2 male and 2 female I edentulus. (E) Adult male (KAUM
16407) and (F) female (KAUM 16329) I lineatus collected in Terengganu,
Malaysia, illustrating sexual dimorphism. Photos by Hiroyuki Motomura.
KAUM: Kagoshima University Museum. Scale bars = 1 cm. Gel lanes labelled
CON. are negative controls for each set of PCR reactions
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Blenniella leopardus and B. bilitonensis (Table S1 in
the Supplement). We observed no sex-specific ampli-
fication in any of these species (results not shown)
except for I. edentulus, which produced 2 bands in
female samples and a single band in male samples,
consistent with a ZZ/ZW sex chromosome system.
The top band that amplifies in both sexes corre-
sponds to a Z allele, while the lower, female-specific
band corresponds to the W allele (Fig. 1D). Blenl
primers did not amplify in a sex-specific manner in
other species.

BLAST of the female-specific RAD markers against
teleosts in the RefSeq genome database resulted in
multiple hits for 3 markers, including Blenl and

Blen4, and no hits in the remaining
marker. These multiple BLAST hits,
including many matches within a
single genome, are a signature of re-
petitive elements, which are highly
enriched on the sex-limited sex chro-
mosomes, the Y and W (Charlesworth
et al. 1994). Indeed, further examina-
§ tion of these sequences using Repeat-
Masker (Smit et al. 2014) found either
LINE elements or simple repeats in all
4 female-specific RAD markers.
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4. DISCUSSION

An excess of female-specific RAD
markers and PCR amplification of a
subset of these markers only in fema-
les indicate a ZZ/ZW sex chromosome
system. Female-specific amplification
of the Blen4 marker in 3 species, the
sister species Istiblennius lineatus and
I steindachneri along with I. eden-
tulus, is evidence of a shared sex
chromosome system (Fig. 1). Lack of
sex-specific amplification does not
automatically mean that I. dussumieri
or I. zebra lacks the ZZ/ZW sex chro-
mosome system found in its congeners
but rather that there is simply a failure
to PCR amplify that marker. The sex-
limited sex chromosomes, the W and
Y chromosomes, are evolutionarily
dynamic, and thus PCR of Y- and W-
specific markers may not work, even
among closely related species (Gam-
ble & Zarkower 2014). Given that
I dussumieri is nested within the
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clade of ZZ/ZW Istiblennius species (Fig. 2) (Hundt et
al. 2014), it is likely that I. dussumieri shares the same
sex chromosome system as its congeners (although
we cannot confirm this with our data). Alternately, I
dussumieri could represent a transition away from
the shared ZZ/ZW system of the other Istiblennius
species, which would not be unusual given the
dynamic sex chromosome transitions seen in related
Ovalentarians (Fig. 2A) (Devlin & Nagahama 2002,
Mank et al. 2006). The phylogenetic position of I
zebra is currently unknown, but the argument above
for I. dussumieri is relevant here too. Similarly, fail-
ure to amplify the sex-specific RAD marker in the 2
Blenniella species should be interpreted cautiously,
and further research is needed to identify sex chro-
mosomes in these species.

ZZ/ZW sex chromosomes in Istiblennius, along
with the XX/XY sex chromosomes in Parablennius
tentacularis (Carbone et al. 1987, Caputo et al. 2001),
indicate at least 1 transition between sex chromo-
some systems in blennies (Fig. 2B). Using RADseq to
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identify sex chromosomes in additional blenny spe-
cies would help identify the precise number of transi-
tions and where the phylogeny transitions have
occurred. Furthermore, a robust phylogenetic hypo-
thesis of sex chromosome evolution for blennies
would allow for in-depth investigation of how sex
chromosomes may influence the evolution of the
diverse sexually dimorphic traits and alternative
reproductive strategies in the clade.

Due to their abundance and limited home ranges,
blennies and other coastal benthic fishes have been
recommended as ideal sentinel species for monitor-
ing endocrine-disrupting pollutants and other con-
taminants in coastal marine environments (Lima
et al. 2008, Barhoumi et al. 2012). Although many
blenny species have been proposed to be included in
monitoring programs, no PCR-based assay exists to
identify genotypic sex in any blenny species. Non-
invasive methods for determining phenotypic sex
exist for some blennies, e.g. papilla morphology or
ano-genital distance (Ferreira et al. 2010). However,
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Fig. 2. (A) Phylogenetic position of combtooth blennies (Blenniidae [in gray box]) within clade Ovalentaria. Sex chromosome

data from Devlin & Nagahama (2002), Takehana et al. (2007), Schultheis et al. (2009), Dor et al. (2016), and this study. Phy-

logeny follows Betancur-R et al. (2013), except for placement of Nothobranchiidae (dashed branch, which was not included in

Betancur-R et al. 2013), based on phylogeny from Pohl et al. (2015). (B) Relationships among blenny genera with additional

resolution within Istiblennius, following Hundt & Simons (2018). Circles at tips indicate sex chromosome system within each

clade: XX/XY (blue), ZZ/ZW (orange), both XX/XY and ZZ/ZW (black), and unknown (white). Relative branch lengths
between the 2 trees are independent
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these traits become subjective outside of breeding
season and, of course, may not be concordant with
genotypic sex when endocrine-disrupting chemicals
are present. Thus, sex-specific genetic markers that
can identify genotypic sex are an important tool in
any biomonitoring program. The Blen4 PCR primers
described here can identify genotypic sex in at least
3 Istiblennius species and may be useful for investi-
gating the impact of endocrine-disrupting chemicals
in tropical marine environments. These Istiblennius
species are among the most common and abundant
fishes in nearshore rocky habitats in the Indo-Pacific
and may serve as sentinels for detection of chemical
pollutants throughout their large distributions. De-
veloping PCR-based assays for genotypic sex in addi-
tional blenny species would both facilitate their use
in biomonitoring and enhance our understanding of
blenny sex chromosome evolution.

Data archive. NCBI BioProject: PRINA553554; NCBI SRA
accessions: SAMN12238311 to SAMN12238331.
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Table S1. Blenny tissue samples used in this study. Istiblennius lineatus and
Istiblennius steindachneri samples are in the same order as the gel in Figure 1A, B,
and C (left to right). Samples with an asterisk (*) were used for PCR only. JFBM =
James Ford Bell Museum of Natural History, University of Minnesota.

Specimen JFBM

Species LD. Catalog # Sex Locality
Istiblennius lineatus 1398 46776 M Japan
Istiblennius lineatus 1902 47846 M Taiwan
Istiblennius lineatus 1833 47813 M Taiwan
Istiblennius lineatus 1397 46776 M Japan
Istiblennius lineatus 1399 46776 M Japan
Istiblennius lineatus 712 47971 M Taiwan
Istiblennius lineatus 713 47971 M Taiwan
Istiblennius lineatus* 2166 48763 M Taiwan
Istiblennius lineatus* 2167 48763 M Taiwan
Istiblennius lineatus* 2172 48763 M Taiwan
Istiblennius lineatus* 2174 48763 M Taiwan
Istiblennius lineatus 1834 47813 F Taiwan
Istiblennius lineatus 1837 47813 F Taiwan
Istiblennius lineatus 1838 47813 F Taiwan
Istiblennius lineatus 1835 47813 F Taiwan
Istiblennius lineatus 1836 47813 F Taiwan
Istiblennius lineatus 714 47971 F Taiwan
Istiblennius lineatus* 1784 49410 F Taiwan
Istiblennius lineatus* 2168 48763 F Taiwan
Istiblennius lineatus* 2169 48763 F Taiwan
Istiblennius lineatus* 2170 48763 F Taiwan
Istiblennius lineatus* 2171 48763 F Taiwan
Istiblennius lineatus* 2173 48763 F Taiwan
Istiblennius steindachneri 1756 47720 M Seychelles
Istiblennius steindachneri 1632 47690 M Seychelles
Istiblennius steindachneri 1753 47720 M Seychelles




Specimen JFBM

Species LD, Catalog # Sex Locality
Istiblennius steindachneri 1755 47720 M Seychelles
Istiblennius steindachneri 1751 47720 F Seychelles
Istiblennius steindachneri 1631 47690 F Seychelles
Istiblennius steindachneri 1752 47720 F Seychelles
Istiblennius steindachneri 1754 47720 F Seychelles
Istiblennius edentulus” 1728 47712 F Seychelles
Istiblennius edentulus” 1729 47712 F Seychelles
Istiblennius edentulus” 1775 47794 M Taiwan
Istiblennius edentulus” 1776 47794 M Taiwan
Istiblennius dussumieri” 1975 48489 M Thailand
Istiblennius dussumieri" 1976 48489 M Thailand
Istiblennius dussumieri” 2046 48502 F Thailand
Istiblennius dussumieri” 2047 48502 F Thailand
Istiblennius zebra” 1534 48616 M Hawaii
Istiblennius zebra” 1537 48616 M Hawaii
Istiblennius zebra” 1533 48616 F Hawaii
Istiblennius zebra” 1539 48616 F Hawaii
Blenniella bilitonensis™ 1387 46775 M Japan
Blenniella bilitonensis™ 1390 46775 M Japan
Blenniella bilitonensis™ 1389 46775 F Japan
Blenniella bilitonensis™ 1391 46775 F Japan
Blenniella leopardus” 2045 48506 F Thailand
Blenniella leopardus” 2069 48511 M Thailand
Blenniella leopardus” 2070 48511 M Thailand
Blenniella leopardus” 2071 48511 F Thailand




