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Abstract

Artificial incubation of eggs for the mass release of hatchlings is a common conservation intervention for imperilled turtle
species. Programs designed to reinforce wild populations need to ensure that they are releasing appropriate male to female
ratios into the wild. In many turtle species, the sex of juveniles cannot be identified using external morphology until they
approach sexual maturity. For the endangered western sawshelled turtle, Myuchelys bellii, sexual dimorphism does not occur
until at least 6 years of age. We aimed to develop a molecular test to identify the sex of M. bellii during the life stages where
they cannot be sexed morphologically—embryos, hatchlings and small juveniles. We used in silico whole-genome subtrac-
tion of a female M. bellii (XX) from a male (XY) to identify a Y chromosome-specific sequence which we characterized and
developed into a PCR sex test. Our research is the first to use a whole-genome subtraction method in-silico to successfully
establish sex chromosome markers in a freshwater turtle species. Developing this technology provides an opportunity for
conservation programs to ensure that populations are supplemented with a proportionate number of male and female hatch-
lings. Further, it allows large scale measurement of naturally occurring sex ratios in hatchlings and small juveniles, which in
turn enables estimates of sex ratios within wild populations free from age-at-maturity bias. The application of sex-specific
marker technology also provides an opportunity to quantify the influence of sex on behaviour, movement and survival in the
segment of populations that cannot be morphologically sexed.
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Introduction

Sexual dimorphism is absent or delayed in the development
of many reptiles, fish, birds and frogs. The ability to distin-
guish the sexes in monomorphic species is of immeasur-
able value to understanding their ecology and behaviour.
The identification of sex-specific sequences has essential
practical value in ecological studies (Ferguson et al. 1995;
Taberlet et al. 1999), conservation of threatened or endan-
gered species (Boulanger et al. 2008; Carmichael et al. 2013;
Taberlet et al. 1999), captive breeding (Sulandart and Zein
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2012), aquaculture (Gui and Zhu 2012; Xue et al. 2020;
Zhu et al. 2021; Han et al. 2021), elimination of mortal-
ity as a possible justification for sex ratio bias (Quinn et al.
2009; Dissanayake et al. 2021a, b), identification of sex
chromosomes (Cornejo-Paramo et al. 2020) and sex foren-
sics (Andréasson and Allen 2003). Sex-specific sequences
provide an effective tool to address the ambiguity of sex in
many species and life stages by the development of robust
PCR sex tests.
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Many chelonians, including the endangered western
sawshelled turtle, Myuchelys bellii (Gray 1844), lack pro-
nounced sexual dimorphism until sexual maturity. This
medium-sized freshwater chelid is endemic to northern
New South Wales (NSW) and south-eastern Queensland
within the temperate zone of eastern Australia (Fielder et al.
2015a). Myuchelys bellii is a threatened species and a prior-
ity in conservation efforts (Tortoise and Freshwater Turtle
Specialist Group 2016) because populations are ageing with
insufficient juvenile recruitment to sustain them (Chessman
2015). Artificial, ex-situ incubation of eggs harvested from
gravid female turtles and the release of hatchlings into the
wild is a method widely implemented in an attempt to aug-
ment juvenile numbers in threatened freshwater turtle popu-
lations (Carstairs et al. 2019). Mature M. bellii are sexually
dimorphic in that males are smaller than females and have
proportionally longer tails (Fielder et al. 2015b), with the
anterior margin of the cloaca located beyond the posterior
margin of the carapace. However, below the size at which
sexual dimorphism develops, juvenile turtles cannot be
sexed using external morphology (Chessman 2015).

Myuchelys bellii has a genotypic sex-determination sys-
tem where the sex of an individual is determined by the
combination of sex chromosomes inherited from the parents
at conception. Myuchelys bellii has male heterogamety (XX/
XY sex chromosomes) typical of turtles in the family Cheli-
dae (Martinez et al. 2008). The development of a sex-spe-
cific marker for M. bellii will provide a valuable tool for the
sex identification of hatchling turtles produced for conserva-
tion interventions. A sex-specific marker would provide the
opportunity to ensure that the population is supplemented
with a proportionate number of male and female hatchlings.
A sex-specific marker would also have the potential to aid
further ecological studies of juvenile turtles below the age
at which they display sexual dimorphism.

Our study aimed to identify sex-markers on the Y chro-
mosome of M. bellii and to develop a robust PCR test that
can be used to identify sex for all life stages but in particu-
lar immature individuals. We used in silico whole-genome
subtraction to isolate sex-specific sequences unique to the
Y chromosome (Dissanayake et al. 2020) of the endangered
western sawshelled turtle and to develop a PCR sex test for
the species.

Materials and methods

Samples

We caught adult turtles in the Gwydir River (30.622°S,
151.340°E) and Macdonald River catchments (31.075°S,

151.466°E) in New South Wales, Australia (Fig. 1) using
cathedral traps (Georges et al. 2006) baited with lamb liver
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Fig.1 Myuchelys bellii sampling localities—]1. Roumalla Creek,
Uralla NSW; 2. Macdonald River, Walcha NSW from which the focal
and validation individuals in this study were sourced. Underlying
map generated using ArcGIS 10.5.1 (http://www.esri.com) and data
from the Digital Elevation Model (Geoscience Australia) made avail-
able under Creative Commons Attribution 3.0 Australia (https://creat
ivecommons.org/licenses/by/3.0/au/legalcode, last accessed 19-Jul-
20). Adult Bell’s turtle photo by Paul McDonald

or ox heart. Sex and maturity were determined by observing
tail length as is conventional for short-necked Australian
chelid turtles (Gibbons 1990; Georges et al. 2006). Straight
carapace length (SCL) and width were measured using Ver-
nier callipers (+ 1 mm). Blood samples (1 ml) were obtained
from the jugular vein of 21 male and 21 female M. bellii
using sterile syringes with 26-gauge needles. Samples were
stored in EDTA vacutainers at — 80 °C.

DNA extraction and sequencing

A focal male and a focal female of known phenotypic sex
were chosen for whole-genome sequencing. According to
the manufacturer’s instructions, DNA was extracted using
the Gentra Puregene Tissue Kit (QIAGEN, Australia). Final
DNA suspensions were assessed for purity using a Nan-
oDrop 1000 spectrophotometer (NanoDrop Technologies,
Wilmington, 19810, USA) and quantified using Qubit 2.0
fluorometer (Invitrogen, Life technologies, Sydney, NSW,
Australia). Library preparation and sequencing were com-
pleted at the Ramaciotti Centre for Genomics, University of
New South Wales, Australia, using the [llumina HiSeq™
NovaSeq 6000 platform.
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In silico whole-genome subtraction

Sequencing reads (both of the paired ends) for each of
the focal male and the focal female were decomposed
into k-mers of length 27 bp using Jellyfish 2.0 (Marcais
and Kingsford 2011). Unique k-mers were counted again
using Jellyfish 2.0; those with counts less than four were
removed as sequencing errors and remaining k-mers in
common between the male and female sets were removed
from the male set using ksubtract.cgi (supplementary
materials, Dissanayake et al. 2020). This subtracted k-mer
set was enriched for the Y chromosome sequence, albeit
mixed with polymorphic autosomal and X chromosome
sequences. The Y-enriched k-mers were reassembled into
contigs using a stringent inchworm assembler (kassemble.
cgi available from supplementary material in Dissanayake
et al. 2020).

PCR validation

Primers were designed for each of the 92 largest contigs
using Primer 3 (Untergasser et al. 2012) implemented in
Geneious version R8 (Kearse et al. 2012) for validation
against a panel of known-sex animals (20 males and 20
females). Each PCR reaction contained 1 ul H20, 5 pl of
MyTaq HS Red mix (2%, 5 ml 200 reactions), 1 ul of each
of the forward and reverse primers at 4 uM, and 2 pl of the
template DNA at approximately 25 ng/ul. The PCR cycling
conditions involved a touchdown phase in increasing speci-
ficity of annealing, with conditions as follows: denaturing at
95 °C, annealing temperature stepping down from 64.6 °C
by 0.5 °C for 10 cycles (20 s), extension at 72 °C at 60 s.
This was followed by 30 cycles at 65 °C annealing and 72 °C
extension (10 min).

PCR screening was conducted in three stages. First, the
test was applied to the two focal individuals to confirm the
successful identification of polymorphism or sex-linked
markers in the focal male (XY) and their absence in the focal
female (XX). Second, the test was applied to a panel com-
prising an additional four male and four female individuals,
to yield a set of putative sex-linked markers accompanied by
areduced set of inter-individual polymorphisms that aligned
with sex via sampling error. Finally, those presumptive
markers were further screened against a panel of 16 addi-
tional males and 16 additional females to bring the overall
validation set to 20 males and 20 females. The probability
of an autosomal or X chromosome polymorphism being uni-
formly present in the focal male and 20 additional males,
and uniformly absent in the focal female and 20 additional
females, is vanishingly small, and enough to eliminate false
positives. Thus, male-specific PCR markers that survive the
validation process are Y-specific markers.

Results
In silico whole-genome subtraction

For each sex, we generated 33 x 10?150 bp PE genomics
sequence libraries for the in-silico whole-genome subtrac-
tion pipeline which corresponded to 15.4 X read depth for the
male and 17.3 xread depth for the female. We decomposed
these reads into 1,829,456,700 and 1,814,035,674 k-mers
(k=27) for the focal male and female, respectively, the dif-
ference likely originating from differences in sequence error
rates between sequencing runs. To eliminate k-mers arising
from sequence errors, we observed the k-mer spectrum to
determine suitable thresholds and eliminated k-mers with
counts less than four for both males and females. A total
of 1,781,903,147 k-mers were common to both sexes, and
47,553,553 k-mers were unique to males. The male-specific
k-mers were reassembled to yield 78,243 contigs ranging
from 80 to 3011 bp (Fig. 2).

PCR validation

We chose the longest 92 contigs from the subtraction for
further investigation because they were sufficient to design
robust primers and result in a PCR product easily visualized
on an agarose gel. The 92 contigs ranged from 807 to 3011
bases in length (Fig. 3). As expected, all 92 contigs passed
the subtraction first step of validation, where a product of the
expected size was successfully amplified in the focal male
and did not amplify in the focal female. Only 16 survived
the second screening against the panel of four males and four
females, and only one survived when screened against the
panel of 20 male and 20 female individuals. This marker,
sequence (5'-3") forward TCCTGAGTCCTAGCATGG
GA and reverse CCACGGTGAATCAAGGTCCA was thus
validated as male-specific (Fig. 4) having proven concordant
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Fig.2 Average read and number of bp in each contig resultant from
the assembly. Red denotes primer designed contigs
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Fig.3 Contig length (bp) for the 92 subtraction contigs selected for
PCR-based screening

with phenotypic sex (present in male, absent in female) in a
total of 42 animals.

Discussion

We successfully isolated a sex marker specific to the Y chro-
mosome of M. bellii and developed a PCR sex test that can
be used to identify the sex of M. bellii individuals at any life
stage. The use of this sex-specific marker to identify the sex
of immature M. bellii is of significant value to the ecologi-
cal understanding and conservation efforts for this imper-
iled species. Our research is the first to use a whole-genome

subtraction method in-silico to successfully establish sex
chromosome markers in a freshwater turtle species.

It is essential to base conservation efforts on initiatives
that are effective, beneficial and non-destructive. This male-
specific sex marker was developed for application in a con-
servation program for M. bellii with the aim of ensuring that
the proportion of male and female hatchlings being produced
for release had an appropriate sex ratio, either 1:1 or biased
toward females, not males.

Myuchelys bellii juveniles do not exhibit sexual dimor-
phism until approximately 6 years of age (Fielder et al.
2015b). Therefore, applying this sex-specific marker facili-
tates rapid sex identification for M. bellii at any life stage,
including hatchlings and small juveniles that cannot be sexed
morphologically. In contrast to laparoscopic examination or
surgical dissection to identify gonads, the use of molecular
markers to identify sex is a minimally invasive technique
requiring the collection of a drop of blood on a Whatman
Elute FTA card (QIAGEN Australia, Melbourne) whereby
sampling can be performed in the field without the need to
transport or hold animals.

Sex-specific marker technology has the potential to
greatly assist in quantifying the influence of sex on behav-
iour, movement and survival in the portion of a population
that cannot be morphologically sexed. For instance, M. bel-
lii are a late-maturing species, with males taking almost
10 years to mature and females nearly 20 years (Fielder
et al. 2015b). A sex-specific marker will aid ecological and
demographic studies seeking to understand the conservation

20 males x 20 females panel

Fig.4 Validation of the male-specific marker in M. bellii using a panel of 20 male and 20 female confirmed phenotypic sex individuals. Male
specificity was defined as the presence of a distinct amplicon in males and the absence of amplification in females
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ecology of this species throughout the immature life stages.
The sex ratio for M. bellii in the Gwydir catchment has been
reported to differ significantly from 1:1 but the analysis was
constrained to turtles that were large enough to be morpho-
logically sexed (Chessman 2015). The use of sex-specific
molecular markers would allow large scale measurement
and verification of naturally occurring M. bellii sex ratios in
hatchlings and small juveniles and allow sex ratio estima-
tion free from age-at-maturity bias (Georges et al. 2006).
Therefore, the use of molecular markers will aid in the iden-
tification of any sex and age-specific bias in mortality rates.

Genetic sex identification will be particularly beneficial
where immature turtles are collected to establish a captive
breeding population for insurance purposes. In 2015 a novel
nidovirus decimated the Bellinger River snapping turtle (M.
georgesi) population (Zhang et al. 2018). M. georgesi is now
critically endangered with an estimate of around 150 surviv-
ing individuals (Chessman et al. 2020). This mass mortality
event disproportionately killed adult turtles and the remnant
surviving population is dominated by immature individuals
(Chessman et al. 2020). In 2015, 36 M. georgesi were taken
from the wild to establish insurance populations, more than
half of these were immature animals (Chessman et al. 2020).
Had a sex-specific molecular marker been available for M.
georgesi prior to this disease event, it would have greatly
assisted in the selection of individuals to establish the cap-
tive breeding colonies.

The number of identified male-specific markers during
the subtraction could be improved by accomodating autoso-
mal and X bourne polymorphism by using multiple individu-
als from the homogametic sex in the subtraction (e.g. if three
XX individuals and one focal XY individual are used for the
whole genome subtraction pipeline, the capture of false posi-
tives arising from non-Y-specific sequence can be reduced).
Isolated populations will typically display less variation
among individuals because of genetic drift and inbreeding.
Therefore, sequencing island populations may reduce the
non-Y-specific variation detected in the subtraction. The
success of the subtraction could also be improved through
captive breeding programs to purposely reduce the level of
autosomal variation between the two sequenced individu-
als in two ways: sequencing full siblings or inbreeding to
reduce autosomal variation for several generations and then
sequencing two highly related, inbred animals. Also, we can
reduce the number of false-positive sex-specific contigs by
increasing read depth, where some of the differences arise
from random but differential calling of SNPs (see Dissanay-
ake et al. 2020). Each of these approaches may increase the
detection rate of sex-specific regions.

In this study, we introduced a novel approach for the iso-
lation of a sex-specific region and the validation of sex-spe-
cific markers using in silico whole-genome subtraction from
a single individual from both sexes of M. bellii. By isolating

a male-specific scaffold, we obtained an accurate sex-spe-
cific molecular marker that can be directly used to identify
genotypic sex for M. bellii. We demonstrate that where sex-
specific molecular markers are successfully developed using
the relatively low-cost in-silico whole-genome subtraction
pipeline (Dissanayake et al. 2020) they can greatly assist
conservation initiatives for imperilled turtles and may read-
ily be applied to other vertebrate taxa.
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