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The short-beaked echidna (Tachyglossus aculeatus) is one 
of five extant species of monotremes, a unique group of 
egg-laying mammals. Although the short-beaked echidna 
is very common and found throughout Australia and Papua 
New Guinea, the four remaining species of monotremes, the 
platypus (Ornithornchynus anatinus, found only in eastern 
Australia) and the three species of long-beaked echidna 
(Zaglossus bartoni, Zaglossus attenboroughi and Zaglossus 
bruijnii, found only in Papua and New Guinea) are all either 
vulnerable or critically endangered. Very little is under-
stood about monotreme reproductive physiology and only 
recently was the short-beaked echidna reliably bred in cap-
tivity (Wallage et al. 2015). The long-beaked echidna spe-
cies have yet to be successfully bred in captivity. Echidnas 
have no readily apparent sexual dimorphisms (Rismiller and 
McKelvey 2000). They possess no external sexual organs, 
and the few sex-specific characters, such as the female 
pouch or male spurs, are transient or unreliable (Rismiller 
and McKelvey 2003; Johnston et al. 2006a). Other meth-
ods of sexing, such as ultrasound, require anesthesia, are 
time-consuming and are stressful for the animals. Further-
more, these features cannot be used to sex juvenile animals 
or embryonic material (Johnston et al. 2006a). Accurate 
and easy sexing methods are also necessary for ecological 
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Abstract
Monotremes (echidnas and platypus) possess five X and four or five Y sex chromosomes, respectively, that evolved 
independently from the sex chromosomes found in therian mammals. While the platypus has obvious venomous spurs in 
the male, the short-beaked echidna (Tachyglossus aculeatus) lacks easily identifiable sexually dimorphic characteristics, 
making it difficult to sex adults out of the breeding season and almost impossible to sex juveniles or embryonic material. 
Here, we used restriction-site associated DNA sequencing (RADseq) to identify novel sex-specific markers in the short-
beaked echidna. We identified and validated a subset of male-specific markers that can be used as a non-invasive genetic 
sex test for the short-beaked echidna. We also assessed how laboratory conditions, including DNA extraction protocol and 
number of PCR cycles, can influence the outcome of genetic sex tests. The combined use of these markers will provide 
a valuable toolkit for researchers, conservationists, and zoo-keepers to reliably and non-invasively determine sex in the 
short-beaked echidna.
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well-known technical problems affect PCR amplification 
success and are subsequently misconstrued as evidence 
for one sex or the other (Robertson and Gemmell 2006). 
Here, we developed additional sex-specific markers using 
RADSeq that can now be used for reliable, non-invasive 
genetic sex testing of the short-beaked echidna, allowing 
for increased confidence in the sexing of this remarkable 
species.

Materials and methods

Animals

Adult male and female echidna tissues (muscle, liver, spleen 
and kidney, n = 10 individuals) were collected opportunis-
tically from injured animals brought into the Currumbin 
Wildlife Hospital (SE Queensland) that required euthanasia 
for animal welfare reasons; no echidnas were killed for this 
research. Additional captive animals of known sex used for 
blood collection (n = 10) were housed and managed at Cur-
rumbin Wildlife Sanctuary (CWS; 28.1356° S, 153.4886° 
E) in Queensland, Australia. Animals were maintained on 
a beef mince–based diet (Wallage et al. 2015). Six female 
and four male sexually mature and healthy captive echidnas 
(average weight 5 kg) were used for blood collection. While 
the echidna was under isoflurane anesthesia, a blood sample 
(approximately 1 mL) was recovered from the rostral sinus 
(Johnston et al. 2006b) using a 25G butterfly needle and 3 
mL syringe and stored in Queen’s lysis buffer (Seutin et al. 
1991).The University of Queensland Animal Experimenta-
tion Ethics Committees approved all sampling for echid-
nas, in accordance with the National Health and Medical 
Research Council of Australia Guidelines (2013).

Genomic DNA extraction and RADseq protocol

We extracted DNA for the RADseq from blood or tissue 
using the QIAGEN DNeasy Blood and Tissue Kit. We gen-
erated single-digest RADseq libraries using a modified pro-
tocol from Etter et al. (2012) as described in Gamble et al. 
(2015). Briefly, we digested genomic DNA using a high-
fidelity Sbf1 restriction enzyme (New England Biolabs), 
and ligated individually barcoded P1 adapters to each sam-
ple. We pooled samples into multiple libraries, sonicated, 
and size selected for 200–500 bp fragments using magnetic 
beads in a PEG/NaCl buffer (Rohland and Reich 2012). We 
then blunt-end repaired, dA-tailed, and ligated pooled librar-
ies with a P2 adapter containing unique Illumina barcodes. 
Pooled libraries were amplified using NEBNext Ultra II 
Q5 polymerase (New England Biolabs) for 16 cycles and 
size selected a second time for 250–650 bp fragments that 

studies looking to assess wild populations and for conserva-
tion efforts (Robertson and Gemmell, 2006). Therefore, a 
simple, non-invasive method to identify sex in echidnas is 
needed.

Monotreme sex chromosomes are not homologous to the 
XX/XY sex chromosomes of therian (placental and mar-
supial) mammals (Wallis et al. 2007; Cortez et al. 2014). 
Instead, echidnas and platypuses independently evolved 
a sex chromosome system composed of multiple X and Y 
chromosomes: five X and Y chromosomes in platypuses and 
five X and four Y chromosomes in echidnas (Bick et al. 1973; 
Wrigley and Graves 1988; Rens et al. 2004, 2007; Grützner 
et al. 2004). The monotreme sex chromosomes share genes 
with the bird Z and mammal X chromosomes (Grützner 
et al. 2004; Rens et al. 2007; Veyrunes et al. 2008). The 
monotreme chromosomes form a multivalent meiotic chain 
in males connected by homologous regions in adjacent X 
and Y chromosomes (pseudoautosomal regions, Rens et al. 
2004, 2007; Zhou et al. 2021). The sex chromosomes then 
segregate into haploid germ cells with all X or all Y chromo-
somes. In females, the X chromosomes simply organize into 
pairs. The identity of the monotreme sex-determining gene 
is unknown but the sex chromosomes include known sex-
determining genes such as Doublesex and mab-3 related 
transcription factor 1 (DMRT1), the sex-determining gene 
for birds (Smith et al. 2009), African clawed frogs (Xenopus 
laevis, Yoshimoto et al. 2008), and medaka (Oryzias latipes, 
Matsuda et al. 2002; Nanda et al. 2002), as well as anti-
Müllerian hormone gene (AMH), the sex-determining gene 
in a number of fish species (Hattori et al. 2012; Yamamoto 
et al. 2014; Li et al. 2015; Bej et al. 2017).

Advances in sequencing technology have allowed scien-
tists to identify sex-specific genetic markers and sex chro-
mosomes in a wide variety of taxa (Gamble and Zarkower 
2014; Gamble 2016), including those with homomorphic sex 
chromosomes (Fowler and Buonaccorsi 2016; Gamble et al. 
2015; Jeffries et al. 2018; Pan et al. 2016). PCR validation 
of these sex-specific markers can be used to sex individuals 
of unknown sex and only require enough tissue necessary 
for DNA extraction. These sex-specific PCR primers can be 
designed from Y-specific regions in XX/XY species, such 
that they amplify in males but not in females. The oppo-
site is true for ZZ/ZW sex chromosomes, where W-specific 
markers will amplify in females but not in males. The first 
genetic sex test using hair with intact follicles of the short-
beaked echidna was recently developed (Perry et al. 2019) 
with markers for CRSPY, a Y-specific gene on platypus Y5 
(Tsend-Ayush et al. 2012), and AMHX and AMHY, game-
tologues of AMH which are found on platypus X5 and Y1, 
respectively (Cortez et al. 2014; Zhou et al. 2021). How-
ever genetic sex tests using just one marker are susceptible 
to uncertainty regarding their accuracy, particularly when 
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in females, and the X-linked gametologue to CRSPX, which 
should produce bands in both males and females.

The first validation (US lab) used seven males and six 
females for validation, some of which were included in the 
RADseq dataset. The second validation (AUS lab) used 
three males and three females which were not included in 
the original RADseq dataset. Genomic DNA from the AUS 
animals was extracted using the Promega Wizard Genomic 
DNA Purification kit. PCR reactions in both labs were con-
ducted with 6.5uL of Promega GoTaq Green Master Mix, 
3.5uL of water, and 0.75uL of the forward and reverse 
primer using an Applied Biosystems Veriti 96-Well Ther-
mal Cycler. All US lab PCR reactions were amplified with 
an initial denaturation at 94 °C for 5 min, followed by 32 
cycles of denaturation at 94 °C for 30 s, annealing at 54 °C 
for 45 s, and extension at 72 °C for 1 min, and finished with 
a final extension at 72 °C for five minutes. PCR conditions 
in the AUS lab were as described above except for optimi-
zation of annealing temperature to either 56 or 62 °C. The 
marker AMH was run a second time following the proto-
cols of Perry et al. (2019) with an initial denaturation of 
96 °C for 3 min., 40 cycles of denaturation at 96 °C for 30s, 
annealing at 58 °C for 1 min., and extension at 72 °C for 
2 min., followed by a final extension at 72 °C for 7 min. We 
used the marker CRSPX as a positive control following the 
protocols of Perry et al. (2019). Following PCR, amplicons 
were visualized on a 1% agarose gel.

Identification of the chromosomal location of the 
RADseq markers

To determine the chromosomal location of the “confirmed” 
reads from the sex-specific RAD markers, we used BLAST 
(Altschul et al. 1990) to query the markers against the cur-
rent versions of the echidna and platypus genomes (Zhou et 
al. 2021) using an e-value of 1e-50 and word_size 28 to fil-
ter the results to the best hits. For the few sequences which 
returned no hits, BLAST searches were repeated with no 
limitations to confirm their absence.

Results

We extracted DNA from the blood and tissue samples and 
generated RADSeq libraries. From these, we identified 
112,773 RAD markers with two or fewer alleles. We then 
identified 401 male-specific markers and 3 female-specific 
markers. After checking the female-specific markers against 
the original male reads, we retained 385 “confirmed” male-
specific markers and no female-specific markers.

We designed PCR primers and tested 18 of the male-
specific RAD markers. Seven amplified in a sex-specific 

now contained both Illumina adapters and unique barcodes. 
Libraries were sequenced using paired-end 150 bp reads on 
an Illumina HiSeq X at Psomagen, Inc (Rockville, MD).

We analyzed the RADseq data from three males and seven 
females using a previously described method (Gamble et al. 
2015). Raw Illumina reads were demultiplexed, trimmed, 
and filtered using the process_radtags function in STACKS 
(1.41, Catchen et al. 2011). We used RADtools (1.2.4, Bax-
ter et al. 2011) to generate RADtags for each individual 
and identified candidate loci and alleles from the forward 
reads. We then used a custom python script (Gamble et al. 
2015; Nielsen et al. 2019) to identify putative sex-specific 
markers from the RADtools output, i.e. markers found in 
one sex but not the other. The script also generated a list of 
“confirmed” sex-specific RAD markers that excluded any 
sex-specific markers found in the original read files of the 
opposite sex. Finally, we used Geneious (R11, Kearse et al. 
2012) to assemble the forward and reverse reads of “con-
firmed” sex-specific RAD markers. These loci should cor-
respond to the Y chromosomes, which are present in males 
but not in females.

Validating sex-specific markers

We PCR validated a subset of the male-specific RAD mark-
ers and visualized the results with gel electrophoresis. 
Male-specific PCR primers were designed using Primer3 
(Untergasser et al. 2012), implemented in Geneious (R11, 
Kearse et al. 2012). Primers were tested twice in two labo-
ratories - one in North America (US) and one in Australia 
(AUS) - with different samples to test their robustness to 
laboratory conditions and the consistency of the methods. 
Additionally, we also tested two markers from Perry et al. 
(2019), AMH, which amplifies both the X and Y gameto-
logues and should produce two bands in males and one band 

Table 1 Newly designed PCR primers used to validate sex-specific 
RADseq markers
Primer Name Sequence (5’ to 3’)
Ta74_335-F ACCAATTAGTCGGTGTTGGGT
Ta74_335-R AGCATTGGGGTGGTTACAAGT
Ta129_196-F AGACAAGGTCTCTTCCCCTCA
Ta129_196-R TGCAGCATTCTAAGCAAAGGG
Ta65_317-F TTCCAAGCCTGACTTCTAGCG
Ta65_317-R TGACTCCTGCAGGAAACCAAG
Ta112_176-F ACAAGTAAGCAAATACTGGGGC
Ta112_176-R GGTACGTGGTTGTAGCTAGGG
Ta243-F GCTGCATGGCTCCAAACTTAC
Ta243-R TGACTGAACTGAGGCCCAATC
Ta116-F CTCAGCCTCCCAATTCTCCTG
Ta116-R CTGCCATCCCTCTCCTTTCTG
Ta61_332-F GGGGGTTTCACTGTTATCACTCT
Ta61_332-R AGTGCCTGACATATAGTAAGTGT
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a single strong band in males and no bands in females 
(Fig. 1). Most of these markers also amplified in a male-
specific pattern in our second independent validation (AUS 
lab, Fig. 1), except one marker (Ta61_332), that produced 
bands in females, although these were marginally fainter 
than those in males. Two additional markers (Ta243 and 
Ta65-317) also produced faint bands in females in the AUS 
lab validation, although they were substantially lighter than 
the male-specific bands and it was easy to distinguish male 
and female samples. CRSPX, the sex-specific marker pre-
viously identified from Perry et al. (2019) amplified in all 
samples (Supplemental Fig. 1).

We ran the marker AMH from Perry et al. (2019) with 
two PCR schemes, one from the original protocol with 40 
cycles and one that matched the protocol used for the rest 
of the markers with 32 cycles. Perry et al. (2019) found that 
AMH produced two bands in males, representing the X and 
Y gametologues AMHX and AMHY, while females only 
produced a single AMHX band. In the US lab, we found 
that most samples matched this pattern when amplified for 
40 cycles, but some males lacked the shorter AMHX band 
(Fig. 1). Additionally, some females had a very faint band 
that appeared to correspond to the Y-linked AMHY marker, 
while other females failed to display any bands. We per-
formed PCR on the gene 16 S as an additional positive con-
trol for all samples and ran the product on an agarose gel 
to confirm the samples amplified properly and the lack of 
X-linked bands in females was not due to low-quality DNA. 
All samples produced a strong band except for one female 
sample, which produced a much fainter band (Supplemental 
Fig. 1). This female was one of two female samples which 
did not produce an AMHX band. The second female without 
an AMHX band did have a strong 16 S positive control band, 
indicating that DNA quality alone does not account for lack 
of this X-linked amplicon. When we ran the AMH PCR for 
32 cycles instead of 40 cycles, the males only produced 
AMHY bands and the females did not produce any bands in 
the US lab (Supplemental Fig. 1). In the second validation 
(AUS lab) when we ran AMH PCR for 40 cycles, males had 
a strong AMHY band and faint AMHX band whereas females 
had faint AMHY and AMHX bands (Fig. 1). When we ran 
AMH for 32 cycles in the AUS validation, males still had a 
strong AMHY and faint AMHX band, but females only had a 
faint AMHX band (Supplemental Fig. 1).

We used BLAST to identify the chromosomal location of 
the echidna sex-linked markers. Of the original 385 RAD-
seq markers, 216 had clear hits to the Y chromosomes, 75 
matched to the X chromosomes, 35 matched to autosomes, 
2 aligned to unknown chromosome scaffolds, 51 aligned to 
2 or more locations and there were no hits for the last 6 
markers (Table 2). Most of the 7 markers tested in PCR had 
BLAST hits with the Y chromosomes with only 1 marker 

manner in our first validation (US lab, Table 1), producing 

Table 2 Results of BLAST query of male-specific RAD markers 
against the echidna and platypus genomes

Number of RAD 
markers

BLAST Hit Location echidna platypus
Chromosome X1 23 49
Chromosome X2 47 65
Chromosome X3 3 32
Chromosome X4 1 1
Chromosome X5 1 28
Chromosome Y1 7 0
Chromosome Y2 147 22
Chromosome Y3 39 0
Chromosome Y4 23 4
Chromosome Y5 N/A 8
autosomes 35 124
Unplaced scaffolds 2 7
No hit 6 35
Multiple hits to same location 14 1
Multiple hits to different locations 37 9
Total 385 385

Fig. 1 PCR validation of male-specific amplification of sex-
linked markers in Tachyglossus aculeatus. Markers were 
validated twice in two locations, North America (left, US 
Lab) and Australia (right, AUS lab) using seven males/
females and three males/females, respectively. All PCR was 
run for 32 cycles with annealing temperature optimized at 
54–62 °C except for AMH which was run with the protocol 
from Perry et al. (2019) amplifying for 40 cycles with an 
annealing temperature of 58°
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depended on the PCR conditions and lab under which it was 
run. While the conclusions do not change — males were 
easily identifiable in all reactions — the discrepancy does 
raise concerns regarding the difficulties that can occur with 
genetic sex tests.

A number of reasons, both biological and methodologi-
cal, can explain the variation of gene amplification among 
samples. Cryptic genetic diversity within a species could 
render a pair of primers ineffective in one population while 
it works in another. The sex-limited chromosomes (Y and W 
chromosome) experience a higher evolutionary rate than the 
autosomes, the X chromosome, and the Z chromosome due 
to a lack of recombination and smaller effective population 
size that allows deleterious or nonsynonymous mutations to 
accumulate (Berlin and Ellegren 2006; Ellegren 2011); this 
may lead to sex-specific markers unique to a single popula-
tion within a species (Nielsen et al. 2020). Such population 
structure could affect identification of sex-specific markers 
in two ways. If overly divergent samples are used in the 
RADseq pipeline, the number of identified sex-specific 
markers will be small as they must be shared across the 
population (Keating et al. 2020). However, these methods 
are typically robust to highly divergent samples (Hundt et 
al. 2019; Nielsen et al. 2020). Alternatively, if the samples 
used in the pipeline do not reflect the greater genetic diver-
sity of a species, then markers may be sex-specific in one 
population and not in another due to population structure. 
For example, sex-specific primers designed for the devel-
opmental lizard model Anolis sagrei (Gamble et al. 2014) 
often fail to successfully identify sex in individuals from 
across its geographical range (Menke, pers. comm.), likely 
due to a high level of population structure (Reynolds et al. 
2020). Similarly, certain populations of Chinook salmon 
(Oncorhynchus tshawytscha) display variation in the pres-
ence of Y-linked molecular markers, with some males 
lacking the markers while some females have the markers 
(Devlin et al. 2005). The majority of the echidnas used in 
this study originated from Queensland, Australia. However, 
short-beaked echidnas are widespread across all of Australia 
as well as some regions of Papua New Guinea. It has been 
suggested that there may be up to five subspecies of short-
beaked echidna separated by geographical area, but this 
is yet to be confirmed (Griffiths 1978; Augee et al. 2006). 
Other evidence from mitochondrial phylogeographic analy-
ses suggest there are three lineages instead, found in Papua 
New Guinea, Western Australia, and the rest of Australia, 
but this result was limited by the number of samples from 
Central Australia (Summerell et al. 2019). The short-beaked 
echidnas used in the Perry et al. (2019) study were all born in 
captivity in Perth Zoo, Western Australia, but their parental 
origins are unknown. Therefore, it is possible the variation 
we observed in the AMH amplification patterns could be due 

that aligned to the X2 chromosome (Ta65_317). This 
marker produced fainter gel bands for the female samples in 
one PCR validation (AUS lab) but not in the other (US lab). 
We also used BLAST to identify the chromosomal location 
of the echidna sex-linked markers in the platypus genome. 
Of the original 385 RADseq markers, 34 had clear hits to 
the platypus Y chromosomes, 175 matched to the platy-
pus X chromosomes, 124 aligned to platypus autosomes, 7 
aligned to unknown chromosome scaffolds, 10 aligned to 
2 or more locations and there were no hits for the last 35 
markers (Table 2). When compared to the echidna, 26 of 
the 34 hits to the platypus Y chromosomes agreed with the 
markers identified in the echidna, including marker Ta243 
tested with PCR on the echidna in this study.

Discussion

Conservation efforts are highly dependent on accurate sex-
ing of the species of interest, both to examine the population 
dynamics of wild animals and to ensure success of captive 
breeding programs. When a species lacks easily identifiable 
sexual dimorphisms, genetic sex tests can be used instead 
(Taberlet et al. 1993; Ellergren 1996; Griffiths et al. 1998; 
Robertson et al. 2006). This requires identification of a sex-
specific DNA marker, typically one from the Y or W sex 
chromosomes depending on the species. Genetic sex tests 
can also be non-invasive as the required DNA material 
can be extracted from scat, hair or quill samples (Perry et 
al. 2019, Summerell et al. 2019, Robertson and Gemmell 
2006). Here, we identified several novel genetic markers for 
sexing short-beaked echidnas using RADSeq data. These, in 
conjunction with previously identified markers (Perry et al. 
2019), provide biologists and conservationists an invaluable 
toolkit to quickly and easily identify sex in the short-beaked 
echidna, a task that previously required anesthesia and ultra-
sound examination by an experienced technician and which 
could only be used in sexually mature animals (Jackson 
2007; Wallage et al. 2015). The genetic sex tests provided 
here are a viable option for both sexing juvenile animals, 
which cannot be sexed with ultrasound, and for sexing 
embryological material used for developmental studies. In 
addition, the markers identified here enhance the likelihood 
of being able to determine sex correctly from non-invasive 
samples that frequently yield only low-quality DNA.

This study identified seven novel sex-determining mark-
ers, of which four were confirmed to consistently amplify in 
a sex-specific manner regardless of DNA extraction method 
or thermocycler. Three of the novel markers produced 
ambiguous results based on the independent validations 
wherein females produced a fainter PCR band. The accu-
racy of one previously identified sex-linked marker, AMH, 
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which had BLAST hits to both the Y chromosome and the X 
chromosome. Additionally, despite the fact that the echidna 
lineage diverged from the platypus 55 million years ago 
(Zhou et al. 2021), this study identified 26 markers that had 
sex-specific hits to both the echidna and platypus Y chromo-
somes. If enough sequence similarity exists that the echidna 
male-specific markers can amplify Y-linked sequences in 
the platypus, these markers might be sufficient to iden-
tify sex in the platypus. Sex-specific markers designed in 
one species can sometimes work in a close relative if they 
share a homologous sex chromosome system (Keating et al. 
2020). In addition, these 26 markers would be good can-
didates to test in the three vulnerable/critically endangered 
long-beaked echidna species.

Here, we identified and validated several new sex-spe-
cific genetic markers that can be used to identify sex in the 
short-beaked echidna (Table 1). These, alongside the mark-
ers of Perry et al. (2019), provide a toolkit for researchers, 
conservationists, and zoo-keepers interested in non-invasive 
sexing of the shorted-beaked echidna. These resources are 
also important for establishing the short-beaked echidna as 
a monotreme developmental model, as sexing embryologi-
cal material is a vital step in understanding developmental 
processes. We recommend that researchers use a combina-
tion of the markers presented here and the markers of Perry 
et al. (2019) in order to confidently and accurately sex the 
short-beaked echidna. Future work will be needed to assess 
the efficiency of the sex-specific markers to work across 
the range of short-beaked echidna populations. In addi-
tion, application to the vulnerable and critically endangered 
New Guinea echidnas would significantly aid in conserva-
tion efforts and in establishing a breeding colony for these 
rare monotremes. Our results further highlight the utility of 
RADseq as a means to generate sex-specific markers and 
genetic sex tests in species that lack sexual dimorphism at 
some or all stages of their life history.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s12686-
022-01258-3.

Acknowledgements This project was supported by an Australian 
Research Council Linkage grant to M.B.R, S.D.J. and M.P. Thanks to 
the veterinary staff and keepers at Currumbin Wildlife Sanctuary for 
echidna sample collection.

Author Contributions M.B.R, J.C.F, and T.G. conceptualized the 
study. S.D.J, M.P, and J.C.F collected the material. S.E.K, B.J.P, 
I.A.G.M., and J.C.F performed the lab work. S.E.K, J.C.F., and T.G. 
performed the analyses. S.E.K., J.C.F., T.G., and M.B.R. co-drafted 
the manuscript. All authors contributed to reviewing and editing the 
manuscript. All authors have read and agreed to the published version 
of the manuscript.

Funding This study was funded by an ARC linkage grant to M.B.R, 
S.D.J and M.P.

to differences among individuals across their geographical 
range. Methodological problems can also lead to variation 
in amplification success, such as differences in DNA quality 
and quantity (due to reagents/protocol used or difficulty in 
extracting DNA from certain tissues such as hair), the PCR 
conditions including annealing temperatures and number of 
cycles, the type of thermocycler used for amplification, or 
even imperceivable differences such as ramp times between 
denaturation, annealing, and extension of PCR products 
(Frey et al. 2008; Ho Kim et al. 2008). In this study two dif-
ferent genomic DNA extraction protocols were used which 
were different again from the method used previously (Perry 
et al. 2019) which could explain the discrepancies observed. 
While the results are congruent in terms of sex-specificity, 
the differences do raise some concerns regarding best prac-
tices for developing genetic sex tests and the importance of 
providing detailed methods.

There are several ways to overcome the uncertainty 
regarding the accuracy of sex identification (Robertson 
and Gemmell 2006). First, a non-sex-specific gene can be 
amplified as a positive control to ensure DNA is of suffi-
cient quality for PCR (Gamble et al. 2014). Second, prim-
ers can be designed to amplify both X and Y (or Z and W) 
alleles of different sizes, ensuring a signal of amplification 
in both sexes. Perry et al. (2019) designed the marker AMH 
in this way, although we found this was sensitive to DNA 
extraction method and PCR conditions. Finally, researchers 
can use multiple genetic markers to verify sex identifica-
tion (Robertson and Gemmell 2006). Increasing the num-
ber of sex-specific markers used decreases, but does not 
entirely eliminate, the chance of a false negative or false 
positive leading to erroneous sex assignment. Furthermore, 
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markers that can successfully identify sex across multiple 
populations within a species. By using multiple markers, 
scientists and conservationists can increase their confidence 
in echidna sexing, particularly when technical PCR diffi-
culties lead to erroneous results (Robertson and Gemmell 
2006).

This study identified a total of 216 sex-specific RAD-
seq markers aligned to the echidna Y chromosomes. How-
ever, there was wide variation in their distribution across 
the four Y chromosomes with the majority present on Y2 
(147 markers) versus the least represented chromosome Y1 
(7 markers). The previously identified sex-specific markers 
(AMHY and CRSPY) both align to the echidna Y3 chromo-
some (Perry et al. 2019; Zhou et al., 2021). There was also 
wide variation in the distribution of the hits to the X chro-
mosomes with the majority present on X1 and X2. Given 
the similarity between X and Y sequences, it was expected 
that at least some of the BLAST hits would be to the X 
chromosomes. This was highlighted by three of the markers 

276

http://dx.doi.org/10.1007/s12686-022-01258-3
http://dx.doi.org/10.1007/s12686-022-01258-3


Conservation Genetics Resources (2022) 14:271–278

1 3

Frey UH, Bachmann HS, Peters J, Siffert W (2008) PCR-amplification 
of GC-rich regions:’slowdown PCR’. Nat Protoc 3:1312–1317. 
https://doi.org/10.1038/nprot.2008.112

Gamble T (2016) Using RAD-seq to recognize sex‐specific markers 
and sex chromosome systems. Mol Ecol 2114–2116. https://doi.
org/10.1111/mec.13648

Gamble T, Coryell J, Ezaz T, Lynch J, Scantlebury DP, Zarkower D 
(2015) Restriction site-associated DNA sequencing (RAD-seq) 
reveals an extraordinary number of transitions among gecko sex-
determining systems. Mol Biol Evol 32:1296–1309. https://doi.
org/10.1093/molbev/msv023

Gamble T, Zarkower D (2014) Identification of sex-specific molecular 
markers using restriction site‐associated DNA sequencing. Mol 
Ecol Res 14:902–913. https://doi.org/10.1111/1755-0998.12237

Griffiths M (1978) The biology of the monotremes. Elsevier, New York
Griffiths R, Double MC, Orr K, Dawson RJ (1998) A DNA 

test to sex most birds. Mol Ecol 7:1071–1075. https://doi.
org/10.1046/j.1365-294x.1998.00389.x

Grützner F, Rens W, Tsend-Ayush E, El-Mogharbel N, O’Brien PC, 
Jones RC et al (2004) In the platypus a meiotic chain of ten 
sex chromosomes shares genes with the bird Z and mammal X 
chromosomes. Nature 432:913–917. https://doi.org/10.1038/
nature03021

Hattori RS, Murai Y, Oura M, Masuda S, Majhi SK, Sakamoto T et al 
(2012) A Y-linked anti-Müllerian hormone duplication takes over 
a critical role in sex determination. Proc Natl Acad Sci 109:2955–
2959. https://doi.org/10.1073/pnas.1018392109

Ho Kim Y, Yang I, Bae Y-S, Park S-R (2008) Performance evaluation 
of thermal cyclers for PCR in a rapid cycling condition. Biotech-
niques 44:495–505. https://doi.org/10.2144/000112705

Hundt PJ, Liddle EB, Nielsen SV, Pinto BJ, Gamble T (2019) Sex 
chromosomes and sex-specific molecular markers in Indo-Pacific 
combtooth blennies (Blenniidae, Istiblennius). Mar Ecol Prog Ser 
627:195–200. https://doi.org/10.3354/meps13082

Jackson S (2007) Australian mammals: biology and captive manage-
ment. CSIRO Publishing, Collingwood, Victoria

Jeffries DL, Lavanchy G, Sermier R, Sredl MJ, Miura I, Borzée A et 
al (2018) A rapid rate of sex-chromosome turnover and non-ran-
dom transitions in true frogs. Nat Commun 9:1–11. https://doi.
org/10.1038/s41467-018-06517-2

Johnston SD, Madden C, Nicolson V, Cowin G, Pyne M (2006a) Veni-
puncture in the short-beaked echidna. Aust Vet J

Johnston S, Madden C, Nicolson V, Pyne M (2006b) Identify-
ing the sex of short-beaked echidnas. Aust Vet J. https://doi.
org/10.1111/j.1751-0813.2006.tb13131.x

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S 
et al (2012) Geneious Basic: an integrated and extendable desktop 
software platform for the organization and analysis of sequence 
data. Bioinformatics 28:1647–1649. https://doi.org/10.1093/
bioinformatics/bts199

Keating SE, Griffing AH, Nielsen SV, Scantlebury DP, Gamble 
T (2020) Conserved ZZ/ZW sex chromosomes in Caribbean 
croaking geckos (Aristelliger: Sphaerodactylidae). J Evol Biol 
33:1316–1326. https://doi.org/10.1111/jeb.13682

Li M, Sun Y, Zhao J, Shi H, Zeng S, Ye K et al (2015) A tandem dupli-
cate of anti-Müllerian hormone with a missense SNP on the Y 
chromosome is essential for male sex determination in Nile tila-
pia, Oreochromis niloticus. PLoS Genet 11:e1005678. https://doi.
org/10.1371/journal.pgen.1005678

Matsuda M, Nagahama Y, Shinomiya A, Sato T, Matsuda C, Kobayashi 
T et al (2002) DMY is a Y-specific DM-domain gene required 
for male development in the medaka fish. Nature 417:559–563. 
https://doi.org/10.1038/nature751

Nanda I, Kondo M, Hornung U, Asakawa S, Winkler C, Shimizu A et 
al (2002) A duplicated copy of DMRT1 in the sex-determining 
region of the Y chromosome of the medaka, Oryzias latipes. 

Availability of data and material The RADseq data are available at the 
NCBI Short Read Archive under BioProject PRJNA816870 and Bio-
Sample accession numbers SAMN26725426-SAMN26725435.

Declarations

Conflict of Interest The authors declare no conflict of interests

Statement of Ethics The University of Queensland Animal Experi-
mentation Ethics Committees approved all sampling for echidnas, in 
accordance with the Australian National Health and Medical Research 
Council of Australia Guidelines [2013].

Literature Cited

Australian National Health and Medical Research Council guide-
lines for the (2013) care and use of animals for scientific pur-
poses. National Health and Medical Research Council, Canberra, 
Australia

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic 
local alignment search tool. J Mol Biol 215:403–410. https://doi.
org/10.1016/S0022-2836(05)80360-2

Augee ML, Gooden B, Musser A (2006) Echidna: extraordinary egg-
laying mammal. CSIRO Publishing, Canberra

Baxter SW, Davey JW, Johnston JS, Shelton AM, Heckel DG, Jig-
gins CD Blaxter, ML (2011) Linkage mapping and comparative 
genomics using next-generation RAD sequencing of a non-model 
organism. PloS one, 6(4), e19315. https://doi.org/10.1371/jour-
nal.pone.0019315

Bej DK, Miyoshi K, Hattori RS, Strüssmann CA, Yamamoto Y (2017) 
A duplicated, truncated amh gene is involved in male sex deter-
mination in an Old World silverside. G3 7:2489–2495. https://doi.
org/10.1534/g3.117.042697

Berlin S, Ellegren H (2006) Fast accumulation of nonsynonymous 
mutations on the female-specific W chromosome in birds. J Mol 
Evol 62:66. https://doi.org/10.1007/s00239-005-0067-6

Catchen JM, Amores A, Hohenlohe P, Cresko W, Postlethwait JH 
(2011) Stacks: building and genotyping loci de novo from 
short-read sequences. G3 1:171–182. https://doi.org/10.1534/
g3.111.000240

Cortez D, Marin R, Toledo-Flores D, Froidevaux L, Liechti A, Waters 
PD et al (2014) Origins and functional evolution of Y chro-
mosomes across mammals. Nature 508:488–493. https://doi.
org/10.1038/nature13151

Devlin R, Park L, Sakhrani D, Baker J, Marshall AR, LaHood E et 
al (2005) Variation of Y-chromosome DNA markers in Chinook 
salmon (Oncorhynchus tshawytscha) populations. Can J Fish 
Aquat Sci 62:1386–1399. https://doi.org/10.1139/f05-048

Ellegren H (2011) Sex-chromosome evolution: recent progress and 
the influence of male and female heterogamety. Nat Rev Gen 
12:157–166. https://doi.org/10.1038/nrg2948

Ellergren H (1996) First gene on the avian W chromosome (CHD) 
provides a tag for universal sexing of non-ratite birds. Proc Royal 
Soc B 263:1635–1641. https://doi.org/10.1098/rspb.1996.0239

Etter PD, Bassham S, Hohenlohe PA, Johnson EA, Cresko WA (2012) 
SNP discovery and genotyping for evolutionary genetics using 
RAD sequencing.In: Orgogozo V, Rockman M (ed) Molecular 
Methods for Evolutionary Genetics. Humana Press, Totawa, NJ, 
USA, pp 157–178

Fowler BL, Buonaccorsi VP (2016) Genomic characterization of 
sex-identification markers in Sebastes carnatus and Sebastes 
chrysomelas rockfishes. Mol Ecol 25:2165–2175. https://doi.
org/10.1111/mec.13594

277

http://dx.doi.org/10.1038/nprot.2008.112
http://dx.doi.org/10.1111/mec.13648
http://dx.doi.org/10.1111/mec.13648
http://dx.doi.org/10.1093/molbev/msv023
http://dx.doi.org/10.1093/molbev/msv023
http://dx.doi.org/10.1111/1755-0998.12237
http://dx.doi.org/10.1046/j.1365-294x.1998.00389.x
http://dx.doi.org/10.1046/j.1365-294x.1998.00389.x
http://dx.doi.org/10.1038/nature03021
http://dx.doi.org/10.1038/nature03021
http://dx.doi.org/10.1073/pnas.1018392109
http://dx.doi.org/10.2144/000112705
http://dx.doi.org/10.3354/meps13082
http://dx.doi.org/10.1038/s41467-018-06517-2
http://dx.doi.org/10.1038/s41467-018-06517-2
http://dx.doi.org/10.1111/j.1751-0813.2006.tb13131.x
http://dx.doi.org/10.1111/j.1751-0813.2006.tb13131.x
http://dx.doi.org/10.1093/bioinformatics/bts199
http://dx.doi.org/10.1093/bioinformatics/bts199
http://dx.doi.org/10.1111/jeb.13682
http://dx.doi.org/10.1371/journal.pgen.1005678
http://dx.doi.org/10.1371/journal.pgen.1005678
http://dx.doi.org/10.1038/nature751
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1371/journal.pone.0019315
http://dx.doi.org/10.1371/journal.pone.0019315
http://dx.doi.org/10.1534/g3.117.042697
http://dx.doi.org/10.1534/g3.117.042697
http://dx.doi.org/10.1007/s00239-005-0067-6
http://dx.doi.org/10.1534/g3.111.000240
http://dx.doi.org/10.1534/g3.111.000240
http://dx.doi.org/10.1038/nature13151
http://dx.doi.org/10.1038/nature13151
http://dx.doi.org/10.1139/f05-048
http://dx.doi.org/10.1038/nrg2948
http://dx.doi.org/10.1098/rspb.1996.0239
http://dx.doi.org/10.1111/mec.13594
http://dx.doi.org/10.1111/mec.13594


Conservation Genetics Resources (2022) 14:271–278

1 3

Seutin G, White BN, Boag PT (1991) Preservation of avian blood and 
tissue samples for DNA analyses. Can J Zool 69:82–90. https://
doi.org/10.1139/z91-013

Smith CA, Roeszler KN, Ohnesorg T, Cummins DM, Farlie PG, Doran 
TJ et al (2009) The avian Z-linked gene DMRT1 is required for 
male sex determination in the chicken. Nature 461:267–271. 
https://doi.org/10.1038/nature08298

Summerell A, Frankham G, Gunn P, Johnson R (2019) DNA based 
method for determining source country of the short beaked echidna 
(Tachyglossus aculeatus) in the illegal wildlife trade. Forensic Sci 
Int 295:46–53. https://doi.org/10.1016/j.forsciint.2018.11.019

Taberlet P, Mattock H, Dubois-Paganon C, Bouvet J (1993) Sex-
ing free‐ranging brown bears Ursus arctos using hairs found in 
the field. Mol Ecol 2:399–403. https://doi.org/10.1111/j.1365-
294X.1993.tb00033.x

Tsend-Ayush E, Kortschak RD, Bernard P, Lim SL, Ryan J, Rosen-
kranz R et al (2012) Identification of mediator complex 26 
(Crsp7) gametologs on platypus X1 and Y5 sex chromosomes: a 
candidate testis-determining gene in monotremes? Chromosome 
Res 20:127–138. https://doi.org/10.1007/s10577-011-9270-z

Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, Remm 
M, Rozen SG (2012) Primer3—new capabilities and interfaces. 
Nucleic Acids Res 40:e115–e115. https://doi.org/10.1093/nar/
gks596

Veyrunes F, Waters PD, Miethke P, Rens W, McMillan D, Alsop AE 
et al (2008) Bird-like sex chromosomes of platypus imply recent 
origin of mammal sex chromosomes. Genome Res 18:965–973. 
https://doi.org/10.1101/gr.7101908

Wallis M, Waters P, Delbridge M, Kirby PJ, Pask AJ, Grützner F et 
al (2007) Sex determination in platypus and echidna: autoso-
mal location of SOX3 confirms the absence of SRY from mono-
tremes. Chromosome Res 15:949–959. https://doi.org/10.1007/
s10577-007-1185-3

Wrigley JM, Graves JAM (1988) Karyotypic conservation in the mam-
malian order Monotremata (subclass Prototheria). Chromosoma 
96:231–247. https://doi.org/10.1007/BF00302363

Yamamoto Y, Zhang Y, Sarida M, Hattori RS, Strüssmann CA (2014) 
Coexistence of genotypic and temperature-dependent sex deter-
mination in pejerrey Odontesthes bonariensis. PLoS ONE 
9:e102574. https://doi.org/10.1371/journal.pone.0102574

Yoshimoto S, Okada E, Umemoto H, Tamura K, Uno Y, Nishida-
Umehara C et al (2008) A W-linked DM-domain gene, DM-W, 
participates in primary ovary development in Xenopus laevis. 
Proc Natl Acad Sci 105:2469–2474. https://doi.org/10.1073/
pnas.0712244105

Zhou Y, Shearwin-Whyatt L, Li J, Song Z, Hayakawa T, Stevens D, 
Jane C, Fenelon JC et al (2021) Platypus and echidna genomes 
reveal mammalian biology and evolution. Nature 592:756–762. 
https://doi.org/10.1038/s41586-020-03039-0

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Proc Natl Acad Sci 99:11778–11783. https://doi.org/10.1073/
pnas.182314699

Nielsen SV, Guzmán-Méndez IA, Gamble T, Blumer M, Pinto BJ, 
Kratochvíl L, Rovatsos M et al (2019) Escaping the evolutionary 
trap? Sex chromosome turnover in basilisks and related lizards 
(Corytophanidae: Squamata). Biol Lett 15:20190498. https://doi.
org/10.1098/rsbl.2019.0498

Nielsen SV, Pinto BJ, Guzmán-Méndez IA, Gamble T (2020) First 
report of sex chromosomes in night lizards (Scincoidea: Xan-
tusiidae). J Hered 111:307–313. https://doi.org/10.1093/jhered/
esaa007

Pan Q, Anderson J, Bertho S, Herpin A, Wilson C, Postlethwait JH, et 
(2016) Vertebrate sex-determining genes play musical chairs. C 
R Biol 339:258–262. https://doi.org/10.1016/j.crvi.2016.05.010

Perry T, Toledo-Flores D, Kang WX, Ferguson A, Laming B, Tsend-
Ayush E et al (2019) Non-invasive genetic sexing technique 
for analysis of short-beaked echidna (Tachyglossus aculea-
tus) populations. Reprod Fertil Dev 31:1289–1295. https://doi.
org/10.1071/RD18142

Rens W, Grützner F, O’brien PC, Fairclough H, Graves JA, Ferguson-
Smith MA (2004) Resolution and evolution of the duck-billed 
platypus karyotype with an X1Y1 × 2Y2 × 3Y3 × 4Y4 × 5Y5 male 
sex chromosome constitution. Proc Natl Acad Sci 101:16257–
16261. https://doi.org/10.1073/pnas.0405702101

Rens W, O’Brien PC, Grützner F, Clarke O, Graphodatskaya D, Tsend-
Ayush E et al (2007) The multiple sex chromosomes of platy-
pus and echidna are not completely identical and several share 
homology with the avian Z. Genome Biol 8:1–21. https://doi.
org/10.1186/gb-2007-8-11-r243

Reynolds RG, Kolbe JJ, Glor RE, López-Darias M, Gómez Pourroy 
CV, Harrison AS, et al (2020) Phylogeographic and phenotypic 
outcomes of brown anole colonization across the Caribbean pro-
vide insight into the beginning stages of an adaptive radiation. J 
Evol Biol 33:468–494. https://doi.org/10.1111/jeb.13581

Rismiller PD, McKelvey MW (2000) Frequency of breeding and 
recruitment in the short-beaked echidna, Tachyglossus aculeatus. 
J Mammal 81:1–17

Rismiller PD, McKelvey MW (2003) Body mass, age and sexual 
maturity in short-beaked echidnas, Tachyglossus aculeatus. 
Comp Biochem Phys A 136:851–865. https://doi.org/10.1016/
s1095-6433(03)00225-3

Robertson BC, Elliott GP, Eason DK, Clout MN, Gemmell NJ (2006) 
Sex allocation theory aids species conservation. Biol Lett 2:229–
231. https://doi.org/10.1098/rsbl.2005.0430

Robertson BC, Gemmell NJ (2006) PCR-based sexing in conservation 
biology: Wrong answers from an accurate methodology? Conserv 
Genet 7:267–271. https://doi.org/10.1007/s10592-005-9105-6

Rohland N, Reich D (2012) Cost-effective, high-throughput DNA 
sequencing libraries for multiplexed target capture. Genome Res 
22:939–946. https://doi.org/10.1101/gr.128124.111

278

http://dx.doi.org/10.1139/z91-013
http://dx.doi.org/10.1139/z91-013
http://dx.doi.org/10.1038/nature08298
http://dx.doi.org/10.1016/j.forsciint.2018.11.019
http://dx.doi.org/10.1111/j.1365-294X.1993.tb00033.x
http://dx.doi.org/10.1111/j.1365-294X.1993.tb00033.x
http://dx.doi.org/10.1007/s10577-011-9270-z
http://dx.doi.org/10.1093/nar/gks596
http://dx.doi.org/10.1093/nar/gks596
http://dx.doi.org/10.1101/gr.7101908
http://dx.doi.org/10.1007/s10577-007-1185-3
http://dx.doi.org/10.1007/s10577-007-1185-3
http://dx.doi.org/10.1007/BF00302363
http://dx.doi.org/10.1371/journal.pone.0102574
http://dx.doi.org/10.1073/pnas.0712244105
http://dx.doi.org/10.1073/pnas.0712244105
http://dx.doi.org/10.1038/s41586-020-03039-0
http://dx.doi.org/10.1073/pnas.182314699
http://dx.doi.org/10.1073/pnas.182314699
http://dx.doi.org/10.1098/rsbl.2019.0498
http://dx.doi.org/10.1098/rsbl.2019.0498
http://dx.doi.org/10.1093/jhered/esaa007
http://dx.doi.org/10.1093/jhered/esaa007
http://dx.doi.org/10.1016/j.crvi.2016.05.010
http://dx.doi.org/10.1071/RD18142
http://dx.doi.org/10.1071/RD18142
http://dx.doi.org/10.1073/pnas.0405702101
http://dx.doi.org/10.1186/gb-2007-8-11-r243
http://dx.doi.org/10.1186/gb-2007-8-11-r243
http://dx.doi.org/10.1111/jeb.13581
http://dx.doi.org/10.1016/s1095-6433(03)00225-3
http://dx.doi.org/10.1016/s1095-6433(03)00225-3
http://dx.doi.org/10.1098/rsbl.2005.0430
http://dx.doi.org/10.1007/s10592-005-9105-6
http://dx.doi.org/10.1101/gr.128124.111

	Genetic sex test for the short-beaked echidna (Tachyglossus aculeatus)
	Abstract
	Introduction
	Materials and methods
	Animals
	Genomic DNA extraction and RADseq protocol
	Validating sex-specific markers
	Identification of the chromosomal location of the RADseq markers

	Results
	Discussion
	Literature Cited


