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ABSTRACT

Molecular sexing is a widely used approach for identifying the sex of monomorphic birds, but existing primers often target
relatively large products that are difficult to amplify from highly degraded DNA. In this study, we developed a new primer
set (voEP_F/voEP_R/P2) based on allele-specific polymerase chain reaction (ASPCR) to facilitate the sexing of emperor
penguins (Aptenodytes forsteri) using non-invasively collected guano. Our assay targets short sequences within a conserved
exon of the chromodomain helicase DNA binding 1 (CHDI) gene and can therefore be used with a broad range of sample
types. We compared the performance of our new primer set in both plucked feathers and guano to the commonly used
intron-based sexing primers (2550F/2718R and P8/P2) and evaluated its sensitivity through a cross-factorial fragmentation
and dilution experiment of synthetic CHDI templates. We then independently validated the accuracy of our assay in a small
subset of feather samples using whole-genome sequencing (WGS) data. Although P8/P2 was highly effective compared to
2550F/2718R for sex determination in emperor penguins, it was less reliable when used with guano samples. In contrast, the
voEP primers consistently yielded higher amplification success and showed greater analytical sensitivity across both feathers
and guano. Sequence alignments of CHDI from multiple penguin species revealed conservation of the primer-binding sites,
suggesting that the newly designed primers can potentially be used with other Spheniscids. Our results demonstrate that
the voEP assay is a robust and reliable alternative method for sex identification in penguins and may provide a solution for
sexing with lower-quality genetic samples.

1 | Introduction half of all bird species are sexually monomorphic, making

their sex difficult to determine based on external morphol-
Accurate identification of sex in avian wildlife is essential to ogy (Griffiths 2000). Molecular methods that identify vari-
the investigation of population structure, behavioral ecology, ations between avian sex chromosomes (W and Z) are thus
and evolution (Morinha et al. 2012). However, approximately =~ widely used for the sexing of monomorphic birds (Dubiec
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and Zagalska-Neubauer 2006; Morinha et al. 2012; Tagliavia
et al. 2023). Although various primer sets have been devel-
oped for avian sexing, many rely on amplification of relatively
large fragments that are ~300 bp or more (Griffiths et al. 1998;
Fridolfsson and Ellegren 1999; Ito et al. 2003; Lee et al. 2010),
which limits their use with degraded DNA samples (Lee and
Griffiths 2003; Sefc et al. 2003; Bantock et al. 2008).

The standard approach of molecular sexing in non-ratite birds
amplifies across the intron of the sex-linked chromodomain he-
licase DNA binding 1 (CHD1) gene (Griffiths et al. 1998; Kahn
et al. 1998; Fridolfsson and Ellegren 1999). This gene is highly con-
served between species, but some variations exist in the length and
nucleotide sequence between the intronic regions of CHDIW and
CHDI1Z (Griffiths et al. 1998; Morinha et al. 2012). Due to the in-
tron length difference, two products of different sizes are typically
obtained for heterogametic females (WZ), while only one product
is obtained for homogametic males (ZZ). Since entire introns are
amplified, relatively large amplicons are generated. As a result, this
form of sexing becomes unreliable when highly degraded or frag-
mented DNA samples are used (Lee and Griffiths 2003; Bantock
et al. 2008), as amplification failure of one (i.e., allelic dropout)
or both alleles (i.e., locus dropout) may lead to misidentification
of sex or the inability to sex-type individuals (Arnold et al. 2003;
Bantock et al. 2008; Tvedebrink et al. 2012).

Allele-specific polymerase chain reaction (ASPCR) offers an al-
ternative approach for molecular sexing in birds (Ito et al. 2003;
He et al. 2005; Lee et al. 2008). This method uses a specific
primer design to selectively amplify an allele of interest (Wu
et al. 1989; Newton et al. 1989). As Taq DNA polymerase lacks
a 3’ to 5’ exonuclease activity, a terminal mismatch at the 3’ end
of primer-template duplexes can significantly reduce amplifica-
tion efficiency (Ugozzoli and Wallace 1991). Consequently, if an
allele-specific primer is designed to selectively pair with the nu-
cleotide form that occurs only on CHDIW, then a PCR product
will only be obtained in females (Ito et al. 2003; He et al. 2005).
Simultaneously, a pair of primers must be synthesized to am-
plify a common product in both sexes so that a successful PCR
can be verified (Ito et al. 2003). Although this technique has
been used for avian sexing, existing primers still target intronic
regions, which yield similarly large amplicon fragments (~300-
400bp) (Tto et al. 2003; He et al. 2005; Lee et al. 2008). Since
ASPCR-based sexing does not require amplification across a
fixed region, such as an intron, smaller products can be targeted,
particularly in conserved exons.

Antarctic penguins are organisms for which an ASPCR-
based approach to sexing would be ideal. Not only are most
species plumage monomorphic (Loureiro et al. 2014; Polito
et al. 2024), but they also reside in remote areas where human
access is limited. As a result, tissue samples that contain high
quality and quantity of DNA (e.g., biopsies, plucked feathers,
blood) are logistically more difficult to obtain. Collecting such
samples also requires the capture and handling of individuals
(Hart et al. 2009; Valenzuela-Guerra et al. 2013), which may
limit sample sizes because field seasons are generally short
in these locations. This limitation is accentuated when larger
species, such as emperor penguins (Aptenodytes forsteri), are
targeted as more effort is required to restrain and sample

them (Cockrem et al. 2008; Houstin et al. 2022). Although
non-invasively collected guano may be a preferred source of
genetic material for these animals (Xavier et al. 2018; Tian
et al. 2021), it yields DNA of lower quality and quantity that
may be challenging to amplify (Taberlet et al. 1999; Ooi
et al. 2023). Having a sexing assay that can be reliably used
with degraded DNA is therefore highly valuable for the re-
search and monitoring of these penguins.

Here, we developed a new primer set (voEP_F/voEP_R/P2)
based on ASPCR that targets short regions within the conserved
CHDI exons to facilitate sexing of emperor penguins using non-
invasively collected guano. We evaluated the efficacy of our new
primer set in both plucked feathers and guano by comparing its
performance to the commonly used intron-based sexing prim-
ers (2550F/2718R and P8/P2). We also assessed its sensitivity
by systematically fragmenting and diluting synthesized CHDI
genes, which allowed us to isolate the effects of degradation and
variable amounts of template DNA. To validate the accuracy and
reliability of our assay, we compared the sexes determined in a
small subset of samples to the independent results yielded via
whole-genome sequencing (WGS). Finally, we aligned the newly
developed primers against existing CHDI sequences of king
(Aptenodytes patagonicus), gentoo (Pygoscelis papua), southern
rockhopper (Eudyptes chrysocome), Magellanic (Spheniscus
magellanicus), and Humboldt (Spheniscus humboldti) penguins
to assess their potential applicability to other Spheniscidae
species.

2 | Materials and Methods

2.1 | Sample Collection

Dorsal contour feathers were obtained from emperor penguins
of unknown sex at Cape Crozier in November 2022 (n=31)
and 2024 (n=29) and north of Marie Byrd Land in February
2023 (n=34). Feathers were plucked from penguins that were
captured as part of a different biologging study. The calamus
(~0.4cm in length) was trimmed from each plucked feather
and stored in a 2mL cryovial filled with 95% or 99% ethanol.
Additional feathers were also obtained from 18 of the cap-
tured individuals and sent to the University of Canterbury in
New Zealand for sex validation using whole-genome sequenc-
ing (WGS). Guano samples were opportunistically collected
in November 2022 (n=60) and 2024 (n=109) from emperor
penguins that were observed to defecate at the edge of the
Cape Crozier colony. These samples were collected by two
independent researchers stationed at different sections of the
colony to minimize the risk of duplicate sampling. Any guano
samples collected within a short distance of one another were
observed to originate from different penguins. Given that the
penguins continually arrived and departed the colony within
24h, the probability of repeated sampling from the same indi-
vidual was relatively low. A disposable spatula was used to fill
approximately one-third of a 2 or 5mL cryovial with freshly
eliminated guano, and the remaining volume was filled with
95% or 99% ethanol. All feather and guano samples collected
were stored within a cooler at —5°C to —15°C in the field and
subsequently kept frozen at —80°C until further processing.
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TABLE1 | Forward and reverse primers used in this study with their corresponding amplicon sizes.

Primer set Forward primer Reverse primer Amplicon size (bp)
2550F/2718R 2550F (Fridolfsson and 2718R (Fridolfsson and W: ~750
Ellegren 1999) Ellegren 1999) Z: ~650
P8/P2 P8 (Griffiths et al. 1998) P2 (Griffiths et al. 1998) W: 388
Z:368
voEP voEP_F (This study) voEP_R (This study) W: 74
P2 (Griffiths et al. 1998) Z and W: 104

Note: The amplicon sizes of P8/P2 and voEP primers for emperor penguins were determined in this study, while the expected amplicon sizes of 2550F/2718R were

inferred from other penguin species (cf. Zhang et al. 2013).

2.2 | DNA Extraction
2.2.1 | Feather

Each calamus was removed from ethanol and rinsed with 500 uL
of nuclease-free water prior to DNA extraction. The calamus was
minced into small pieces with a sterile razor blade and placed
in a 1.5mL microcentrifuge tube. DNA extraction was initially
tested with the DNeasy Blood and Tissue kit (#69504, Qiagen,
Germany), but low yields of DNA were retrieved. Therefore, sub-
sequent DNA isolations were performed using a slightly modified
version of the InstaGene isolation protocol (Freedman et al. 2008).
Briefly, 200 uL of InstaGene matrix (Bio Rad), 3uL of 20 mg/mL
Proteinase K (Qiagen), and 9 uL of 1M dithiothreitol (DTT) were
added to the sample for cell lysis. After a brief vortex, the mixture
was pulse-centrifuged and left to incubate at 65°C overnight in a
VorTemp 56 shaking incubator (Labnet International, USA) set at
1000 rpm. The sample was centrifuged at 9300g for 30s and incu-
bated at 110°C in a heat block for 10min. Following incubation,
the sample was vortexed, centrifuged at 13,200g for 3min, and the
supernatant was transferred into a new 1.5mL microcentrifuge
tube. The centrifugation process was repeated once more, and the
supernatant was collected as final isolate.

2.2.2 | Guano

Each guano sample was centrifuged for 5min at 5000g and
ethanol was poured out before DNA extraction. Approximately
150-200mg of pelleted guano was transferred into a new 2mL
microcentrifuge tube and washed four to five times with 1mL
of phosphate-buffered saline (PBS). During each wash, the
sample mixture was briefly vortexed to resuspend the guano,
centrifuged to re-pellet the suspended particles, and the super-
natant was discarded. DNA was then extracted from ca. 65mg
of washed guano using the QIAamp PowerFecal Pro DNA kit
(#51804, Qiagen, Germany) with three modifications to the
manufacturer's protocol. Firstly, after the addition of Solution
CD1, the mixture was incubated at 65°C for 10 min and homog-
enized with a Mini-BeadBeater-16 (BioSpec Products, USA)
for two 30s cycles with a 30s interval. Secondly, the wash with
500 L of Solution C5 was repeated four to five times or until the
silica membrane became translucent or colorless. Lastly, 50 uL
of Solution C6, pre-warmed to 56°C, was added to the silica
membrane and incubated at room temperature for 5min before
centrifugation to elute the DNA.

2.3 | DNA Quantification

Using 2uL of DNA extract, the concentration (ng/uL) and pu-
rity (A260/280 and A260/230) of the isolated DNA were quan-
tified on a NanoDrop 1000 Spectrophotometer (Thermo Fisher
Scientific, USA). All DNA extracts were stored at —20°C (short-
term) or —80°C (long-term) until further analysis.

2.4 | PCR and Gel Electrophoresis

PCR was conducted with an Arktik Thermal Cycler (Thermo
Fisher Scientific, Finland) using a 25 uL reaction volume, each
consisting of 1x GoTaq Green Master Mix (#M712, Promega),
0.2uM of corresponding forward and reverse primers for each
primer set (Table 1), an additional 0.5mM of MgCl,, approxi-
mately 2-350ng (feathers) or 1-200 ng (guano) of genomic DNA,
and nuclease-free water. While the amount of DNA yielded
from different samples was highly variable, all reactions were
performed using the same template quantity for each sample to
ensure comparable results across the primer sets. A no-template
control, where DNA was replaced with nuclease-free water, was
used to detect contamination for all PCRs.

Thermal cycling conditions for the 2550F/2718R and P8/P2
primers were 94°C for 2min, 35-40cycles of 94°C for 305, 50°C
for 45s, and 72°C for 45s, with a final extension at 72°C for
5min. The cycling conditions for the voEP primer set were 95°C
for 3min, followed by 35-40cycles of 95°C for 30s, 56.2°C for
45s, and 72°C for 20s, with a final extension at 72°C for 5min.
All samples were amplified with 35 PCR cycles, but the num-
ber of cycles was raised incrementally up to 40 if faint bands
were yielded. PCR products were initially separated by electro-
phoresis on a 3% ethidium bromide (EtBr)-stained agarose gel
in tris-acetate-EDTA (TAE) buffer for 1h 30min (2550F/2718R
and voEP) or 1h 45min (P8/P2) at 10V/cm. However, the band
separation was limited for P8/P2 primers. Electrophoresis was
subsequently performed with a 3% EtBr-stained agarose gel in
lithium acetate-borate (LAB) buffer for 45min (voEP) or 1h
45min (P8/P2) at 20 V/cm. The resulting bands, visualized with
a UV transilluminator, were interpreted blindly to determine
the sex of the emperor penguins. Gel images were converted to
16-bit grayscale format, and the ‘brightness/contrast’ or ‘win-
dow/level’ were adjusted for the entire gel using the Imagel
software (version 1.8.0, National Institutes of Health) to improve
visualization.
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As the primer sets used in this study either targeted distinct
regions of the CHDI gene (2550F/2718R vs. P8/P2) or relied on
different molecular principles for sex determination (intron size
vs. sex-specific allele), there is only a small probability that dif-
ferent assays would independently produce the same incorrect
sex assignment due to PCR artifacts. Therefore, matching sexes
yielded by different assays were used as internal validation for
the sex determined. To further ensure the accuracy of sexing
results, PCR was repeated two to three times in samples that
yielded faint/ambiguous (i.e., not clearly identifiable) bands or
when different primers produced discordant results. The final
sex assignment was then determined based on consensus.
However, samples were assigned as males when different rep-
licates yielded conflicting sexes to highlight allelic dropout for
statistical comparisons. Sample-level details for the PCR repli-
cates are provided in the dataset available at https://github.com/
vicky-o0i/EP_Molecular_Sexing.

2.5 | Sequencing of CHD1 Alleles and New
Primer Design

PCR products amplified using the P8/P2 primers from a male
and female emperor penguin were run on a 3% agarose gel at
10V/cm for an extended period (~3h) to obtain good separation
of the CHDIW and CHDIZ bands. Both band fragments were
excised from the agarose gel with a razor blade and purified
using the Monarch Spin DNA Gel Extraction kit (#T1120S,
New England Biolabs). Purified PCR products were quantified
and quality-checked on a NanoDrop 1000 Spectrophotometer
(Thermo Fisher Scientific, USA) prior to being Sanger sequenced
in the forward and reverse directions (Eurofins Genomics). Raw
sequences were imported into Geneious Prime 2024.0.7 and
low-quality ends were trimmed from the reads. The trimmed
forward and reverse reads were aligned to generate a consensus
sequence for each PCR product (Figure 1). The CHDI sequences
were then deposited in Genbank under the accession numbers
PV563863 and PV563864.

The CHDI sequences obtained from emperor penguins were
used to develop the voEP_F and voEP_R primers in SnapGene
(version 7.2.1) (Figure 1). The allele-specific primer (voEP_R)
was designed with a mismatch at the 3’ end to the CHDIZ se-
quence to enable the amplification of a female-specific product.
Since the 3’ terminal mismatch (G/A) has a weak destabilizing
strength, a strong destabilizing mismatch (T/G) was added at the
penultimate base to increase the primer specificity (Little 1995;
Liu et al. 2012). The voEP_F and P2 primers were designed to am-
plify a common product in both CHDIW and CHD1Z (Figure 1).
Analyses of primer dimers and secondary structures for the
newly designed voEP_F/voEP_R/P2 assay were conducted using
the Integrated DNA Technologies (IDT) OligoAnalyzer tool.

2.6 | Comparative Sensitivity Analysis With
Synthetic CHD1 Templates

Since an annotated CHDI gene sequence for emperor pen-
guins is not available, the partial 368bp CHDIZ sequence ob-
tained in this study was blasted against the only available male
emperor penguin reference genome (GCA_000699145.1) on

Genbank. Using the matching region as a central sequence,
1066 bp of upstream and downstream flanking sequences were
extracted from the subject (Accession number: K1.225609.1) to
yield a 2500bp CHDI1Z fragment. The same flanking sequences
(1056 bp upstream and downstream) were also added to the
388bp CHDIW sequence to produce a corresponding 2500bp
CHDIW fragment. The flanking sequences were then optimized
with the IDT codon optimization tool to reduce the complexity
for final synthesis by Twist Bioscience; the primer-binding re-
gion and sequences in between were left unmodified (Table SI).
The synthesized CHDIZ was used to represent a male emperor
penguin, while CHD1Z and CHD1W mixed at a 1:1 ratio were
used to represent a female.

DNA stocks for male (ZZ) and female (ZW) were prepared at
a concentration of 0.2ng/uL. To simulate DNA degradation,
four aliquots of the 2500bp stocks were sheared to average
sizes of 1000, 600, 300, and 150bp, respectively, using the M220
focused-ultrasonicator (Covaris, USA). To determine the effects
of template quantity, DNA at each fragment size was serially di-
luted to concentrations of 2 X103, 2 x1074, 2 X 1075, 2 X107,
and 2 X107 ng/uL. The average fragment sizes and DNA con-
centrations were subsequently verified using an Agilent 2100
Bioanalyzer. A crossed factorial amplification experiment was
then conducted with the P8/P2 and voEP primer sets using 1 uL
of DNA, following the optimized protocols with 35 PCR cycles.
PCR was repeated an additional time on a different day for any
experimental condition that yielded hazy bands and/or failed to
show a clear amplification trend, and the run demonstrating the
clearest trend was selected for visual presentation.

2.7 | Independent Sex Validation With
Whole-Genome Sequencing (WGS)

Sex validation was conducted by the Flanagan Lab at the
University of Canterbury in New Zealand. DNA was extracted
from 18 feather samples with the Qiagen DNeasy Blood and
Tissue kit (#69504, Qiagen, Germany). The spin-column proto-
col for the purification of total DNA from animal tissues was
conducted with several modifications to maximize DNA yield:
(1) the calamus of each feather was chopped finely and digested
overnight with 20 uL of proteinase K (Qiagen) and 10 uL of 10M
DTT (ThermoFisher Scientific) at 56°C, followed by an addi-
tional 3h digest with 20uL of proteinase K on the following
day, (2) the eluate was passed through the spin column twice
during the DNA binding step, and (3) two final 100 uL elution
steps were used, with AE buffer pre-heated to 70°C and sam-
ples incubated at room temperature for S5min prior to centri-
fuging. DNA samples were purified and concentrated to a 30 uL.
total volume using Mag-Bind TotalPure NGS magnetic beads
(Omega Bio-Tek). DNA yield and quality were checked with
agarose gel electrophoresis and the Qubit Broad Range assay
kit (ThermoFisher Scientific). Seven samples met the minimum
DNA yield requirements for WGS and were dried in DNA sta-
bilization tubes (GenTegra) at room temperature for 30 min in
a Savant SPD131DDA SpeedVac Concentrator (ThermoFisher
Scientific). Samples were sent to GENEWIZ (Azenta Life
Sciences) for medium coverage (~20x) WGS. Each library was
prepared using the VAHTS Universal Plus DNA Library Prep
Kit for Illumina V2 (Vazyme) with PCR enrichment, and pooled
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FIGURE1 | Alignmentofthe CHDIW and CHDI1Z exonic sequences from six penguin species, and the locations of primer binding sites. Conserved

residues are indicated with dots, sequence variants are shown in red, and unknown sequences are indicated with open spaces. Intron location is de-
noted as N (intron length in bp). The blue nucleotide (voEP_R primer) represents the additional mismatch added to destabilize the primer-template
duplexes. EP, emperor penguin; GP, gentoo penguin; HP, Humboldt penguin; KP, king penguin; MP, Magellanic penguin; RP, southern rockhopper

penguin.

based on their effective concentration as determined by Qubit
3.0 and the Agilent 2100 Bioanalyzer System. Sequencing was
then performed across multiple paired-end 150bp NovaSeq
X Plus 25B lanes (Illumina) alongside other emperor penguin
samples.

Raw reads were processed using fastp v1.3.3 (Chen 2025) to au-
tomatically detect and remove adapter sequences, retain reads
with Phred >15 and read length >15bp. FastQC v0.12.1 was
used to assess the quality of sequence data. As areference genome

with both Z and W chromosomes was unavailable for emperor
penguins, the processed paired-end reads were mapped with
bwa-mem?2 v2.3 (Vasimuddin et al. 2019) to a female king pen-
guin chromosome-level reference genome (NCBI RefSeq acces-
sion GCF_965638725.1). Samtools v1.23.1 (Danecek et al. 2021)
and picard v3.4.0 were used to sort and index BAM files and
mark PCR and optical duplicates. Sex inference was performed
with the package XYalign v.1.1.5 (Webster et al. 2019) using the
‘CHARACTERIZE_SEX_CHROMS’ and ‘CHROM_STATS’
functions with default settings. Total read counts, average read
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depth, and average mapping quality were calculated for the Z and
W chromosomes and standardized using an autosome similar in
size to the Z (chromosome 4). Ratios of these metrics were used
to cluster samples into males and females, as males (ZZ) were
expected to have relatively fewer reads mapping confidently to
the W chromosome compared to females (ZW). This analysis
was conducted twice, once without the default XYalign quality
filters (‘processed’) and once with the filters (‘pre-processed’), to
determine whether data processing impacts sex identification.
The sexes inferred via WGS in these samples were then man-
ually compared to those determined with the P8/P2 and voEP
primers to validate the accuracy and reliability of those assays.

2.8 | Sequence Alignments

CHDIW and CHDIZ sequences of king, gentoo, and southern
rockhopper penguins were obtained from Zhang et al. (2013),
and those of Magellanic and Humboldt penguins were retrieved
from Hibbets et al. (2020). The introns of all sequences were re-
moved, and the exons were aligned against the emperor penguin
CHDI1W sequence using the NCBI Basic Local Alignment Search
Tool (BLAST). The P8/P2 and voEP primers were then manually
aligned against the CHDI sequences of the six Spheniscidae spe-
cies (Figure 1). This alignment was used to assess the potential
applicability of the voEP primers to other penguins.

2.9 | Statistical Analysis

Paired statistical tests were used to compare the performance of
P8/P2 and voEP primers in R v.4.5.0 (R Core Team 2025) using
the significance threshold of «=0.05. The number of samples
that failed to amplify with each assay was compared using exact
McNemar's test from the exact2x2 package (Fay 2010) for each
sample type. This was used to evaluate whether the amplifica-
tion rate was better with one primer set than the other for feath-
ers and guano. For samples that amplified with both assays, the
degree of concurrence between both primers was calculated
using the Cohen's Kappa (x) coefficient via the psych package
(Revelle 2026). This was used to estimate the reliability of the
voEP assay compared to previously established P8/P2 primers.
The discordant sex assignments yielded by both primer sets
were then compared using exact McNemar's test (exact2x2 pack-
age; Fay 2010) to determine whether they showed a directional
bias (i.e., one assay consistently produced a particular sex). The
dataset and analytical codes used are available at https://github.
com/vicky-00i/EP_Molecular_Sexing.

3 | Results

3.1 | Amplification of CHD1W and CHD1Z With
All Primer Sets

The 2550F/2718R primer set was tested with 40 feather samples.
Although 37 out of 40 yielded PCR products within the expected
size range, many showed faint bands that were ambiguous for
sexing (Figure 2A and Figure S1). The use of a higher MgCl,
concentration (2mM vs. 1.5mM) increased the band intensity,
enabling detection in more samples, but off-target amplification

became more prevalent (Figure 2A and Figure S1). Different
annealing temperatures and cycle numbers were also tested to
optimize the PCR; however, no significant improvement was
achieved (results not shown). Of the samples that amplified suc-
cessfully with this primer set, five yielded only one band despite
being detected as females with both the P8/P2 and voEP primers
(Figures S1-S3). Since allelic and locus dropouts were prevalent,
even in feather samples with higher DNA yields, this primer set
was not used for further comparisons.

Expected band patterns for males and females were obtained
with both the P8/P2 and voEP primer sets (Figure 2B,C).
Amplification success rates were similar between both assays
in the feather samples (P8/P2=96.8%, VOEP=100%; Exact
McNemar's test: odds ratio (OR)=0, 95% confidence interval
(CI)=0-2.42, p=0.25; Figure 3A). However, the voEP primers
successfully amplified significantly more samples compared
to P8/P2 when guano samples were analyzed (P8/P2=88.8%,
VOEP =93.5%; Exact McNemar's test: OR=0, 95% CI=0-0.28,
p=6.10x107>; Figure 3A).

Sexing results agreed almost entirely between both primer sets for
the feather samples, with only one mismatch observed (Cohen's
x=0.98,95% CI=0.93-1.00, n=91; Exact McNemar's test: OR =0,
95% CI=0-39, p,,,.=1.00; Figure 3B), which was suspected to be
due to a cross-contamination event. For sex determination using
guano, however, the level of agreement between both primer sets
was substantial but lower than that observed with the feather sam-
ples (Cohen's x=0.64, 95% CI=0.52-0.76, n=150; Figure 3B). A
significant unidirectional bias was detected between the two as-
says across the 26 discordant guano samples (Exact McNemar's
test: OR=0, 95% CI=0-0.15, p,;,;=2.98x107%). In all mis-
matched cases, the P8/P2 primers identified the samples as males
(one band), while the voEP primers identified the samples as
females (two bands) (Figures S2-S5). In 30.8% (8/26) of the dis-
cordant guano samples, at least one PCR replicate for the P8/P2
primer set yielded a female assignment, which suggests the occur-
rence of allelic dropout (Figure 3C).

Most of the samples that showed a single band were assigned as
males. However, two samples yielded a single band, by each the
P8/P2 and voEP primers, that corresponded to the female-specific
fragment and were thus identified as females. Occasionally, faint
secondary PCR products were obtained by both primer sets in
samples that contained low quantity and quality of DNA; these
did not affect sex assignment as they were not of the expected
product sizes. Notably, the resolution between the bands pro-
duced was highly limited with the P8/P2 primers when a stan-
dard agarose gel in TAE buffer was used (Figure 2B). Using a
less conductive LAB gel allowed twice the voltage to be applied
without generating excessive heat. Under this condition, the
electrophoresis time for voEP primers was reduced by half, while
a slightly larger band separation was achieved over the same run
time for P8/P2 primers (Figure 4A).

3.2 | Primer Sensitivity to Degradation
and Quantity of Input DNA

Both P8/P2 and voEP primer sets consistently yielded one band
for male (ZZ) and two bands for female (ZW) (Figure 4A,B). At
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https://github.com/vicky-ooi/EP_Molecular_Sexing
https://github.com/vicky-ooi/EP_Molecular_Sexing

6 7 8 9 10 NTC

6 7 8 9 10 NTC

FIGURE 2 | Electrophoretic band patterns of PCR products yielded with 3% agarose gel in TAE buffer for the representative emperor penguin
samples. The figure shows results from PCR assays using the (A) 2550F/2718R primers, (B) P8/P2 primers, and (C) voEP_F/voEP_R/P2 primers.
Arrows on the right indicate the location and fragment size of the expected/actual bands for male (M) and female (F) emperor penguins in each assay.
The gels shown here correspond to those in Figures S1A, S2A, and S3A. MW, molecular weight ladder; NTC, no-template control.

average fragment sizes of 2500, 1000, 600, and 300bp, the voEP
primers produced strong and clearly distinguishable bands for
both male and female down to a template DNA quantity of 2
x10~%ng. At an average fragment size of 150 bp, the voEP primer
set produced strong and distinct bands for both sexes down to a
template DNA quantity of 2 X 10~#ng. In comparison, the P8/P2
primers required 10- to 100-fold more DNA at larger fragment
sizes (2500-600bp) and up to 1000-fold more DNA at smaller
fragment sizes (300-150bp) to yield robust and clearly distin-
guishable bands for sexing (Figure 4).

3.3 | Independent Sex Validation Using WGS

The sexes of the seven samples inferred via WGS corroborated
their consensus sex assignments using both P8/P2 and voEP
primer sets (Table 2, Figure S6). As expected, the chrZ/chr4
read depth ratios were ~0.5 for the six females (ZW) and ~1.0
for the single male identified (ZZ), regardless of whether pre-
processed or processed data (i.e., additional variant quality
filters) were used (Table S2). However, pre-processed data en-
abled better delineation of the sexes based on chrW/chr4 read
depth ratios (Table S2). The complete concordance in the sexes
determined via WGS and PCR-based methods validates the

accuracy and reliability of the P8/P2 and voEP assays evalu-
ated in this study.

3.4 | Applicability of ASPCR Assay to Other
Penguins

Alignment of CHDI sequences in six penguin species revealed
that most penguins possess highly similar intron lengths
(Figure 1). This suggests that sex identification based on CHDI
introns in these penguins will produce closely associated bands
that are difficult to resolve with standard gel electrophoresis. To
determine whether our ASPCR assay can be used for sex assign-
ments in other penguin species, we aligned the voEP primers
to all available penguin CHDI sequences. The voEP_F primer
is an exact match to the target region on both the CHDIW and
CHDIZ sequences for all but one of the penguin species assessed
(Figure 1). The CHD1Z sequence of gentoo penguins showed a
mismatch (T/G) to this forward primer at the third nucleotide
from the 5’ end. Apart from the terminal and additional mis-
match added, the voEP_R primer is also fully complementary
to the target region on the CHDIW and CHDI1Z sequences for
all penguin species. As an identical 3’ terminal mismatch (G/A)
is present for all species between the reverse primer and the
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FIGURE3 | A summary of sexing results yielded with P8/P2 and voEP primer sets. (A) Percentage of successful and unsuccessful amplifications

in feathers and guano. (B) The number of samples that showed concordant and discordant results in both sample types. Cohen's Kappa (k) revealed an

almost perfect agreement between both primer sets in feather samples. The mismatches observed in guano samples showed a significant directional

bias. (C) A closer examination on the PCR replicates of discordant samples (F =feather, G = guano) revealed allelic dropouts in 8 guano samples when

the P8/P2 assay was used. NA represents no amplification yielded in the replicate.

CHDIZ sequence, this primer would likely work as an allele-
specific primer for the sexing of all penguins (Figure 1).

4 | Discussion

In this study, we developed a new primer set based on allele-
specific PCR (ASPCR) for sex identification of emperor penguins
using non-invasively collected guano. By targeting a conserved
exonic region of the CHDI gene, we successfully designed the
voEP_F/voEP_R/P2 primer set to amplify short and distin-
guishable fragments from CHDIW and CHDI1Z. Although both
intron-based primers could be used for sexing in emperor pen-
guins, they were less reliable when used with more challenging
DNA samples. Allelic and locus dropouts were apparent with
the 2550F/2718R primer set in feather samples, likely because
the target amplicons are significantly larger (~650-750bp).
While the P8/P2 primer set performed better than 2550F/2718R,

it remained less effective compared to the voEP assay, particu-
larly when guano samples were used. Our results indicate that
the voEP primer set is sensitive and reliable across a wide range
of DNA quantity and quality and may also be used for sex iden-
tification in other Spheniscidae species.

The overall performance of the voEP assay was better than that
of P8/P2 across both plucked feather and guano samples. More
individuals were successfully sexed with the voEP primer set,
presumably because it targets smaller PCR products that are
more likely to amplify when DNA is highly degraded (Glenn
et al. 1999; Hughes-Stamm et al. 2011). Consistent with this
explanation, a more pronounced difference in amplification
success between the two primer sets was observed in guano
samples. The voEP assay also produced bands that were easier
to resolve due to the larger size difference between its CHDIW
and CHDI1Z products. In contrast, the P8/P2 primers showed
limited band resolution, as observed in other penguin species

8of13

Ecology and Evolution, 2026

85U8017 SUOWWIOD 8AITeID) 8|qeotjdde ay) Aq peusencb 8. e 9o YO ‘88N JO S9N 10} ARIq1T8UIUO AB]1/W UO (SUORIPUOD-PUR-SLLIBY WD A8 im" AReq 1 jpulU0//SANY) SUORIPUOD PUe Swie | 8y} 8eS *[9202/TT/S0] Uo AkidiTaulluo A8 |IM ‘UieeH JO AnSIUIN AQ #5912 '€899/200T OT/I0P/W0D A8 | Afe.q|1puluoy/:Sdny woly pepeojumoqd ‘TT ‘9202 ‘8522SP02



A. P8/P2 B.

zZ ZW

bp MW 102 104 10 102 107 102 10+ 10 104 107

300

voEP
2z ZW
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75T

150
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FIGURE 4 | Primer sensitivity analysis via fragmentation and dilution of synthetic CHDI templates. Amplification results of ZZ (male) and ZW
(female) across different template quantities (2 X 1073, 2 X 1074, 2 X 107>, 2 X 1079, 2 X 1077 ng) and average template DNA sizes (2500, 1000, 600, 300,
150bp) yielded with (A) P8/P2 and (B) voEP primer sets on 3% lithium acetate-borate (LAB) gels.

(Costantini et al. 2008; Faux et al. 2014), because the ampli-
cons were more similar in size. Although greater band sepa-
ration can be achieved by running a longer gel or applying a
higher voltage, these changes either reduce sample through-
put or necessitate less conductive gels to prevent generation of
excessive heat and band distortion (Singhal et al. 2010). With
improved sample coverage and convenience, the voEP primer
set therefore outperforms the P8/P2 primers for sexing of em-
peror penguins.

While the sexes determined by both P8/P2 and voEP primer sets
were almost identical in plucked feather samples, their level of
agreement was lower when guano was used. Sex discrepancies
in the guano samples showed a unidirectional bias, where P8/
P2 consistently yielded a single male band when the voEP assay
yielded double bands. Given that 30.8% of these mismatched
samples were also detected as females by P8/P2 in at least one
technical replicate, it suggests that those samples were most
likely misidentified as males due to allelic dropouts. Although
dropout of the larger allele would lead to false male calls with
the P8/P2 assay, it does not cause misassignment with the voEP
primers because the smaller product is female-specific. This
characteristic increases the reliability of the voEP assay across
various sample types. As every PCR-based approach is suscepti-
ble to errors (Pompanon et al. 2005), it remains possible that rare
point mutations, polymerase infidelity, or amplification artifacts
may have led to misidentification of some discordant samples
by the voEP primers. However, technical replicates of the voEP
assay yielded consistent results, which reduces the likelihood
of erroneous assignments due to stochastic errors (Navidi
et al. 1992; Taberlet et al. 1999). Furthermore, our indepen-
dent sex validation via WGS in a subset of high-quality feather
samples showed 100% congruence in the sex assignments. This
observed consistency provides an empirical validation for the
accuracy and reliability of our new assay.

By isolating the effects of degradation and template quantity,
we found preliminary evidence that voEP primers are more
sensitive compared to the P8/P2 primers. Strong amplification
was consistently achieved with the voEP primer set, enabling
accurate sexing even with low quantities of highly fragmented
DNA. The higher sensitivity of the voEP primers at smaller DNA
fragment sizes is not surprising, as the limited availability of in-
tact DNA would have reduced or precluded the amplification
of larger PCR products (Hughes-Stamm et al. 2011; Tvedebrink
et al. 2012). At larger DNA fragment sizes, however, the greater
sensitivity of the voEP assay is more likely attributed to the lack
of degeneracy in its primer sequence. While degenerate bases
in the P8/P2 primers allow amplification of more divergent
sequences, their inclusion also reduces the concentration of
the perfectly matched primer, which can in turn compromise
the assay sensitivity (Rose et al. 1998; Zheng et al. 2008). To
maintain broad applicability across species, the voEP primers
were instead designed to target a more conserved region of the
CHDI gene.

Evaluation of CHDI sequences in five additional Spheniscidae
species revealed that the voEP primer set may also be used for
sex assignments in other penguins. Although the voEP_F primer
has a mismatch to the CHDI1Z sequence of gentoo penguins
(T/G), the mismatch occurs near the 5’ end which should have a
low impact on the primer extension efficiency (Wu et al. 1989).
Nonetheless, this primer can easily be optimized for this spe-
cies by decreasing the annealing temperature or matching the
primer to the gentoo sequence. The voEP_R primer can theo-
retically work as an allele-specific primer in all species assessed
as the targeted C — A point mutation is present between their
W and Z alleles. While it is rare, an alternative form of Z allele
that possesses a C instead of the usual A nucleotide has been
detected in a potentially introgressed population of Magellanic
penguins (Hibbets et al. 2020). In such a case where the same
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| Total mapped reads, mean read depth, mean read depth ratio of sex chromosome to autosome (chr4), and mean mapping quality per chromosome for the seven individuals sequenced using

TABLE 2

whole genome sequencing.

Mean read
depth ratio

Sex

Mean mapping quality

Mean read depth

Read count

chr4 chrz chrw WGS P8/P2 voEP

Z:4 W: 4

chrw

chr4 chrZ

chrZ chrw

chr4

Sample

32.21 F

50.78

0.63 57.96

0.51

15.73

24.92 12.82

10154834 6494215

19336518

24EP_305b

24EP_307b

21.59 20.39 5.86 0.94 0.27 57.82 51.25 9.25

2401736

16886573

17406719

31.57

57.75 50.55

0.68

0.52

36.66

27.81

15701012 53.53

43229265 22843440

24EP_307d

24EP_308c

F

0.63 58.02 50.85 32.33

0.51

6414842 25.89 13.31 16.19

10034364

19034402

16.34 0.52 0.66 57.87 50.68 31.94 F

6585758 24.6 12.7

9748575

18424779

24EP_309a

32.11 F

16.04 0.52 0.62 57.99 50.75

13.36

6674229 25.82

20246983 10699508

24EP_309b

24EP_309d

11.34 14.6 0.51 0.66 57.85 50.61 31.74 F

22.07

8998612 6015842

17134314

Note: Reads were mapped to the king penguin (A. patagonicus) reference genome (NCBI GenBank accession GCF_965638725.1), and each metric was estimated using pre-processed data without variant quality filters.

target terminal base is present in both W and Z copies of the
CHDI gene, the voEP_R primer will not be able to differentiate
between males and females. Therefore, a different point muta-
tion must be chosen to enable the sex-typing of individuals in
such populations.

In conclusion, the voEP_F/voEP_R/P2 primer set is a robust
and reliable ASPCR-based assay that can be used for sex identi-
fication in emperor penguins. Intron-based sexing, particularly
with P8/P2, can be reliably used in this species when ample
amounts of high-quality DNA are available. However, our re-
sults showed that the P8/P2 primer set is less reliable when
guano samples were used, presumably because those samples
are more degraded compared to plucked feathers. Our assay pre-
sented here targets smaller PCR products, making it suitable for
use with a variety of sample types—including highly degraded
environmental (eDNA) and ancient DNA. A major limitation in
this study is that biological samples were collected from individ-
uals of unknown sex. Without physical confirmation, we had
limited ability to fully assess the accuracy of any single assay.
That said, the high concordance of two distinct molecular ap-
proaches (intron-based and allele-based) and the independent
validation via WGS provided added confidence to the accuracy
of our results. Our degradation and dilution experiment also
provided preliminary evidence to the increased analytical sen-
sitivity of the voEP assay, but more replicates would be needed
to generate robust sensitivity estimates. Although ASPCR-based
sexing requires that the CHDIW and CHDIZ sequences of a tar-
get species be known prior to primer design, we showed that
it is an efficient and reliable alternative method for sexing in
these penguins, particularly when the standard approach is un-
suitable. As illustrated through sequence alignments, the voEP
primer set may also be used for sex assignments in other pen-
guin species, though empirical testing will be needed to confirm
its applicability.

Author Contributions

Vicky Ooi: conceptualization (lead), data curation (lead), formal
analysis (lead), investigation (lead), methodology (lead), project ad-
ministration (lead), validation (lead), visualization (lead), writing -
original draft (lead), writing - review and editing (lead). Sarah R.
Smith: funding acquisition (supporting), resources (equal), super-
vision (lead), validation (supporting), writing - review and editing
(equal). Skye Davis: data curation (supporting), formal analysis
(supporting), methodology (supporting), writing — original draft (sup-
porting), writing - review and editing (equal). David R. Thompson:
resources (supporting), writing — review and editing (equal). Matt H.
Pinkerton: funding acquisition (equal), writing — review and editing
(equal). Sarah P. Flanagan: methodology (supporting), resources
(supporting), writing - review and editing (equal). Michelle LaRue:
methodology (supporting), resources (supporting), writing — review
and editing (equal). Birgitte I. McDonald: funding acquisition
(equal), resources (equal), writing - review and editing (equal).

Acknowledgements

We are grateful to Antarctica New Zealand and the National Science
Foundation (NSF) for their excellent logistical support. We also extend
our thanks to the penguin team—P. Forman, K.T. Goetz, C. Kroeger,
S. Peterson, and T. Azizeh—for their efforts in sample collection.
Funding for fieldwork and sample collection was provided by the NSF
grant #194355, the New Zealand Ministry of Business, Innovation,

10 of 13

Ecology and Evolution, 2026

85U8017 SUOWWIOD 8AITeID) 8|qeotjdde ay) Aq peusencb 8. e 9o YO ‘88N JO S9N 10} ARIq1T8UIUO AB]1/W UO (SUORIPUOD-PUR-SLLIBY WD A8 im" AReq 1 jpulU0//SANY) SUORIPUOD PUe Swie | 8y} 8eS *[9202/TT/S0] Uo AkidiTaulluo A8 |IM ‘UieeH JO AnSIUIN AQ #5912 '€899/200T OT/I0P/W0D A8 | Afe.q|1puluoy/:Sdny woly pepeojumoqd ‘TT ‘9202 ‘8522SP02



and Employment (‘Ross Sea Research and Monitoring Programme’,
contract number CO1X1710), the Antarctic Science Platform Phase
1 (ANTA1801) and Phase 2 (ANTARCTICANZ2504) managed by
Antarctica New Zealand, and the Royal Society Rutherford Discovery
Fellowship (RDF-UOC2202). All samples were collected under the San
José State University Institutional Animal Care and Use Committee
(IACUC) protocol #1070, Antarctic Convention Act Permits #2023-
003 and #2025-003, University of Canterbury Animal Ethics permit
#2024/06R, and the Antarctic Marine Living Resources Act Permit
#AMLR24_R01_LaRue_KO051_2425_A. The laboratory work was sup-
ported by the budget of MS206: Molecular Techniques class, provided
by the Moss Landing Marine Laboratories department of San José State
University.

Funding

Funding for fieldwork and sample collection was provided by the NSF
grant #194355, the Ministry of Business, Innovation and Employment
(‘Ross Sea Research and Monitoring Programme’, contract number
CO1X1710), the Antarctic Science Platform Phase 1 (ANTA1801)
and Phase 2 (ANTARCTICANZ2504) managed by Antarctica New
Zealand, and the Royal Society Te Aparangi Rutherford Discovery
Fellowship (RDF-UOC2202). DNA extraction, polymerase chain re-
actions, sequencing, and analysis were supported by the budget of the
Fall 2024 MS206: Molecular Techniques class at Moss Landing Marine
Laboratories, San José State University.

Ethics Statement

All samples were collected from emperor penguins under the San
José State University Institutional Animal Care and Use Committee
(IACUC) protocol #1070, Antarctic Convention Act Permits #2023-
003 and #2025-003, University of Canterbury Animal Ethics permit
#2024/06R, and the Antarctic Marine Living Resources Act Permit
#AMLR24_R01_LaRue_KO051_2425_A.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

All sequence data have been uploaded to the NCBI GenBank database
(Accession numbers: PV563863, PV563864). Sequences of synthetic
constructs and representative gel results for all samples are provided in
the Supporting Information. The dataset and analytical codes used are
available at https://github.com/vicky-ooi/EP_Molecular_Sexing.

References

Arnold, K. E., K. J. Orr, and R. Griffiths. 2003. “Primary Sex Ratios
in Birds: Problems With Molecular Sex Identification of Undeveloped
Eggs.” Molecular Ecology 12, no. 12: 3451-3458. https://doi.org/10.
1046/j.1365-294X.2003.02007.x.

Bantock, T. M., R. P. Prys-Jones, and P. L. M. Lee. 2008. “New and
Improved Molecular Sexing Methods for Museum Bird Specimens.”
Molecular Ecology Resources 8, no. 3: 519-528. https://doi.org/10.1111/j.
1471-8286.2007.01999.x.

Chen, S. 2025. “Fastp 1.0: An Ultra-Fast All-Round Tool for FASTQ
Data Quality Control and Preprocessing.” iMeta 4, no. 5: €70078. https://
doi.org/10.1002/imt2.70078.

Cockrem, J. F., M. A. Potter, D. P. Barrett, and E. J. Candy. 2008.
“Corticosterone Responses to Capture and Restraint in Emperor and
Adelie Penguins in Antarctica.” Zoological Science 25, no. 3: 291-298.
https://doi.org/10.2108/zsj.25.291.

Costantini, V., A. C. Guaricci, P. Laricchiuta, F. Rausa, and G. M.
Lacalandra. 2008. “DNA Sexing in Humboldt Penguins (Spheniscus

humboldti) From Feather Samples.” Animal Reproduction Science 106,
no. 1: 162-167. https://doi.org/10.1016/j.anireprosci.2007.12.013.

Danecek, P., J. K. Bonfield, J. Liddle, et al. 2021. “Twelve Years of
SAMtools and BCFtools.” GigaScience 10, no. 2: giab008. https://doi.
org/10.1093/gigascience/giab008.

Dubiec, A., and M. Zagalska-Neubauer. 2006. “Molecular Techniques
for Sex Identification in Birds.” Biological Letters 43, no. 1: 3-12.

Faux, C. E., J. C. McInnes, and S. N. Jarman. 2014. “High-Throughput
Real-Time PCR and Melt Curve Analysis for Sexing Southern Ocean
Seabirds Using Fecal Samples.” Theriogenology 81, no. 6: 870-874.
https://doi.org/10.1016/j.theriogenology.2013.12.021.

Fay, M. P. 2010. “Two-Sided Exact Tests and Matching Confidence
Intervals for Discrete Data.” R Journal 2, no. 1: 53-58. https://doi.org/
10.32614/1j-2010-008.

Freedman, B., F. K. Ammer, and R. S. Fritz. 2008. “Optimization of
DNA Isolation From Feathers.” Journal of the Pennsylvania Academy of
Science 82, no. 1: 48-51.

Fridolfsson, A.-K., and H. Ellegren. 1999. “A Simple and Universal
Method for Molecular Sexing of Non-Ratite Birds.” Journal of Avian
Biology 30, no. 1: 116-121. https://doi.org/10.2307/3677252.

Glenn, T. C., W. Stephan, and M. J. Braun. 1999. “Effects of a Population
Bottleneck on Whooping Crane Mitochondrial DNA Variation.”
Conservation Biology 13, no. 5: 1097-1107. https://doi.org/10.1046/].
1523-1739.1999.97527.X.

Griffiths, R. 2000. “Sex Identification in Birds.” Seminars in Avian
and Exotic Pet Medicine 9, no. 1: 14-26. https://doi.org/10.1016/S1055-
937X(00)80012-2.

Griffiths, R., M. C. Double, K. Orr, and R. J. G. Dawson. 1998. “A DNA
Test to Sex Most Birds.” Molecular Ecology 7, no. 8: 1071-1075. https://
doi.org/10.1046/j.1365-294x.1998.00389.x.

Hart, T., E. Fitzcharles, P. N. Trathan, T. Coulson, and A. D. Rogers.
2009. “Testing and Improving the Accuracy of Discriminant Function
Tests: A Comparison Between Morphometric and Molecular Sexing in
Macaroni Penguins.” Waterbirds 32, no. 3: 437-443. https://doi.org/10.
1675/063.032.03009.

He, P.-J., J.-Q. Yu, and S.-G. Fang. 2005. “Sex Identification of the Black
Swan (Cygnus atratus) Using the Locus-Specific PCR and Implications
for Its Reproduction.” Reproduction in Domestic Animals 40, no. 3: 196—
198. https://doi.org/10.1111/j.1439-0531.2005.00562.X.

Hibbets, E. M., K. I. Schumacher, H. B. Scheppler, P. D. Boersma,
and J. L. Bouzat. 2020. “Genetic Evidence of Hybridization Between
Magellanic (Sphensicus magellanicus) and Humboldt (Spheniscus hum-
boldti) Penguins in the Wild.” Genetica 148, no. 5: 215-228. https://doi.
0rg/10.1007/s10709-020-00106-2.

Houstin, A., D. P. Zitterbart, A. Winterl, et al. 2022. “Biologging
of Emperor Penguins—Attachment Techniques and Associated
Deployment Performance.” PLoS One 17, no. 8: €0265849. https://doi.
org/10.1371/journal.pone.0265849.

Hughes-Stamm, S. R. J., K. Ashton, and A. van Daal. 2011. “Assessment
of DNA Degradation and the Genotyping Success of Highly Degraded
Samples.” International Journal of Legal Medicine 125, no. 3: 341-348.
https://doi.org/10.1007/s00414-010-0455-3.

Ito, H., A. Sudo-Yamaji, M. Abe, T. Murase, and T. Tsubota. 2003. “Sex
Identification by Alternative Polymerase Chain Reaction Methods in
Falconiformes.” Zoological Science 20, no. 3: 339-344. https://doi.org/
10.2108/zsj.20.339.

Kahn, N. W,, J. St. John, and T. W. Quinn. 1998. “Chromosome-Specific
Intron Size Differences in the Avian CHD Gene Provide an Efficient
Method for Sex Identification in Birds.” Auk 115, no. 4: 1074-1078.
https://doi.org/10.2307/4089527.

Ecology and Evolution, 2026

11 of 13

85U8017 SUOWWIOD 8AITeID) 8|qeotjdde ay) Aq peusencb 8. e 9o YO ‘88N JO S9N 10} ARIq1T8UIUO AB]1/W UO (SUORIPUOD-PUR-SLLIBY WD A8 im" AReq 1 jpulU0//SANY) SUORIPUOD PUe Swie | 8y} 8eS *[9202/TT/S0] Uo AkidiTaulluo A8 |IM ‘UieeH JO AnSIUIN AQ #5912 '€899/200T OT/I0P/W0D A8 | Afe.q|1puluoy/:Sdny woly pepeojumoqd ‘TT ‘9202 ‘8522SP02


https://github.com/vicky-ooi/EP_Molecular_Sexing
https://doi.org/10.1046/j.1365-294X.2003.02007.x
https://doi.org/10.1046/j.1365-294X.2003.02007.x
https://doi.org/10.1111/j.1471-8286.2007.01999.x
https://doi.org/10.1111/j.1471-8286.2007.01999.x
https://doi.org/10.1002/imt2.70078
https://doi.org/10.1002/imt2.70078
https://doi.org/10.2108/zsj.25.291
https://doi.org/10.1016/j.anireprosci.2007.12.013
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1016/j.theriogenology.2013.12.021
https://doi.org/10.32614/rj-2010-008
https://doi.org/10.32614/rj-2010-008
https://doi.org/10.2307/3677252
https://doi.org/10.1046/j.1523-1739.1999.97527.x
https://doi.org/10.1046/j.1523-1739.1999.97527.x
https://doi.org/10.1016/S1055-937X(00)80012-2
https://doi.org/10.1016/S1055-937X(00)80012-2
https://doi.org/10.1046/j.1365-294x.1998.00389.x
https://doi.org/10.1046/j.1365-294x.1998.00389.x
https://doi.org/10.1675/063.032.0309
https://doi.org/10.1675/063.032.0309
https://doi.org/10.1111/j.1439-0531.2005.00562.x
https://doi.org/10.1007/s10709-020-00106-2
https://doi.org/10.1007/s10709-020-00106-2
https://doi.org/10.1371/journal.pone.0265849
https://doi.org/10.1371/journal.pone.0265849
https://doi.org/10.1007/s00414-010-0455-3
https://doi.org/10.2108/zsj.20.339
https://doi.org/10.2108/zsj.20.339
https://doi.org/10.2307/4089527

Lee, J.-C.-I., L.-C. Tsai, P.-Y. Hwa, et al. 2010. “A Novel Strategy for
Avian Species and Gender Identification Using the CHD Gene.”
Molecular and Cellular Probes 24, no. 1: 27-31. https://doi.org/10.1016/j.
mcp.2009.08.003.

Lee, M.-Y., Y.-J. Hong, S.-K. Park, et al. 2008. “Application of Two
Complementary Molecular Sexing Methods for East Asian Bird
Species.” Genes & Genomics 30: 365-372.

Lee, P. L. M., and R. Griffiths. 2003. “Sexing Errors Among Museum
Skins of a Sexually Monomorphic Bird, the Moorhen Gallinula chloro-
pus.” Ibis 145, no. 4: 695-698. https://doi.org/10.1046/j.1474-919X.2003.
00201.x.

Little, S. 1995. “Amplification-Refractory Mutation System (ARMS)
Analysis of Point Mutations.” Current Protocols in Human Genetics 7,
no. 1: 9.8.1-9.8.12. https://doi.org/10.1002/0471142905.hg0908s07.

Liu, J., S. Huang, M. Sun, et al. 2012. “An Improved Allele-Specific PCR
Primer Design Method for SNP Marker Analysis and Its Application.”
Plant Methods 8, no. 1: 34. https://doi.org/10.1186/1746-4811-8-34.

Loureiro, J., D. Tavares, S. Ferreira, et al. 2014. “Sex Identification
in Gentoo (Pygoscelis papua) and Chinstrap (Pygoscelis antarctica)
Penguins: Can Flow Cytometry Be Used as a Reliable Identification
Method?” Journal of Experimental Marine Biology and Ecology 461:
364-370. https://doi.org/10.1016/j.jembe.2014.08.021.

Morinha, F., J. A. Cabral, and E. Bastos. 2012. “Molecular Sexing of
Birds: A Comparative Review of Polymerase Chain Reaction (PCR)-
Based Methods.” Theriogenology 78, no. 4: 703-714. https://doi.org/10.
1016/j.theriogenology.2012.04.015.

Navidi, W., N. Arnheim, and M. S. Waterman. 1992. “A Multiple-Tubes
Approach for Accurate Genotyping of Very Small DNA Samples by
Using PCR: Statistical Considerations.” American Journal of Human
Genetics 50, no. 2: 347-359.

Newton, C. R., A. Graham, L. E. Heptinstall, et al. 1989. “Analysis of
Any Point Mutation in DNA. The Amplification Refractory Mutation
System (ARMS).” Nucleic Acids Research 17, no. 7: 2503-2516. https://
doi.org/10.1093/nar/17.7.2503.

Ooi, V.,L. McMichael, M. E. Hunter, A. T. Kamla, and J. M. Lanyon. 2023.
“A New DNA Extraction Method (HV-CTAB-PCI) for Amplification of
Nuclear Markers From Open Ocean-Retrieved Faeces of an Herbivorous
Marine Mammal, the Dugong.” PLoS One 18, no. 6: €0278792. https://
doi.org/10.1371/journal.pone.0278792.

Polito, M., G. Clucas, T. Hart, and W. Trivelpiece. 2024. “A Simplified
Method of Determining the Sex of Pygoscelis Penguins Using Bill
Measurements.” Marine Ornithology 40, no. 2: 89-94. https://doi.org/
10.5038/2074-1235.40.2.974.

Pompanon, F., A. Bonin, E. Bellemain, and P. Taberlet. 2005.
“Genotyping Errors: Causes, Consequences and Solutions.” Nature
Reviews Genetics 6, no. 11: 847-859. https://doi.org/10.1038/nrg1707.

R Core Team. 2025. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing. https://www.R-
project.org/.

Revelle, W. 2026. Psych: Procedures for Psychological, Psychometric, and
Personality Research. Northwestern University, R package version 2.6.4.
https://CRAN.R-project.org/package=psych.

Rose, T. M., E. R. Schultz, J. G. Henikoff, S. Pietrokovski, C. M.
McCallum, and S. Henikoff. 1998. “Consensus-Degenerate Hybrid
Oligonucleotide Primers for Amplification of Distantly Related
Sequences.” Nucleic Acids Research 26, no. 7: 1628-1635. https://doi.org/
10.1093/nar/26.7.1628.

Sefc, K. M., R. B. Payne, and M. D. Sorenson. 2003. “Microsatellite
Amplification From Museum Feather Samples: Effects of Fragment
Size and Template Concentration on Genotyping Errors.” Auk 120, no.
4:982-989. https://doi.org/10.2307/4090269.

Singhal, H., Y. R. Ren, and S. E. Kern. 2010. “Improved DNA
Electrophoresis in Conditions Favoring Polyborates and Lewis Acid
Complexation.” PLoS One 5, no. 6: €11318. https://doi.org/10.1371/journ
al.pone.0011318.

Taberlet, P., L. P. Waits, and G. Luikart. 1999. “Noninvasive Genetic
Sampling: Look Before You Leap.” Trends in Ecology & Evolution 14, no.
8:323-327. https://doi.org/10.1016/S0169-5347(99)01637-7.

Tagliavia, M., V. Catania, G. Dell'Omo, and B. Massa. 2023. “High-
Performance PCR for Alleles Discrimination of Chromo-Helicase-DNA
Binding Protein (CHD1) Gene in Bird Sexing.” Biology 12, no. 2: 300.
https://doi.org/10.3390/biology12020300.

Tian, J., X. Bao, J. Du, et al. 2021. “Sex Identification Based on the CHD
Gene From Gentoo Penguin (Pygoscelis papua) Fecal DNA Samples.”
Conservation Genetics Resources 13, no. 3: 249-253. https://doi.org/10.
1007/s12686-021-01202-X.

Tvedebrink, T., P. S. Eriksen, H. S. Mogensen, and N. Morling. 2012.
“Statistical Model for Degraded DNA Samples and Adjusted Probabilities
for Allelic Drop-Out.” Forensic Science International: Genetics 6, no. 1:
97-101. https://doi.org/10.1016/j.fsigen.2011.03.001.

Ugozzoli, L., and R. B. Wallace. 1991. “Allele-Specific Polymerase
Chain Reaction.” Methods 2, no. 1: 42-48. https://doi.org/10.1016/S1046
-2023(05)80124-0.

Valenzuela-Guerra, P., D. Morales-Moraga, D. Gonzalez-Acuiia, and
J. A. Vianna. 2013. “Geographic Morphological Variation of Gentoo
Penguin (Pygoscelis papua) and Sex Identification: Using Morphometric
Characters and Molecular Markers.” Polar Biology 36, no. 12: 1723-
1734. https://doi.org/10.1007/s00300-013-1389-2.

Vasimuddin, M., S. Misra, H. Li, and S. Aluru. 2019. Efficient
Architecture-Aware Acceleration of BWA-MEM for Multicore Systems,
314-324. 2019 IEEE International Parallel and Distributed Processing
Symposium (IPDPS). https://doi.org/10.1109/IPDPS.2019.00041.

Webster, T. H., M. Couse, B. M. Grande, et al. 2019. “Identifying,
Understanding, and Correcting Technical Artifacts on the Sex
Chromosomes in Next-Generation Sequencing Data.” GigaScience 8, no.
7: giz074. https://doi.org/10.1093/gigascience/giz074.

Wu, D. Y., L. Ugozzoli, and R. B. Wallace. 1989. “Allele-Specific
Enzymatic Amplification of Beta-Globin Genomic DNA for Diagnosis
of Sickle Cell Anemia.” Proceedings of the National Academy of Sciences
of the United States of America 86, no. 8: 2757-2760. https://doi.org/10.
1073/pnas.86.8.2757.

Xavier, J. C., Y. Cherel, R. Medeiros, et al. 2018. “Conventional and
Molecular Analysis of the Diet of Gentoo Penguins: Contributions to
Assess Scats for Non-Invasive Penguin Diet Monitoring.” Polar Biology
41, no. 11: 2275-2287. https://doi.org/10.1007/s00300-018-2364-8.

Zhang, P, J. Han, Q. Liu, J. Zhang, and X. Zhang. 2013. “Sex
Identification of Four Penguin Species Using Locus-Specific PCR.” Zoo
Biology 32, no. 3: 257-261. https://doi.org/10.1002/z00.21005.

Zheng, L., M. J. Gibbs, and B. C. Rodoni. 2008. “Quantitative PCR
Measurements of the Effects of Introducing Inosines Into Primers
Provides Guidelines for Improved Degenerate Primer Design.” Journal
of Virological Methods 153, no. 2: 97-103. https://doi.org/10.1016/j.jviro
met.2008.07.029.

Supporting Information

Additional supportinginformation can be found online in the Supporting
Information section. Table S1: The 2500 bp codon-optimized sequences
of the synthesized CHDIW and CHDI1Z fragments. Only the flanking
sequences were codon-optimized; the target regions (i.e., primer and
original CHDI sequences; in red) were unmodified. Figure S1: Gel
images of all samples amplified using the 2550F/2718R primer set.
The expected CHDIW and CHDIZ bands were ~750bp and ~650bp,
respectively (Zhang et al. 2013). Five samples yielded one band with
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this primer set, suggesting that they may be males (M?), but the same
samples were identified as females with the P8/P2 and voEP primers.
Various non-specific amplifications were present in the PCRs despite
efforts made to optimize the assay. MW, molecular weight ladder, NTC,
no-template control. Figure S2: Representative gel images of all feather
samples amplified using the P8/P2 primer set. The amplified CHD1Z
and CHDIW fragments were 368 bp and 388bp, respectively. Full data-
set with outcome of PCR replicates is available at https://github.com/
vicky-00i/EP_Molecular_Sexing. (A-G): Feather samples collected
from emperor penguins in 2022 and 2023. These PCR products were
run on a 3% EtBr-stained agarose gel in TAE buffer for 1h 45min at
10V/cm. (H-I): Feather samples collected from emperor penguins in
2024. These PCR products were run on a 3% EtBr-stained agarose gel
in LAB buffer for 1h 45min at 20 V/cm. MW, molecular weight ladder,
NTC, no-template control. Figure S3: Representative gel images of all
feather samples amplified using the voEP primer set. Full dataset with
outcome of PCR replicates is available at https://github.com/vicky-ooi/
EP_Molecular_Sexing. The common product for CHD1Z and CHDIW
was 104 bp, and the CHD1W-specific product was 74bp. (A-G): Feather
samples collected from emperor penguins in 2022 and 2023. These PCR
products were run on a 3% EtBr-stained agarose gel in TAE buffer for
1h 30min at 10V/cm. (H-1): Feather samples collected from emperor
penguins in 2024. These PCR products were run on a 3% EtBr-stained
agarose gel in LAB buffer for 45min at 20 V/cm. MW, molecular weight
ladder, NTC, no-template control. Figure S4: Representative gel images
of all guano samples amplified using the P8/P2 primer set. Full dataset
with outcome of PCR replicates is available at https://github.com/vicky
-00i/EP_Molecular_Sexing. The amplified CHDIZ and CHDIW frag-
ments were 368 bp and 388 bp, respectively. All PCR products were run
on a 3% EtBr-stained agarose gel in LAB buffer for 1h 45min at 20V/
cm. This resulted in slightly greater separation between the CHD1Z
and CHDIW bands. MW, molecular weight ladder, NTC, no-template
control. Figure S5: Representative gel images of all guano samples am-
plified using the voEP primer set. Full dataset with outcome of PCR
replicates is available at https://github.com/vicky-00i/EP_Molecular_
Sexing. The common product for CHDIZ and CHDIW was 104bp, and
the CHD1W-specific product was 74bp. All PCR products were run on
a 3% EtBr-stained agarose gel in LAB buffer for 45min at 20 V/cm. MW,
molecular weight ladder, NTC, no-template control. Figure S6: Three
metrics used for sex inference in seven individuals based on whole ge-
nome sequencing. The graphs represent (A) mean mapped reads, (B)
mean read depth, and (C) mean mapping quality of the Z and W chro-
mosomes after standardization against the average of an autosome
(chromosome 4). Reads were mapped to the king penguin (A. patagon-
icus) reference genome (NCBI RefSeq accession GCF_965638725.1).
Individuals are colored by the sex inferred using the PCR-based assays
(P8/P2 and voEP), which produced identical results. Table S2: Mean
read depth ratios of the sex chromosomes (Z or W) to the autosome
(chromosome 4) calculated for each sample using both pre-processed
and processed whole genome sequencing data. For processed data, the
default quality filters applied by the package XYalign were used—i.e., a
minimum variant site quality of 30, minimum genotype quality of 30,
minimum variant read depth of 4, and minimum mapping quality of 20.
Reads were mapped to the king penguin (A. patagonicus) reference ge-
nome (NCBI RefSeq accession GCF_965638725.1). The identified male
sample is highlighted in gray.
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