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Abstract

Facultative parthenogenesis (FP), or asexual reproduction by sexually reproducing female animals, has been reported across several clades of
vertebrates and is increasingly being recognized as a reproductive mechanism with significant implications for the genetic variation of captive
and wild populations. The definitive identification of parthenogens requires molecular confirmation, with large genomic datasets necessary
to accurately parse the parthenogenetic mechanism (i.e. endoduplication, gametic duplication, terminal fusion automixis, or central fusion
automixis). Current methods for inferring FP from large genomic datasets are statistically intensive, require competency in R scripting for their
execution, and are not designed for detection of facultative parthenogenesis or screening of large numbers of mother/offspring pairs, whereas
small datasets (i.e. microsatellites) that can be evaluated visually lack the power to discriminate among FP mechanisms. Here, we present
the userfriendly software program, ParthenoGenius, that uses intuitive logic to infer the presence and mechanism of FP from even large ge-
nomic datasets comprising many mothers and offspring. ParthenoGenius runs relatively quickly and does not require the researcher to have
knowledge of R scripting or statistics. ParthenoGenius was tested on eight empirical datasets and in each case identified parthenogens (and
parthenogenic mechanism when present) consistent with results of previous studies or corroborating evidence. ParthenoGenius will facilitate
the rapid screening of large genomic datasets comprising many mothers and offspring for the presence and mechanism of parthenogenesis,
improving our understanding of the frequency and phylogenetic distribution of FP across the animal kingdom.
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Introduction [Fields et al. 20135]), the ecological and evolutionary signifi-
cance of this reproductive trait is now being questioned, no-

Facultative parthenogenesis (FP) (i.e. sporadic asexual re-
P 8 (FP) { P tably for the potentially significant implications it may have

production by sexually reproducing species) has been re- ) ‘ o
ported across four major taxa in the animal kingdom: for population genetic variation. .

namely, crocodiles0020(Booth et al. 2023), reptiles (lizards In vertebrates, two. cytological me.ch.amsms of FP are
and snakes) (Schuett et al. 1997; Watts et al. 2006; Germano known—Endoduplication and AULOMIXIS. The effects of
and Smith 2010; Booth and Schuett 2011, 2016; Booth et these range from the complete retention of maternal heter-
al. 2011a, 2011b, 2012, 2014; Reynolds et al. 2012; Kinney ~ ©02V80sity to genome-wide homozygosity in the offspring
et al. 2012; Shibata et al. 2017; Allen et al. 2018; Miller et (Lamf,’e“ 2008). Endoduplication involves th? premelotic
al. 2019; Kratochvil et al. 2020; Seixas et al. 2020; Card et dqubhng of chrqmogomes and the prqductlon of d‘P'
al. 2021), birds (Olson 1960; Schut et al. 2008; Parker and loid eggs. Recombination takes place but is masked as this
McDaniel 2009; Ramachandran and McDaniel 2018; Ryder occurs b§tween horpologqus chromosomes; thus, the' (?ff_
et al. 2021), and elasmobranch fishes (Chapman et al. 2007, spring will be genetically }dentlcal to the mother, retaining
2008; Feldheim et al. 2010; Robinson et al. 2011; Portnoy et 100% of her heterozygosity. In contrast, under automixis,

al. 2014; Fields et al. 2015; Harmon et al. 2016; Straube et al. meiosis is ma.intained, and diploidy is- recoveljed b}f one of
2016). Historically, vertebrate FP was considered to be a re- three mechanisms: 1) gametic duplication, which will result

productive syndrome of captivity, with cases restricted to zo- 1n genome-wlde homozygosity, 2), terminal fusion, resulting
ological collections and private breeding facilities. However, from the fusion of th_e nucleus ‘,’Vlth the second polar body
with its detection in natural populations (e.g. copperhead and and, hence the potential to retain some maternal heterozy-
cottonmouth snakes [Booth et al. 2012]; smalltooth sawfish gosity (0% to 67%) largely localized at the chromosome
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tips, and 3) central fusion automixis, in which the nucleus
fuses with the first polar body, leading to the retention of
significant maternal heterozygosity (67% to 100%) (Pearcy
et al. 2006, 2011; Svendsen et al. 2015). Of these four po-
tential mechanisms, terminal fusion appears to be the most
commonly attributed mechanism in vertebrates (Booth and
Schuett 2016).

From a practical standpoint, the recognition that FP
can occur in wild populations poses a challenge for those
conducting genetic parentage analysis and pedigree reconstruc-
tion. First, most genetic parentage analysis programs assume
exclusive sexual reproduction or selfing (e.g. Colony [Jones
and Wang 2010]; Sequoia [Huisman 2017]) with no consid-
eration of inheritance patterns associated with FP, such that in
populations that have FP, it is often assumed that an unsampled
male sired progeny for which paternity could not be assigned.
Furthermore, many female vertebrates are capable of long-term
sperm storage (LTSS) (Holt and Loyd 2010; Booth and Schuett
2011; Levine et al. 2021, 2024), a phenomenon that may pro-
duce offspring long after a mating event, with those offspring
mistakenly attributed to FP. To ensure accurate genetic par-
entage assignments and downstream analyses, the identifica-
tion of parthenogenetic offspring should be prioritized within
parentage analysis workflows for taxa that lack genomic
imprinting (i.e. the mechanism that prevents FP in mammals
[Kono 2006]) and thus for which FP may occur (Solter 1988).

Definitively parsing FP from LTSS and undetected mating
events requires analysis of genetic or genomic data. Most
often, microsatellite genotypes have been evaluated to infer
FP. While microsatellite data are easily evaluated visually, the
discriminatory power of these to parse FP mechanisms is low,
potentially leading to erroneous inferences (e.g. Shibata et al.
2017). Large genomic datasets, on the other hand, capture
many sites in the genome and are therefore more likely to
sequence sites near the tips of chromosomes, thus allowing
for the parsing of FP mechanism. Furthermore, in the era of
next-generation sequencing, the generation of genomic par-
entage datasets is now commonplace (e.g. Kess et al. 2016;
Andrews et al. 2018; Thrasher et al. 2018; Levine et al. 2019,
2022). Yet, to our knowledge, no tool currently exists to fa-
cilitate rapid screening of genomic parentage datasets for the
presence of parthenogens or to discern the mechanism un-
derlying apparent FP. Recent studies of FP that analyzed ge-
nomic datasets (i.e. Allen et al. 2018; Card et al. 2021) relied
on statistically intensive methods designed for the study of
inbreeding (e.g. Rhh [Alho et al. 2010]) or relatedness (e.g.
Demerelate [Kraemer and Gerlach 2017]) rather than detec-
tion of FP. Further, these programs require the user to have
competency in R scripting and are not optimized for screening
large numbers of mothers and offspring for the presence of
FP. This is unfortunate in that the ability to rapidly screen ge-
nomic parentage datasets comprising many mothers and off-
spring of species for which FP is possible has the potential to
dramatically improve our understanding of the frequency and
phylogenetic distribution of FP and LTSS in nature.

Here, we present a user-friendly heuristic, ParthenoGenius,
that uses intuitive logic to quickly scan genetic and genomic
data comprising even large numbers of mothers and offspring
for the presence of FP. When FP is detected, this program also
infers the most likely FP mechanism. ParthenoGenius will
facilitate rapid screening of genetic parentage datasets for
parthenogens, allowing for unprecedented characterization
of rates of FP and LTSS in captive and wild populations and
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improving our understanding of the phylogenetic distribution
of FP among vertebrates.

Methods

ParthenoGenius is an open-source software program written
in Python that requires the pandas (https://pandas.pydata.
org) module. The ParthenoGenius script (ParthenoGenius.
py), a shell script for iteratively running ParthenoGenius
on multiple mother—offspring pairs (PG_wrapper.sh), and a
file preparation shell script (PG_file_prep.sh) that generates
mother—offspring input files from genetic parentage datasets
comprising many individuals can be found on GitHub
(https://github.com/brenna-levine/LEVINE_ParthenoGenius)
along with instructions for installation and usage.

Overview

ParthenoGenius employs heuristics for inferring the presence
and mechanism of FP for diploid organisms that are based on
expectations of the relationship between maternal and off-
spring genotypes when offspring are produced via FP. In a
parthenogen, offspring will be homozygous for the maternal
allele at all loci for which the mother is homozygous, as no
paternal alleles are present. It follows that heterozygous or op-
posite homozygous offspring genotypes observed at maternal
homozygous loci in a parthenogen are artifacts of sequencing
and/or genotyping error (i.e. Mendelian errors [Fountain et
al. 2016]), and to a nominal extent, germline mutation. While
mutations may cause the offspring genotypes at maternal ho-
mozygous loci to differ from the mother, per-generation muta-
tion rates are exceedingly low in vertebrates (e.g. 1.17 x 10
for reptiles and 1.01 x 10-® for birds [Bergeron et al. 2023])
compared to sequencing and genotyping error rates estimated
from Mendelian errors (e.g. 20.03 for >25x coverage reference-
aligned ddRADseq [Fountain et al. 2016]) and are therefore
not considered by ParthenoGenius. Using this logic, Part 1 of
the ParthenoGenius program scans a genotype file containing
maternal and offspring alleles, identifies all loci at which the
mother is homozygous, and tallies the number of these loci
at which the offspring does not display homozygosity for the
maternal allele. If the number of maternal homozygous loci
at which the offspring displays differing genotypes exceeds
that expected from sequencing and genotyping error alone,
ParthenoGenius calls the offspring as a nonparthenogen as it is
assumed that the presence of paternal alleles is accounting for
the observed differences (Fig. 1). In this case, ParthenoGenius
generates two output files and shuts down: 1) A text file that
lists all diploid co-dominant loci at which the mother is ho-
mozygous and the offspring alleles that differ from the ma-
ternal genotype at these loci, and 2) a summary file that reports
metrics related to maternal and offspring homozygosity and a
statement that the offspring is unlikely to be a parthenogen.
Differently, if the number of maternal homozygous loci at
which the offspring displays differing genotypes is less than
that expected from sequencing and genotyping error alone,
ParthenoGenius generates the above homozygosity output
files, states that the offspring is likely a parthenogen in the sum-
mary file, and proceeds to Part 2 of the program.

Part 2 of ParthenoGenius similarly uses a heuristic to infer
the reproductive mechanism responsible for FP based on
expectations of offspring heterozygosity given different FP
mechanisms. Here, ParthenoGenius identifies all loci at which
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mydata.csv
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[ ./ParthenoGenius.py mydata.csv outfile --error 0.01 --P2_user_defined_error 0.01 ]

outfile.partl.homozygosity_scan_raw.txt
outfile.partl.homozygosity_scan_summary.txt

|:| Infile

G ParthenoGenius
command

Non-Parthenogen Called

l

|:| Outfiles

Parthenogen Called

l

Exit

outfile.part2.heterozygosity_scan_raw.txt
outfile.part2.heterozygosity_scan_summary.txt

l

Exit

Fig. 1. Overview of ParthenoGenius. ParthenoGenius takes as an input file a.csv file containing locus names and genotypes for a mother and offspring
(e.g. mydata.csv). The user must declare a prefix for the generated output files (e.g. “outfile”) and can optionally declare an estimated error rate as an
argument for Part 1 (--error; default = 0.001) and Part 2 (-P2_user_defined_error; default is calculated by Part 1). If the offspring is called as a non-
parthenogen, two output files regarding offspring homozygosity at maternal homozygous loci are generated, and the program shuts down. If the
offspring is called a parthenogen, two additional output files regarding offspring homozygosity at maternal heterozygous loci are generated, and the
program calls the most likely mechanism of parthenogenesis. Detailed instructions for installation and usage of ParthenoGenius are found on GitHub

(https://github.com/brenna-levine/LEVINE_ParthenoGenius).

the mother is heterozygous and tallies the number of these
loci at which the offspring displays heterozygosity for the
maternal alleles. If the number of maternal heterozygous loci
at which the offspring is heterozygous is less than would be
expected due to the error rate alone assuming gametic dupli-
cation (i.e. genome-wide offspring homozygosity), the mech-
anism of parthenogenesis is called as gametic duplication. If
the number is greater than would be expected for gametic
duplication but less than would be expected due to central
fusion (i.e. 67% or greater; Svendsen et al. 2015), the mech-
anism of parthenogenesis is called as terminal fusion. If the
number exceeds the minimum expected due to central fusion
automixis but is less than the number expected due to the error
rate alone assuming endoduplication (i.e. <100%), the mech-
anism of parthenogenesis is called as central fusion automixis.
If the offspring is heterozygous at more loci than would be ex-
pected due to the error rate alone assuming endoduplication,
the mechanism is called as endoduplication. Note that central
fusion automixis can also theoretically yield 100% retained
heterozygosity, but this is extremely unlikely as it would only
happen in the absence of recombination. Likewise, while 0%
retained maternal heterozygosity is theoretically possible for
terminal fusion automixis, this result is extremely unlikely as
it would also require the absence of recombination. Part 2
of ParthenoGenius generates two output files: 1) A file that
lists all loci at which the mother is heterozygous and corre-
sponding heterozygous offspring alleles and 2) a summary file
that reports heterozygosity values and a statement of the most
likely mechanism of FP.

Error rates

A critical parameter for ParthenoGenius is the estimated error
rate for the genetic dataset. The value of this parameter is
used in Part 1 of ParthenoGenius to generate expectations

for the maximum number of maternal homozygous loci at
which the offspring should exhibit heterozygosity or op-
posite homozygosity, given the offspring is a parthenogen.
The default error rate for Part 1 of ParthenoGenius is 0.001
(0.1%), a value consistent with the error rate expected from
a high-quality SNP array (Saunders et al. 2007). However,
the error rate can be provided as an argument by the user
to reflect the DNA sequencing technology, coverage, DNA
quality, base call quality, and locus assembly protocol (e.g.
reference-aligned vs. de novo) for other sequencing methods
such as reduced representation library sequencing. For ex-
ample, short read Illumina error rates have been estimated at
0.1% to 1.0% (Peterson et al. 2012), and variable coverage
(e.g. 25x vs. 230x) has resulted in an error rate ranging from
>0.03 to <0.01, respectively, in reference-aligned ddRADseq
datasets (Fountain et al. 2016). The user should carefully con-
sider their choice of error rate for part one of ParthenoGenius
and test the robustness of their analyses to various values (see
Error rate tests section).

In Part 2 of ParthenoGenius, the error rate is updated by
default to reflect the error rate apparent among the homo-
zygous loci, assuming the offspring is a parthenogen. The
updated error rate is equal to the number of maternal ho-
mozygous loci at which the offspring displays heterozygosity
or opposite homozygosity divided by the total number of
maternal homozygous loci. This updated error rate assumes
that the error rate is equivalent among homozygous and het-
erozygous loci, which may or may not be a reasonable as-
sumption for the user’s dataset (e.g. depending on coverage).
Therefore, Part 2 of ParthenoGenius can also be executed
using a user-defined error rate that is not informed by the
error rate apparent among the homozygous loci to accommo-
date potential differences in error rate among heterozygous
and homozygous loci.
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Analyses of simulated datasets

We simulated five test datasets by hand reflecting
nonparthenogenesis and FP due to gametic duplication,
terminal fusion automixis, central fusion automixis, and
endoduplication. Each simulated dataset contained 100 SNP
loci and genotypes for a simulated mother and offspring. One
hundred SNPs were chosen to represent a compromise be-
tween large SNP datasets and small microsatellite datasets.
In all datasets, the mother was homozygous at 36 loci, but
only 33 loci were genotyped for both mother and offspring.
Missing data was included in the simulated datasets to re-
flect the realities of empirical data. A summary of each sim-
ulated dataset is available in Supplementary Table 1. We ran
ParthenoGenius on each simulated dataset using an error rate
equal to 0.01 (1%), reflecting a potential error rate for high-
coverage (230x), reference-aligned ddRADseq loci (Fountain
et al. 2016).

Analyses of empirical datasets

We analyzed six published genetic and genomic empirical
datasets to determine whether ParthenoGenius generated
conclusions consistent with those previously reported. We also
used ParthenoGenius to analyze two novel empirical data (i.e.
Booth et al. 2023; Levine et al. 2024). We set the per-base error
rate equal to 0.01 (1%) for microsatellite data (i.e. a value that
has been previously used for microsatellite parentage analysis
simulations [Kalinowski et al. 2007]) and ddRADseq data and
0.001 (0.1%) for a high-coverage whole genome sequencing
(WGS) dataset.

Published dataset 1: Green anaconda FP. Shibata et al. (2017)
used 16 microsatellite loci to analyze the DNA of two puta-
tively parthenogenetic green anacondas (Eunectes murinus)
as well as two nonparthenogenetic individuals. The study
concluded that the two candidate parthenogens were true
parthenogens produced via gametic duplication due to homo-
zygosity for maternal alleles at all loci.

Published dataset 2: California condor FP. Ryder et al. (2021)
used 22 microsatellite loci to analyze the DNA of two putatively
parthenogenetic California condors (Gymnogyps californianus)
and concluded that both offspring were parthenogens due to ho-
mozygosity for maternal alleles at all loci. This study refrained
from definitively calling the mechanism of FP due to the limited
power of the microsatellite dataset.

Published dataset 3: Zebra shark FP. Dudgeon et al. (2017)
used 14 microsatellite loci to analyze the DNA of 12 zebra
shark (Stegostoma fasciatum) offspring and their mothers. The
study identified nine parthenogenetic offspring, with the lim-
ited power of the microsatellite dataset implicating gametic du-
plication due to homozygosity for maternal alleles observed at
all loci. However, the authors concluded that terminal fusion
automixis was a more likely mechanism of FP for this species.

Published dataset 4: Western diamond-backed rattlesnake
LTSS. Levine et al. (2021) used ddRADseq to genotype a
western diamond-backed rattlesnake mother (Crotalus atrox)
and four candidate parthenogens at 4,228 SNPs. The mother
was homozygous at 1,197 loci, and all offspring exhibited
putative paternal alleles at 5.1% of these loci. The authors
rejected the hypothesis of FP in favor of LTSS due to the
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identification of putative paternal alleles and a parentage
analysis using COLONY (Jones and Wang 2010).

Published dataset 5: Guatemalan beaded lizard multiple pa-
ternity. Levine et al. (2022) used ddRADseq to genotype a cap-
tive zoo population of Guatemalan beaded lizard (Heloderma
charlesbogerti) mothers, candidate fathers, and 30 offspring
at 3,094 SNPs. The authors conducted pedigree reconstruc-
tion using Sequoia (Huisman 2017) with 210 high minor al-
lele frequency SNPs to identify incidents of multiple paternity
in this captive population. All offspring were assigned pater-
nity to a known male in the population.

Published dataset 6: King cobra FP. Card et al. (2021) used
ddRADseq to genotype a king cobra mother (Ophiophagus
hannah) and two candidate parthenogens at 20,562 SNPs.
The mother was heterozygous at 278 loci. The study used the
R programs Rhbh (Alho et al. 2010) and Demerelate (Kraemer
and Gerlach 2017) and a custom R script to perform
bootstrapping to quantify measures of genome-wide heter-
ozygosity and relatedness and concluded that the two off-
spring exhibited retained heterozygosity at 23% and 27% of
the maternal heterozygous loci, respectively. Combined with
observations of clutch characteristics, the study concluded
that the two offspring were parthenogens produced via ter-
minal fusion automixis.

Novel dataset 1: American crocodile FP. We used
ParthenoGenius to analyze 191,255 SNPs genotyped by WGS
for an American crocodile (Crocodylus acutus) mother and
candidate parthenogen (Booth et al. 2023). FP via terminal fu-
sion automixis was inferred from characteristics of the clutch,
>99.9% homozygosity at 186,240 maternal homozygous loci,
and 3% retained maternal heterozygosity in the offspring at
5,015 maternal heterozygous loci. Two differently thinned SNP
datasets were also analyzed and generated the same conclusions.

Novel dataset 2: Himalayan mountain pitviper LTSS. We
used ParthenoGenius to analyze 9,697 SNPs genotyped by
ddRADseq for a Himalayan mountain pitviper (Ovophis
monticola) mother and three candidate parthenogens (Levine
et al. 2024). The offspring displayed putative paternal alleles
at 31% to 39% of 4,087 maternal homozygous loci. No evi-
dence of FP was found, instead implicating LTSS as the repro-
ductive mechanism responsible for the offspring.

Error rate tests

We also ran ParthenoGenius on all of the described empirical
datasets using seven user-defined error rates (0.001, 0.005,
0.010, 0.015, 0.020, 0.025, 0.030) for both Parts 1 and 2 of
the program to test the sensitivity of the results to the choice
of error rate. For each test, we recorded whether the offspring
were called as a parthenogen and if so, what mechanism was
ascribed. These results were then compared to those previ-
ously reported in the literature.

Results

Simulated and published datasets

ParthenoGenius called the presence and mechanism of FP as
expected from the five simulated test datasets. ParthenoGenius,
also called offspring as parthenogens, following analyses of

G0z Asenuer Lg uo Jasn Aieiq urely - AjIsIaAluN 9)els pue ainyisul oluyoalkiod eulBiIA AQ ¥EELE8./¥E/L/91 L/aIOIHE/PRISY[/LO0D dNO DILSPED.//:SANY WOI) POPEOJUMOQ


http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esae060#supplementary-data

38

the three published microsatellite datasets, consistent with the
results of these studies (Table 1). ParthenoGenius called the
mechanism of parthenogenesis as gametic duplication for
all microsatellite datasets, also consistent with statements or
suggestions in these studies. However, we caution that calls
for gametic duplication may be due to a lack of power in the
microsatellite datasets to detect alternative mechanisms of FP
(Allen et al. 2018; Card et al. 2021; Booth et al. 2023).

ParthenoGenius, also called parthenogenesis or
nonparthenogenesis, is consistent with results previously re-
ported in all analyses of published ddRADseq SNP datasets
(Table 1). ParthenoGenius rejected the parthenogenetic or-
igin of C. atrox (Levine et al. 2021) and H. charlesbogerti
(Levine et al. 2022) offspring and called two O. hannah
offspring as parthenogens (Card et al. 2021) (Table 1).
Moreover, ParthenoGenius called the mechanism of FP
for the O. hannab offspring as terminal fusion automixis
due to the retention of 23% to 27% of maternal heterozy-
gosity (Table 1), consistent with the findings of the original
study. ParthenoGenius analyzed these large SNP datasets
quickly on a personal laptop (2020 MacBook Pro with 2
GHz Quad-Core Intel Core-5 Processor with a solid-state
drive). For example, 2 O. hannah offspring were analyzed
for the presence and mechanism of parthenogenesis with
the ParthenoGenius wrapper script in under 9 s despite
each dataset consisting of 20,562 loci (Table 2). Similarly,
ParthenoGenius screened 30 H. charlesbogerti offspring,
each genotyped at more than 3,000 loci, for parthenogen-
esis in 30.28 s.

Of note, ParthenoGenius called H. charlesbogerti offspring
as nonparthenogens despite some offspring exhibiting high
homozygosity (i.e. 95.2%) at maternal homozygous loci
(Table 1). This species is critically endangered, and samples
originated from a small long-term breeding colony; there-
fore, high genome-wide homozygosity is not unexpected. We

Levine et al. ParthenoGenius

emphasize that ParthenoGenius assigned even those offspring
with high homozygosity as nonparthenogens, consistent with
the parentage analysis results of the previous study, indicating
that assessment of FP with ParthenoGenius may be possible
even for samples that are genetically depauperate.

Novel datasets

ParthenoGenius identified the first case of FP in a crocodilian,
a finding which we published in Booth et al. (2023). The
mechanism of FP was called as terminal fusion automixis,
consistent with that of O. hannah (Card et al. 2021), due to
99.9% offspring homozygosity at maternal homozygous loci
and retention of 3.0% of maternal heterozygosity (Table 1).
These results were supported by observations of the clutch
and knowledge of the mother’s isolation from potential
mates. ParthenoGenius also identified the first case of LTSS in
a Himalayan mountain pitviper (O. monticola) by rejecting
the hypothesis of FP for three male offspring due to the de-
tection of contrasting offspring genotypes at 31% to 39% of
maternal homozygous loci (Levine et al. 2024) (Table 1).

Error rate tests

Overall, ParthenoGenius was robust to the user-defined
sequencing error rate for both Parts 1 and 2 of the program.
In Part 1, nonparthenogens were classified as such regard-
less of the error rate used (Supplementary Table 2). Similarly,
parthenogens were classified, and their mechanism ascribed
to what was previously reported in the literature at nearly all
error rates for both Parts 1 and 2. The only exception is with
regard to the king cobra dataset. At an error rate of 0.001, both
parthenogenetic offspring were called as nonparthenogens,
inconsistent with previously published results. Similarly, at
an error rate of 0.005, only one parthenogen was inferred

Table 1. We analyzed six published and two novel (Booth et al. 2023; Levine et al. 2024) datasets with ParthenoGenius to test for the presence and

mechanism of FP.

Study # # Maternal % Homozygosity % Homozygosity at # Maternal % Retained Parthenogenesis
Offspring homozygous at maternal maternal homozygous heterozygous maternal mechanism
loci homozygous loci in  loci in parthenogens  loci heterozygosity in
nonparthenogens parthenogens
Shibata et al. 4 2 0.0% 100% 14 0.0% Gametic
(2017) Duplication
Ryder et al. 2 10 to 11 - 100% 11to 12 0.0% Gametic
(2021) Duplication
Dudgeon et al. 12 1 0.0% 100% 13 0.0% Gametic
(2017) Duplication
Levine et al. N 1,445 43.3% t0 56.2% - - - -
(2021)
Levine et al. 14 2,074 102,227  78.2% t0 95.2% - - - -
(2022)
Card et al. 2 20,284 - 99.4% t0 99.6% 278 23.0t027.0% Terminal Fusion
(2021)
Booth et al. 1 1,86,240 - 99.9% 5,018 3.0% Terminal Fusion
(2023)
Levine et al. 3 4,087 31.1% to 39.2% - - -
(2024)

All parthenogens displayed homozygosity at >99.4% maternal homozygous loci. Those parthenogens called as the product of gametic duplication retained
0% of maternal heterozygosity, whereas those called as the product of terminal fusion automixis retained 3% to 27% of maternal heterozygosity. All
analyses of published data generated results consistent with those previously reported.
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as such. In Part 2 of ParthenoGenius, the mechanism of par-
thenogenesis for all inferred parthenogens was called con-
sistently regardless of whether a user-defined error rate or
program-updated error rate was used.

Discussion

We developed ParthenoGenius, a Python program that uses
heuristics to infer the presence and mechanism of FP from
even large genetic/genomic datasets comprising many mothers
and their offspring. An attractive feature of ParthenoGenius
is its ease of use. Only a single input file containing locus
names and maternal and offspring genotypes is required, and
the only optional arguments that the user may provide are
the estimated sequencing error rates for the dataset for Parts
1 and 2. R scripting skills are not required to execute the pro-
gram. By contrast, other methods for inferring the presence
and mechanism of parthenogenesis from genomic parentage
data (e.g. bootstrapping estimates of homozygosity and re-
latedness estimators [Card et al. 2021]), require competency
in R scripting and statistics. Moreover, a ParthenoGenius
file preparation script is provided on GitHub to parse
population-wide genetic parentage datasets into suitable
input files for ParthenoGenius, and a wrapper script is pro-
vided to iteratively run ParthenoGenius on all files of mother—
offspring pairs. The wrapper script takes as command-line
arguments the input file directory, output file directory, and
user-defined error rates for Part 1 and (optionally) Part 2 of
ParthenoGenius. The input file format for ParthenoGenius is
similar to that of the Structure input file format (Pritchard
et al. 2000), which is a commonly available export format
for bioinformatics software (e.g. Stacks [Catchen et al.
2011, 2013]) and which may already be in the possession of
researchers who have conducted genetic structure analyses.
To create the input file required for ParthenoGenius, the re-
searcher can simply delete the columns in their structure file
that do not contain genotypes or the sample ID. Users who
do not have a Structure file but rather a VCF file or other
common bioinformatics file format can use PGDspider
(Lischer and Excoffier 2011), software that uses a graphical
user interface, to convert their file to a Structure file. Finally,
ParthenoGenius accommodates missing genotypes (coded
as -9), such that preanalysis data filtering to remove loci or
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individuals with missing data is unnecessary (e.g. via PLINK
[Purcell et al. 2007]).

Since ParthenoGenius employs heuristics, all of our
analyses ran quickly (Table 2). For example, a scan of 30 H.
charlesbogerti offspring, each of which was genotyped at over
3,000 loci, was completed by ParthenoGenius in approxi-
mately 30 s on a personal laptop (2020 MacBook Pro with
2 GHz Quad-Core Intel Core-5 Processor with a solid-state
drive).

Limitations and considerations

As a heuristic, ParthenoGenius has limitations that do not
apply to more complicated and statistically intensive methods
of detecting the presence and mechanism of parthenogenesis.
First, ParthenoGenius requires that the input genetic dataset
contains maternal loci that are homozygous, as Part 1 of
ParthenoGenius relies on a scan of maternal homozygous
loci. This requirement is likely to be met in large SNP datasets
but may not be in small microsatellite datasets. As a result,
small microsatellite datasets in which the mother is hetero-
zygous at all loci cannot be analyzed with ParthenoGenius.
For example, in our analysis of an S. fasciatum set comprising
14 microsatellite loci (Dudgeon et al. 2017), one mother-off-
spring pair were eliminated from analyses due to a lack of
maternal homozygosity.

Additionally, ParthenoGenius results are inherently re-
lated to the choice of error rate. Overall, our sensitivity
tests demonstrated that inferences were robust to the
choice of error rates for Parts 1 and 2 of ParthenoGenius.
However, O. hannab parthenogens were erroneously called
as nonparthenogens at a very low error rate (0.001), with
one called as a nonparthenogen at an error rate of 0.005 as
well. These error rates may thus be unrealistically low for
this ddRADseq dataset. Indeed, error rates for ddRADseq
and RADseq data are dependent on DNA quality, coverage,
locus assembly method (i.e. reference-aligned vs. de novo),
and qualities of base calls, among other factors. For example,
Fountain et al. (2016) used Mendelian errors (i.e. mismatches
between parent and offspring genotypes) to estimate error
rates for ddRADseq datasets and found that reference-aligned
ddRADseq data, such as that of the O. hannah study, had
error rates ranging from <0.01 to >0.03 depending on the
coverage. The O. hannab study (Card et al. 2021) did not

Table 2. \We analyzed six published datasets with ParthenoGenius to test whether the FP results were congruent with those previously reported.

Species Parthenogenesis ~ Parthenogenesis ~ Number of Marker type Number of loci  Run time with
reported supported by offspring per sample ParthenoGenius
ParthenoGenius wrapper script (s)
Eunectes murinus Yes Yes Microsatellite 16 3.29
Gymnogyps californianus Yes Yes Microsatellite 22 1.81
Stegostomaz fasciatum Yes Yes Microsatellite 14 10.39
Crotalus atrox No No ddRAD/SNPs 4,228 5.57
Heloderma charlesbogerti No No ddRADseq/SNPs 3,094 30.28
Ophiophagus hannah Yes Yes ddRADseq/SNPs 20,562 8.55
Crocodylus acutus Yes (used PG) Yes WGS/SNPs 1,91,255 209.23
Ovophis monticola No (used PG) No ddRADseq/SNPs 9,697 6.55

We also analyzed two novel datasets (Booth et al. 2023; Levine et al. 2024) to test for FP. Run times reflect the time that the ParthenoGenius wrapper script
took to analyze all mother—offspring datasets locally on a personal laptop (2020 MacBook Pro with 2 GHz Quad-Core Intel Core-5 Processor with a solid-

state drive).
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report the coverage of the ddRADseq loci, so we are unable to
evaluate the effect of coverage on the error rate for these data.

Importantly,  though, all  previously  reported
nonparthenogens were called as such regardless of the
error rates tested. This is because the distinction between
nonparthenogens and parthenogens with regard to the pres-
ence of alternate offspring alleles at maternal homozygous loci
is rather large. For example, among the SNP data analyzed
for nonparthenogens, the mean proportion of offspring
genotypes that differed from maternal genotypes at maternal
homozygous loci ranged from 0.169 in H. charlesbogerti to
0.519 in C. atrox. By comparison, the proportion of offspring
genotypes that differed from the maternal genotypes at ma-
ternal homozygous loci in C. acutus was 0.00045. Similarly,
the mean proportion of offspring genotypes at maternal ho-
mozygous loci that differed from the maternal genotype in O.
hannab parthenogens was 0.0048.

An additional consideration is that ParthenoGenius may
struggle to accurately call the mechanism of FP if the per-
cent retained maternal heterozygosity for the offspring
approximates the cutoff value between terminal fusion and
central fusion automixis (i.e. 67%). However, it is quite un-
likely that terminal fusion would result in such high retained
heterozygosity at maternal loci. The reasoning behind this is
that at the centromere, recombination will be close to zero,
increasing to a theoretical maximum of 67% toward only the
terminal tips (Svendsen et al. 2015). As such, recent studies
investigating FP using genome-wide markers report low levels
of parthenogen-observed genome-wide heterozygosity (e.g.
Card et al. 2021- O. hannah—0.007; Booth et al. 2023—C.
acutus—0.045). Therefore, differentiating between terminal
fusion and central fusion should not prove to be an issue.
Nonetheless, the user should approach interpretation of their
results with caution if the percentage of retained maternal
heterozygosity in offspring nears this cutoff value.

Users should note that ParthenoGenius does not provide
an assessment of confidence in calls of FP or FP mechanism.
This is by design to allow the user to quickly screen large par-
entage datasets for the presence of candidate parthenogens.
If parthenogens are called by ParthenoGenius and the user
desires additional support for the inferences, we suggest
that the user can then further evaluate the genomes of the
inferred parthenogens using more rigorous and traditional
statistical methods (e.g. Rbh [Alho et al. 2010]; Demerelate
[Kraemer and Gerlach 2017]). However, we emphasize that
ParthenoGenius called the presence and mechanism of par-
thenogenesis consistent with previously reported results
using a simple and intuitive method in all of the published
datasets analyzed. Furthermore, parthenogenesis called in the
novel C. acutus dataset (Booth et al. 2023) was supported by
corroborating data that implicated FP (i.e. long-term isolation
of the mother and high clutch failure).

Discriminatory power of microsatellites

to detect FP

Importantly, one should consider the discriminatory power of
their dataset to infer FP and its mechanisms. In small genetic
datasets such as microsatellite data, few maternal loci may be
homozygous (e.g. one or two), and nonparthenogens may be
homozygous at the few maternal homozygous loci sequenced
if both parents had the same alleles at those loci (i.e. not due
to parthenogenesis but rather a function of population allele
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frequencies). In this sense, the small number of maternal ho-
mozygous loci in the data results in low power to detect FP
with ParthenoGenius, and this could cause ParthenoGenius
to erroneously call nonparthenogens as parthenogens. We
note, however, that the heterozygous loci in microsatellite
datasets may have adequate power to detect parthenogens via
other methods.

Similarly, ParthenoGenius may call the mechanism of par-
thenogenesis as gametic duplication in small datasets simply
because loci that display retained maternal heterozygosity
were not genotyped. This is likely in small microsatellite
datasets as retained heterozygosity in parthenogens produced
via terminal fusion automixis may be restricted to only the
tips of chromosomes (Lampert 2008). For example, all of the
parthenogens in the microsatellite datasets that we analyzed
(i.e. Dudgeon et al. 2017; Shibata et al. 2017; Ryder et al.
2021) were called as the product of gametic duplication by
ParthenoGenius. While gametic duplication may be the mech-
anism of FP that produced the parthenogens in these studies,
it is also likely that these small microsatellite datasets (i.e.
14 to 22 loci) lack the power to detect other mechanisms.
The user should, therefore, carefully consider the results of
ParthenoGenius in the context of the discriminatory power of
their data, with genome-wide datasets more likely to result in
accurate mechanistic inference.

Conclusions

Due to its intuitive logic, ease of use, and ability to screen
large genomic parentage datasets quickly, ParthenoGenius
will facilitate rapid screening of genetic/genomic parentage
datasets for the presence and mechanism of FP. We suggest
that ParthenoGenius could be incorporated by the user into
their parentage analysis workflows or used to analyze ex-
isting genomic parentage data to screen for parthenogens in
taxa for which FP is likely to occur (e.g. crocodilians, reptiles,
birds, and elasmobranch fishes). In this sense, ParthenoGenius
promises to improve our understanding of the frequency of
FP and LTSS in captive and wild populations and may prove
to be an important tool in the development of conservation
and management strategies.

Supplementary material

Supplementary material is available at Journal of Heredity
online.
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