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Abstract

Variation in ploidy occurs naturally in select plant and animal species. Ploidy variation
can also occur spontaneously or be induced during artificial propagation of fish and shellfish.
Studying species and systems that have variable ploidy requires techniques to infer ploidy of
individuals. Massively parallel sequencing of biallelic SNPs has been used to infer ploidy, but
existing techniques have several drawbacks. These include being limited to only comparing a
fixed number of ploidies (diploidy, triploidy, and tetraploidy) and requiring that heterozygous
genotypesin an individual be identified prior to ploidy inference. We describe a method of
inferring ploidy from sequencing of biallelic SNPs based on beta-binomial mixture models. This
method is generalized to apply to any ploidy and does not require prior identification of
heterozygous genotypes. We demonstrate efficacy of this method for comparing ancestral
octoploidy, decaploidy, and dodecaploidy (tetraploidy, pentaploidy, and hexaploidy for the
sequenced SNPs) in white sturgeon and diploidy and triploidy in Chinook salmon with amplicon
sequencing (GT-seq) data. Resultsindicated that ploidy could be reliably estimated for
individuals based on distinct distribution of log-likelihood ratios (LLR) for known ploidy
samples of both species that were tested. Confidence in ploidy estimates increased with
sequencing depth. We encourage users to explore the sequencing depths and LLR critical values
that provide reliable estimates of ploidy for a given organism and set of SNPs. We expect that the
R package provided will empower studies of genetic variation and inheritance in organisms that

vary in ploidy naturally or as aresult of artificial propagation practices.
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Introduction

The number of haploid copies of the genome in somatic cells of an individual, termed
ploidy, isnaturally variable in some plant and animal species (Lamatsch & Stock, 2009; Mock et
a., 2012; Yamashita, Jiang, Onozato, Nakanishi, & Nagahama, 1993; Zhang & Arai, 1999).
Ploidy variation in fish has been observed to occur spontaneously (Gold & Avise, 1976; Machado
et a., 2012; Utsunomia et a., 2014). Some artificial spawning and rearing practices may increase
the rate of spontaneous ploidy variation (Aegerter & Jalabert, 2004; Cherfas, Gomelsky, Ben-
Dom, & Hulata, 1995; Delomas & Dabrowski, 2016; Flgjshans, Kvasni¢ka, & Rab, 1993; Glover
et a., 2015; Thorgaard et a., 1982; Van Eenennaam et al., 2020) which could lead to more ploidy
variation in systems stocked with hatchery-origin fish. Alterations in ploidy can also be induced
in fish and shdllfish to yield individuals with advantageous qualities for cultivation, such as
sterility (Benfey, 1999; Nell, 2002), or stocking in water bodies where reproduction of stocked
fishisundesirable (Cassindli, Meyer, Koenig, Vu, & Campbell, 2018). Ploidy variation is linked
to reproductive isolation (Husband & Sabara, 2004; Husband, Schemske, Burton, & Goodwillie,
2002), speciation (Ptacek, Gerhardt, & Sage, 1994; Wood et al., 2009), changes in gamete ploidy
and reduced fertility (Delomas & Dabrowski, 2018; Feindel, Benfey, & Trippel, 2010; Liu et al.,
2001), and differences in metabolism (Hyndman, Kieffer, & Benfey, 2003; Leal, Clark, Van
Eenennaam, Schreier, & Todgham, 2018). Studies in systems and species with variable ploidy
that do not account for such variation therefore risk ignoring an important confounding factor.

Techniques to infer the ploidy of individual samples are required when the study system
and species have variable ploidy. Ploidy is commonly inferred using flow cytometry to directly
measure nuclear DNA content in cells from ablood or solid tissue sample (Delomas &

Dabrowski, 2018). A Coulter counter is also commonly used in animals when afresh blood
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sample can be easily obtained (Wattendorf, 1986). However, these techniques can be untenable
for ploidy determination when sampling is conducted in remote locations, far from a flow
cytometer, Coulter counter, or the reagents and consumables needed to fix samples for future
flow cytometry. A researcher may also wish to determine the ploidy of an archived tissue sample,
such as from a museum specimen. Because fresh or specially fixed tissues are required for
Coulter counter or flow cytometry analyses, another method is necessary to determine ploidy of
archived samples.

To address this shortcoming, methods have been developed to infer ploidy from massively
parallel sequencing data, namely read counts at biallelic single nucleotide polymorphisms
(SNIPs). One graphical technique assisted by ploidyNGS (Augusto Corréa dos Santos, Goldman,
& Riafio-Pachon, 2017) isto visually inspect histograms of allele depth ratios (Figure 1). The
number and location of peaks corresponding to heterozygous genotypes can be used to classify
samples. A drawback of thistechniqueisthat it requires visual, not statistical, evaluation of
histograms.

Severa methods that allow more automated ploidy inference have been developed. The R
package gbs2ploidy (Gompert & Mock, 2017) uses read counts to estimate relative allele dosage
at heterozygous loci. These estimates and observed heterozygosity are then used to categorize
sample ploidy with clustering algorithms. One drawback of this method isthat it requires prior
identification of heterozygous genotypes. At higher levels of ploidy (e.g. octoploidy), confidently
separating homozygous genotypes from genotypes with only one copy of the minor allele can
require alarge number of reads. In some situations, the depth required may be difficult to achieve
across a sufficient number of loci due to low sample quality or cost constraints. Additionally, the

current implementation of gbs2ploidy islimited to only discriminating between diploidy,
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triploidy, and tetraploidy.

The program nQuire (Weil3, Pais, Cano, Kamoun, & Burbano, 2018) models observed
ratios of alele depth at heterozygous SNPs with a Gaussian mixture model. The means of the
Gaussians correspond to the allele dosage expected with a given ploidy (e.g., /3 and 2/3 for
triploidy). The use of Gaussian distributions, as compared to binomials, allows higher levels of
dispersion in the data to be modeled. The authors additionally demonstrate that a uniform noise
component can be added to model spurious observations. However, a drawback of this approach
isthat modelling the ratios of allele depth, and not the read counts, ignores the relationship
between variance and depth. Second, the method requires identification of loci with heterozygous
genotypesin each individual as homozygous genotypes are not modelled. As mentioned above,
confidently separating homozygous genotypes from genotypes with one copy of the minor allele
can require a prohibitive number of reads at higher levels of ploidy. Third, thisapproach is
currently only implemented in nQuire for discriminating between diploidy, triploidy, and
tetraploidy.

A method based on a likelihood ratio statistic was devel oped to address some of the
shortcomings of the above approaches, as well as account for variable sequencing error and
allelic bias between loci (Delomas, 2019). This method excludes homozygous loci using a
binomial test and then calculates a likelihood ratio comparing diploidy and triploidy. The
likelihoods are calculated by assuming the read counts are binomial random variables. One
drawback of this method isthat it is limited to comparing diploidy and triploidy. Additionally,
while it does not require the user to identify heterozygous loci, it attempts to identify them using
abinomial test. A final drawback isthat modelling the read counts as binomials does not allow

for overdispersion which can be present in some sequencing data. As demonstrated (Delomas,
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109 2019), this method performs well for differentiating diploids and triploids with amplicon

110  sequencing data, but a similar strategy may not be suitable for differentiating ploidy levels with
111  moresimilar allele dosages.

112 Our goal wasto develop a method of inferring ploidy from high throughput sequencing
113 datafor biallelic SNPs that addressed the drawbacks of existing methods and was applicable to
114  any ploidy. Our motivation stems from the case of white sturgeon (Acipenser transmontanus).
115  White sturgeon are ancestral octoploids (8n) (Drauch Schreier, Gille, Mahardja, & May, 2011),
116  but spontaneous autopolyploidy has been observed in hatchery settings, producing dodecaploids
117  (12n) (Van Eenennaam et al., 2020). Crossing individuals with these two ploidy levels then yields
118  decaploids (10n). Although flow cytometry and Coulter counter analysis can be used to

119  accurately distinguish between white sturgeon of different ploidies (Fiske et al., 2019), these
120 techniques cannot be used for archived tissue samples. However, a panel of biallelic SNPs was
121  developed (Willis et al., 2020) that are detected in four copies in the genomes of the ancestrally
122  octoploid white sturgeon. We developed a method to efficiently distinguish between tetraploidy,
123  pentaploidy, and hexaploidy using these SNPs, corresponding to octoploidy, decaploidy, and
124  dodecaploidy on the ancestral scale, respectively. We here describe the method and validate it
125  both with white sturgeon of three ploidies and Chinook salmon of two ploidies.

126

127  Methods

128  Beta-binomial mixture model

129 For the purpose of this explanation, we use the term “reference allel€” to refer arbitrarily
130 tooneof thealleles of abiallelic SNP. A biallelic SNPin an individual with ploidy x hasx + 1

131 possible states corresponding to O, 1, ..., X copies of the reference allele. As such, we model
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counts of the reference allele as a mixture with x + 1 components. The weights of the components
correspond to the proportion of SNPsin each state. A similar approach isimplemented in nQuire
except that components corresponding to states 0 and x are not included (Weil3 et al., 2018).
Observation of aread of the reference allele can be considered a Bernoulli random
variable with probability of success dependent upon the true state of the SNP, x, the rate of
sequencing error, and alelic bias. Gerard et al. (2018) derived an equation for calculating this
probability. Because individual reads can be considered Bernoulli random variables, it is natural
to model the read count as a binomia random variable. Considering a mixture of binomials, the

likelihood of observing c; counts of the reference allele given n; total reads and a ploidy of x is

X
L = Z WsBin(Ci; ni; pis)’
s=0

where w isthe weight of the component for state s and p; is the probability of observing aread

of thereference allele for locusi and state s calculated according to Gerard et al. (2018).
Overdispersion is commonly present in sequencing data. One solution isto model read

counts with a beta-binomial distribution and an overdispersion parameter, t (Gerard et al., 2018).

We adopt this approach, and the likelihood now becomes

x
L= Z WSBB(Ci; n;, A, Bis)r
s=0

with
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150 Gerard et al. (2018) developed a method to call genotypes in groups of individuals of known

151 ploidy and inferred values of t that were specific to each locus. In the current application, we
152  wanted to avoid using information from multiple individuals to smplify application of this

153  method and to eliminate the need to either assume that t is constant across ploidies or develop a
154  mechanism for estimating different values of 1 for each possible ploidy using samples of

155  unknown ploidy. Therefore, avalue of T was defined for each state, T, within agiven individual
156  and ploidy. Thisdecision impliesthat variance depends on the true state of alocus. nQuire

157  similarly fits the variance of Gaussian distributions separately between states within an individual
158 (WelRet al., 2018). Assuming independence between loci, the total likelihood is the product of
159 thelikeihoods of each locus.

160 Addition of a uniform noise component to the Gaussian mixture mode used by nQuire
161 wasdemonstrated to be helpful when analyzing noisy data (Weil3 et al., 2018). The same addition
162  ispossiblewith abeta-binomia mixture model. The modd then hasx + 2 components and the

163 likdihood for onelocusis

L= WSBB(Ci; n;, A, Bis) + Wx+1BB(Ci; n;, 1,1)-

s=0
164 This model can be fit using an expectation-maximization (EM) algorithm. In the

165  expectation step, weights of each component are updated as typical for a mixture model
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N
W. = 12 WSBB(Ci;ni; Qis, Bis)
TN LYE ow BB(c g, o) Bij) + Waey 1 BB(cismy, 1,1)

1
166  with all elements of w being updated using the values of w from the previousiteration. The

167 maximization step updates the values of T by maximizing the log-likelihood using the method of
168 Byrd et al. (1995) informed by the analytical gradient.

169 Functions to fit this model as well as the intermediary models described (binomial

170  mixture moded and beta-binomial without uniform noise) are implemented in an R package,

171  tripsAndDipR v0.2.0, available at www.github.com/delomast/tripsAndDipR.

172

173  Inferring ploidy

174 To infer ploidy of an individual, models with different ploidies need to be compared. The
175 maximum likelihood estimate (MLE) isthe ploidy corresponding to the model with the highest
176 likelihood. Model s can be more quantitatively compared by calculating alog-likelihood ratio
177  between two modds. If more than two ploidies are possible, a series of log-likelihood ratios
178 (LLR) comparing the most likely model to all others can be calculated. Regjection of less likely
179  modéds depends on the distribution of the log-likelihood ratios. These distributions are unknown
180  but can be empirically approximated by assessing samples of known ploidy. If areliable method
181 of simulating data given ploidy is available for a particular sequencing protocol, aMonte Carlo
182  method for approximating these distributions could also be used.

183

184  Assessing the method

185 To assess the efficacy of this method, we applied it to three groups of samples. All

186 sampleswerefin clips. The first group, subsequently referred to as “known ploidy sturgeon”,
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consisted of 19 octoploid and 23 dodecaploid white sturgeon. These sturgeon were from a Central
Californiacaviar farm (original broodstock source: Sacramento River). Ploidy was confirmed
using a Coulter counter at the University of California Davis. These samples were genotyped at
325 SNPs according to Willis et al. (2020). Samples wereinitially sequenced targeting a depth
ten times higher than Willis et al. (2020) recommended to achieve high genotyping success, and
reads were then randomly down-sampled at levels of 10%, 30%, and 50% to evaluate the effect
of sequencing depth on ploidy inference.

The second group, subsequently referred to as * presumed decaploid sturgeon”, consisted
of 17 full-sibling white sturgeon produced at a caviar farm in Central California (broodstock
source: Sacramento River). Individual parents had been identified as octoploid and dodecaploid
through the method described here, and so the method was applied to their offspring who were
presumed to be decaploid. This group of sturgeon was genotyped according to Willis et al.
(2020). In both groups of sturgeon, tetraploid, pentaploid, and hexaploid models were considered.

The third group of samples, subsequently referred to as “known ploidy salmon”, consisted
of 93 triploid Chinook salmon Oncorhynchus tshawytscha from Idaho Department of Fish and
Game's Nampa Fish Hatchery whose ploidy was confirmed by flow cytometry and 80 diploid
Chinook salmon from Idaho Department of Fish and Game's Rapid River Fish Hatchery
(diploidy confirmed by successful reproduction). Fin clips were taken from these fish and
genotyped according to the GT-seq method of amplicon sequencing (Campbell, Harmon, &
Narum, 2015) with apanel of 342 SNPs. Diploid and triploid models were considered for these
samples.

We assumed no allélic bias and sequencing error rates of 0.01 (1%) for all loci in all

analyses.

10
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Results

In the known ploidy sturgeon, mean depth of SNPs within individuals had mean + SD of
528 + 249, 1585 + 746, 2642 + 1243, 5283 + 2486 reads per locus at subsampling levels of 10,
30, 50, and 100%, respectively. Mean depth of SNPs within individuals of the presumed
decaploid sturgeon and known ploidy salmon was 752 + 284 and 300 £ 92, respectively. The
MLEs for the known ploidy sturgeon in al subsampling levels and the known ploidy salmon
were correct. The MLEs for the presumed decaploid sturgeon were all decaploid, fitting
expectations based on the inferred ploidy of their parents. The LLRs comparing the true ploidy
with alternative ploidies were centered away from zero (Figures 2, 3, and 4) and the distance
increased with increasing depth (Figure 2).

Fitting the described beta-binomial model and comparing ploidiesthrough LLR
accurately separated individuals according to true ploidy. The magnitude of separation of
different ploidies with a given set of SNPs was dependent on sequencing depth (Figure 2). The
lowest down-sampling level (10%), which corresponds to targeting the depth recommended for
genotyping by Willis et al. (2020), gave accurate MLEs for ploidy. While not demonstrated in
these analyses, the statistical model implied that the magnitude of separation was also influenced
by the variability of the SNPs in the sequenced individuals. Genotypes with relative allele
dosages that were shared between ploidies did not contribute information about ploidy. This
included homozygous genotypes and, in comparisons of tetraploidy and hexaploidy, genotypes
with equal numbers of both alleles (relative dosage of 0.5).

We found that the distribution of LLRs for white sturgeon samples of known and

presumed ploidy could be used to set critical values for rgecting less likely models. With the

11
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panel of SNPs and depth targeted in this study, a critical value of 10 was appropriate for rejecting
aternative ploidy models. Very few individuals had an LLR less than 10, and this critical value

did not result in any false classifications of the known ploidy samples (Figures 2 and 3).

Discussion

We describe here a new statistical model for inferring ploidy from sequencing data and
demonstrate its efficacy using amplicon sequencing for two species of varying ploidy levels.
Increased sequencing depth increased the likelihood of the correct ploidy (Figure 2). The
relationship between mean depth and accuracy of inferred ploidy depends on the ploidies being
assessed, the number and variability of loci, and the desired level of confidence. Additionally, the
observed variance in the read counts over what would be expected from a binomial random
variable (overdispersion) impacts the depth required. As such, we recommend users evaluate
minimum mean depth requirements for their panel and species.

Unlike previous methods (Delomas, 2019; Gompert & Mock, 2017; Weil3 et al., 2018),
the current method is generalized to assess any ploidy and does not require identification of
heterozygous genotypes in an individual prior to ploidy inference. However, as noted by Gompert
and Mock (2017), inferring ploidy from sequencing data cannot separate individuals of lower and
higher ploidy when the higher ploidy isformed solely by duplicating alower ploidy genome. An
example is when atetraploid is formed by suppression of the first mitotic division in an embryo.
Thisisbecausethe allelic ratios for the higher ploidy are identical to those expected in the lower
ploidy. Polyploidy of thiskind isrelatively rare, and so the method described here is expected to
apply in most circumstances.

We suggested a critical value of 10 for the white sturgeon panel based on visual

12
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evaluation of the LLR distributions for the known and presumed ploidy white sturgeon. With
larger sample sizes, a more quantitative choice of critical valuesis possible by using those
samples to estimate false positive and false negative rates for a given critical value and
comparison.

When differentiating between ploidies that are multiples of each other (e.g. diploid and
tetraploid), the set of all possible models of the higher ploidy contains all possible models of the
lower ploidy. nQuire addresses this for the case of diploids and tetraploids by fixing all three
component weights of the tetraploid mixture model at 1/3, effectively assuming that the
heterozygous genotype states occur in fixed proportions (Weil3 et al., 2018). While they
demonstrate the efficacy of this approach, it is unclear whether ploidy inferences would still be
accurate when the true genotype proportions have large deviations from those assumed. Gompert
and Mock (2017) did not restrict proportions of genotype states. They relied on tetraploids being
sufficiently separated from diploids by posterior allele dosages for a clustering algorithm to
separate the two categories. The current method also does not restrict proportions of genotype
states. As such, when comparing ploidies that are multiples of each other the larger ploidy will
always have a likelihood higher than or equal to that of the smaller ploidy (apart from deviations
due to the threshold at which convergence is assumed). The larger ploidy can have a higher
likelihood due to over-fitting. Ploidy can still be inferred, however, as the distribution of LLR
should be approximately bimodal: samples with atrue smaller ploidy will have smaller LLR
(distributed close to zero), and those with the larger ploidy will have larger LLR (distributed
further away from zero). Additionally, the current method estimates the proportion of loci in each
genotype state (the component weights) and these can be compared with expectations based on

the species’ biology. For example, when comparing diploidy and tetraploidy for a sample and

13
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fitting the tetraploid model, if the proportions of genotypesin states 1 and 3 (genotypes of ABBB
and AAAB) are estimated to be close to zero, then it may be reasonable to categorize this sample
asdiploid. Thislogic issimilar to that of restricting the proportions of genotype states.

When integrated into pipelines utilizing amplicon sequencing data, e.g. GT-seq (Campbell
et a., 2015), the routine presented herein provides a straightforward and effective method by
which samples can be simultaneously genotyped and ploidy inferred from archived as well as
fresh tissue samples of diverse types. We provide a convenient R package by which this can be
accomplished (tripsAndDipR v 0.2.0 available at www.github.com/delomast/tripsAndDipR).
While we encourage users to explore the sequencing depths, heterozygosity, and LLR critical
values that provide reliable and robust estimates of ploidy in each particular organism, we expect
that this package will empower studies of genetic variation and inheritance in organisms that vary

in ploidy naturally or as aresult of artificial propagation practices.
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Figures

Figure 1. Digtribution of the reference allele depth ratio (depth of reference allele/ total depth)
for two white sturgeon of known ploidy. These graphs were generated similarly to the method
used by ploidyNGS (Augusto Corréa dos Santos et al., 2017) A) True ancestral octoploid
(tetraploid for the genotyped SNPs) B) True ancestral dodecaploid (hexaploid for the genotyped
SNPs)
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Figure 2. Boxplots of LLR for known ploidy white sturgeon at various depths. Values of LLR are
comparing the true ploidy with the alternate ploidy. 4n, 5n, 6n represent tetraploid, pentaploid,
and hexaploid, respectively A) True ancestral octoploids (tetraploid for the genotyped SNPs) B)
True ancestral dodecaploids (hexaploid for the genotyped SNPs)
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453  Figure 3. Boxplots of LLR for ancestral decaploid (pentaploid for the genotyped SNPs) white
454  sturgeon. Values of LLR are comparing pentaploidy with the alternate ploidy. All data points are
455  plotted overlying the boxplots. 4n and 6n represent tetraploid and hexaploid, respectively.
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459  Figure 4. Boxplots of LLR for known ploidy Chinook salmon. Values of LLR are comparing the
460 true ploidy (x-axis) with the opposing ploidy. 2n and 3n represent diploid and triploid,
461  respectively
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