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Abstract

Polyploids are cells or organisms with a genome consisting of more than two sets of
homologous chromosomes. Polyploid plants have important traits that facilitate speciation
and are thus often model systems for evolutionary, molecular ecology and agricultural
studies. However, due to their unusual mode of inheritance and double-reduction, diploid
models of population genetic analysis cannot properly be applied to polyploids. To over-
come this problem, we developed a software package entitled VCFPOP to perform a variety
of population genetic analyses for autopolyploids, such as parentage analysis, analysis of
molecular variance, principal coordinates analysis, hierarchical clustering analysis and
Bayesian clustering. We make this software freely available, downloadable from

http://github.com/huangkang1987/vcfpop.

Keywords: polysomic inheritance, next-generation sequencing data, population genetics,

AMOVA, Bayesian clustering, F-statistics.
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Introduction

Polyploids are cells or organisms with a genome consisting of more than two sets of
homologous chromosomes. Polyploids represent a significant portion of all plant species,
with from 30-80% of angiosperms showing polyploidy (Burow et al. 2001). Because of their
propensity to facilitate speciation, polyploid species have often been used as model sys-
tems for evolutionary, molecular ecology and agricultural studies. More recently, poly-
ploids have increasingly become the focus of theoretical and experimental work (Avni et

al. 2017; Ling et al. 2018).

There are two distinct mechanisms of genome duplication that result in polyploidy:
allopolyploidy and autopolyploidy. This paper focuses on autopolyploids that display
polysomic inheritance. In autopolyploids, more than two homologous chromosomes can
pair at meiosis, resulting in the formation of multivalents and polysomic inheritance. A
typical feature of polysomic inheritance is the possibility that a gamete inherits a single
gene copy twice, termed double-reduction (Butruille & Boiteux 2000). For example, an au-
totetraploid individual ABCD produces a gamete AA. The double-reduction will change
the frequency of genotypes within a population (Huang et al. 2019), resulting in increased

homozygosity and an inflated inbreeding coefficient (Hardy 2016).

Due to differences in data format and modes of inheritance between diploids and pol-
yploids, population genetics software designed for diploid organisms such as GENEPOP
(Rousset 2008) and ARLEQUIN (Excoffier & Lischer 2010) cannot be used for autopolyploids.

Some software packages have been developed in order to accommodate polyploid
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genotype datasets, e.g. POLYSAT (Clark & Jasieniuk 2011), SPAGEDI (Hardy & Vekemans
2002), POLYRELATEDNESS (Huang et al. 2014), GENODIVE (Meirmans & Tienderen 2004) and
STRUCTURE (Pritchard et al. 2000), etc. However, such software includes the assumption of
a disomic mode of inheritance and genotypic frequencies in accordance with the Hardy-
Weinberg Equilibrium (HWE), whereas alleles of the same genotype are assumed to be in-

dependent.

Huang et al. (2019) derived the genotypic frequency for various double-reduction
models: the random chromosome segregation (RCS) (Muller 1914), the pure random chromatid
segregation (PRCS) (Haldane 1930), the complete equational segregation (CES) (Mather 1935)
and the partial equational segregation (PES) (Huang et al. 2019). The software package
POLYGENE is able to use all of these double-reduction models and can perform population
genetics analyses for both allelic phenotypic and genotypic data (Huang et al. 2020). How-
ever, POLYGENE cannot accommodate the large datasets that result from the use of next-
generation sequencing (NGS) methods. To solve this problem, we developed a new soft-

ware package entitled VCFPOP.

The new software package VCFPOP

VCFPOP is a free software developed with C++. It works only via command-line mode
and will run on Windows, Linux and Mac OS X. To ensure free copying, distribution and
modifications of the software and its source code, VCFPOP is distributed under a GNU Gen-

eral Public License (GPL, version 3).

VCFPOP has been optimized for memory allocation and calculation speed to analyze
4
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large genotype datasets. It can analyze the genotypes of haploids, diploids, polyploids and
anisoploids. For polyploids, VCFPOP applies the RCS, PRCS, CES and PES double-reduc-
tion models and supports a maximum ploidy level of 10. VCFPOP also supports multi-level
region definition, so as to analyze the variance component of different hierarchies via anal-

ysis of molecular variance (AMOVA) (Huang et al. 2021).

Input format

VCFPOP can handle a multiple genotype format, consisting of variant call format (VCF)
V4.x (compressed or uncompressed) (Danecek et al. 2011), binary call format (BCF) V2.x,
GENEPOP V4.3 (Rousset 2008), STRUCTURE V2.3 (Pritchard et al. 2000), CERVUS V3.0
(Kalinowski et al. 2007) , ARLEQUIN V3.6 (Excoffier & Lischer 2010), POLYGENE V1.4 (Huang
et al. 2020), and POLYRELATEDNESS V1.7 (Huang et al. 2015a).

Multiple VCE/BCF files for the same samples sequenced at different variants (vertical
concatenation, separated by ‘|’ in -g_input), or different samples sequenced at the same
variants (horizontal concatenation, separated by ‘& in -g_input) can be analyzed together
without additional concatenation.

Because both VCF and BCF formats do not contain population or regionally differen-
tiation, populations and regions should be additionally defined using the arguments, in
which “-g_indfile’ reads the content from a file and “-g_indtext’ reads from the com-
mand. Because the command-line mode does not allow linebreaks, “#n’ or space is used as
the escape character in -g_indtext. Multi-level region definition is supported in all cor-

responding analysis (e.g.,, AMOVA and population assignment) (Huang et al. AMOVA



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

paper). The example format of -g_indfile is shown as follows:
-g indtext="popl:indl,ind2,ind3 pop2:#4,#5-#6 pop3:ind7,ind8,ind9
#REG Al:#1,#2 A2:pop3 #REG B1l:#1-#2"
The identifier of a population is followed by a semi-colon, then the individual identifiers,
ordinations or ordination ranges separated by commas. The separator “#REG” is used to
separate regions or populations at different levels. Similarly, the identifier of a region is

followed by a semi-colon, then the sub-region or population identifiers.

Usage

After installation, the user should open the terminal to launch VCFPOP.

To view the help for all functions, execute

./vcfpop -h

To view the detail help information of some specific functions, execute

./vcfpop -h -funcl -func2

To use specific functions, execute

./vcfpop -funcl -funcl parameters -func2 -func2 parameters .

To use a parameter file in the same format as the program arguments but allow line
breaks, execute

./vcfpop -p=parameter file

After calculation, the results are saved as '*. func.txt'. The specific functions are as
follows:

-g General settings



119 -f Filter for individual, locus or genotype

120 -haplotype Haplotype extraction

121 -convert File conversion

122 -diversity Genetic diversity indices

123 -indstat Individual statistics

124 -fst Genetic differentiation

125 -gdist Genetic distance

126 -amova Analysis of molecular variance
127 -popas Population assignment

128 -relatedness Relatedness coefficient

129 -kinship Kinship coefficient

130 -pcoa Principal coordinate analysis
131 -cluster Hierarchical clustering

132 -structure Bayesian clustering

33 Functions

134 General settings: configuration of input and output files, output format (e.g., scien-
135 tific notation, decimal places), temporary directory, sampling population for individuals,
136  region definitions, number of threads, single instruction multiple data (SIMD) instructions
137 (e.g., SSE, AVX, AVX512), and random number generator seed.

138 Filter: exclusion of some variants of low quality, genotyping ratio, or polymorphism,

139  individuals with poor genotyping ratio, and genotypes of low quality or read depth before
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file conversion and analyses. There are four types of filters: (i) variant information filters
that exclude variants by their quality, type (e.g., single nucleotide polymorphism or indel)
and original filter; (ii) genotype filters that exclude genotypes by their read depths, geno-
type qualities and ploidy levels. The excluded genotype will be set as the missing genotype;
(iii) individual filters that exclude individuals by the number of variants typed and ploidy
levels; and (iv) diversity filters that exclude variants based on the estimated genetic diver-
sity indices (e.g., minor allele frequency, number of alleles, number of individuals geno-
typed, heterozygosity, significance of genotypic equilibrium test) in a specified reference
population.

Haplotype extraction: several adjacent variants are combined into a highly polymor-
phic locus and the haplotypes are subsequently extracted. The haplotypes are used as al-
leles in subsequent analyses.

Conversion: genotypes can be converted into another genotype format, either
GENEPOP (Rousset 2008), SPAGEDI (Hardy & Vekemans 2002), CERVUS (Kalinowski et al.
2007) , ARLEQUIN (Excoffier & Lischer 2010), STRUCTURE (Pritchard et al. 2000), POLYGENE
(Huang et al. 2020), or POLYRELATEDNESS (Huang et al. 2015a).

Genetic diversity indices: this estimates the genetic diversity indices (e.g., observed
and expected heterozygosity, effective number of alleles and polymorphic information
content, Shannon’s information index, inbreeding coefficient). A genotypic distribution
test (i.e., the HWE test in polyploids) is performed using a Fisher’s G-test, with the null
hypothesis being the genotypic frequencies are in accordance with the prediction of a spe-

cific double-redouble model (e.g., RCS, PRCS, CES, PES).
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Individual statistics: this enables the estimation of individual heterozygosity, the
genotype likelihood, inbreeding coefficient and kinship coefficient. In polyploids, the het-
erozygosity of a genotype is the probability of randomly sampling two different identical-
by-state (IBS) alleles without replacement (e.g., 2/3 for a tetraploid genotype AABB). The
individual heterozygosity is the arithmetic average of the heterozygosity of genotypes of
an individual across loci. The genotypic likelihood is the product of genotypic frequencies
across loci of an individual. Three method-of-moment estimators (Loiselle et al. 1995;
Ritland 1996; Weir 1996) are employed to estimate the individual kinship coefficient and
inbreeding coefficient.

Genetic differentiation: estimates the differentiation index Fsr and tests for genetic
differentiation between/among populations/regions. The Fgr estimators available are:
Nei's (1973) Ggr, Weir & Cockerham’s (1984)’s 6, Hudson et al.’s (1992), Slatkin’s (1995)
Rgr, Hedrick’s (2005) Ggr and Jost’s (2008) D and Huang et al.’s (2021) variance decom-
position. All estimators can be applied to both polyploids and anisoploids with the excep-
tion of Weir & Cockerham’s (1984)’s 6. Differentiation is tested using Fisher’s G-test for all
loci or for each locus based on the distribution of genotypes or alleles.

Genetic distance: this enables the calculation of a variety of genetic distance indices
between individuals, populations or regions: Nei's (1972) standard genetic distance,
Cavalli-Sforza’s (1967) chord distance, Reynolds et al.'s (1983) 6,,, Nei's (1983) D, dis-
tance, Euclidean distance, Goldstein’s (1995) distance, Nei's (1974) minimum genetic dis-
tance, Roger's (1972) distance, and two Fsr transformation-based genetic distances: (i)

Reynolds et al.'s (1983) D and (ii) Slatkin’s (1995) linearized Fgr. Based on the estimated
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genetic distance matrices, the principal coordinate analysis (PCoA) and the hierarchical
clustering analysis (HCA) can be performed.

Analysis of molecular variance: Classical AMOVA only supports data for haploids
and diploids, and will only support from one to four hierarchies. Based on the generalized
framework (Huang et al. 2021), we extended AMOVA to accommodate any ploidy level
and any number of hierarchies. The generalized framework models the symbolic expres-
sion of the expected Sum of Squares (SS) S by variance components X, which can be writ-
ten as § = CX. The method-of-moment estimate of variance components can be solved by
£ = C'S. Three methods are provided: (i) the homoploid method, (ii) the anisoploid
method and (iii) the likelihood method. The homoploid method uses the dummy haplo-
type method as in GENALEX (Peakall & Smouse 2006), and combines all loci into one
dummy locus, then calculate § and C using the dummy haplotypes. This method can
only be applied to homoploids and is slightly biased when there are missing data. The
anisoploid model can be applied to both homoploids and anisoploids, which calculates S
and C using the alleles for each locus. The matrices S and C are summed over loci, and
the variance component matrix Z is solved at once. Because the anisoploid method per-
mutes alleles at each locus to test the significance, it takes increased calculation time com-
pared with the homoploid method. VCFPOP uses a pseudo-permutation method to solve
this problem, which first perform a small number of permutations (e.g., 100) for each locus,
then subsamples one permutation at each locus to generate results for each pseudo-per-
mutation. For the likelihood method, the F-statistics are first estimated by maximizing gen-
otypic likelihood under differentiation or subdivision, and the variance components and

10
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other statistics are subsequently solved.

Population assignment: enables the calculation of the likelihood for each individual
of being a member of a particular population (Paetkau et al. 2004). Each individual is as-
signed to the population with the maximum likelihood. Such assignment can help identify
the natal population for an individual.

Kinship coefficient: this calculates the kinship coefficient (8) between two individu-
als, the probability that two randomly sampled alleles, each from one individual, are iden-
tical-by-descent (IBD). The same estimators (Loiselle et al. 1995; Ritland 1996; Weir 1996) are
employed to estimate the kinship coefficient between individuals.

Relatedness coefficient: this estimates the relatedness coefficient between individuals.
Two native polyploid relatedness estimators that supports a maximum ploidy level of
eight are provided: (i) the method-of-moment estimator (Huang et al. 2014), and (ii) the
maximume-likelihood estimator (Huang et al. 2015a). Moreover, the relatedness coefficient
can also be transformed from the kinship coefficient, with VCFPOP providing two transfor-
mations. The original transformation is used for outbred populations and is performed by

T = vminéxy/
Where 7y, is the estimate of the relatedness coefficient from a higher ploidy individual to
a lower ploidy individual, §xy is the kinship coefficient between these two individuals,
Vin 1S the ploidy level of the lower ploidy individual (Huang et al. 2015b). The modified
transformation accommodates inbreeding and is performed by
i ~ 1 1
Ty = ﬁ ey (a + a);
where vy, is the ploidy level of the higher ploidy individual, and 8,, (or 8,,) is the

11
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kinship coefficient within the individual x (or y) (Huang et al. 2015a).

Bayesian clustering: This estimates ancestral proportions of each individual by the
Markov Chain Monte Carlo (MCMC) method. VCFPOP follows the software STRUCTURE and
implements three models of Bayesian clustering: (i) the ADMIXTURE model (Pritchard et al.

2000), (ii) the LOCPRIORI model (Hubisz et al. 2009) and (iii) the F model (Falush et al. 2003).

Optimization

NGS datasets are usually large, with a single VCF file often reaching hundreds of gi-
gabytes in size. Workstations or computer clusters are usually required to analyze such
data. VCFPOP uses various of methods to reduce the requirement and exploit the capacity
of the computer:

(i) Optimized algorithm (to accelerate the calculation);

(if) Advanced instruction set (e.g., SSE, LZCNT, POPCNT, AVX, FMA, AVX512);

(iii) Lock-free technology (to reduce access conflicts among threads);

(iv) Virtual memory allocation (to avoid re-allocation and memory move);

(v) Local memory management class (to allocate millions of small pieces of memory);

(vi) Variable length array (to place temporary array on stack memory);

(vii) Fast hash algorithm (to detect identical genotypes);

(viii) Fast hash table (to access genotypes by either hash value or index);

(ix) Indexing alleles and genotype (to share instances and reduce memory expense);

(x) Memory cache (to avoid frequent disk I/O).

VCFPOP is optimized for memory expense and calculation speed. For Intel ® processors

12
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later than SkyLake (released in 2017) and CannonLake (released in 2018), the AVX-512
SIMD instructions can be used to accelerate the calculation speed, which enables the pro-
cessing of 512 bits simultaneously. For Intel ® processors later than Haswell hardware (re-
leased in 2013) and AMD ® processors after Excavator hardware (released in 2015), the
AVX instructions can be used, which enables the processing of 256 bits simultaneously.
These SIMD instruction-sets can be flexibly switched without additional compilation.

For memory usage, VCFPOP indexes the individual genotypes and uses bitwise storage
to save the genotype index. The memory usage for a genotype at a biallelic locus (e.g.,
single nucleotide polymorphism) is reduced from 4 bytes (e.g., ‘0/0 “) to 2 bits (4 possible
states: AA, AB, BB and missing data) for VCF format (16-folds compression). The detailed
information (e.g., ploidy level, alleles) of genotypes is saved in an additional table, with
each genotype using approximately 12 bytes. Because additional memory is required for
information at the locus, individual and population levels, the typical compression ratio is
14.5-fold evaluated by the Chr 22 phased 3 data of the 1000 genome project, which uses
734 Mib memory to load 10.4Gib data.

Although the compression ratio can reach 50-fold for some professional compression
algorithms (e.g., deflate, 1zma, z-std), the random access of genotypes requires a longer
decompression time. Our method can compress data at a considerable compression ratio,
and can also access the genotypes without additional cost. In other words, there is a trade-
off between the accession speed and memory usage.

Therefore, a typical laptop with 16 GiB of memory can process 100 GiB VCF files with-
out considering the calculation speed. The subsequent analysis methods may also require
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additional memory. For example, the homoploid AMOVA method saves the genetic dis-
tance between dummy haplotypes and requires an additional 8H? bytes (about 745 MiB
in a dataset with 5000 diploids), where H is the number of dummy haplotypes.

The loading speed of VCFPOP is also optimized, and uses a single thread to read the
data from the disk and multiple threads to process the data. With a sample benchmark test
of a 10.4 GiB uncompressed VCF file, VCFPOP can load data at 320 MiB/s and 560 MiB/s on
a laptop (Intel i7-8750H CPU with 2.2GHz and 6 cores, 16 GiB memory, 256 Gib nvme SSD)
and a workstation (Intel Xeon E5-2696 V4 CPU with 2.2GHz and 44 cores, 64 GiB memory
and 1 TiB nvme SSD), respectively. Restricted by the additional decompression process,
the loading speed is reduced to 255 and 460 MiB/s on the laptop and the workstation for

the compressed format (vcf.gz), respectively.
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Data Accessibility and Benefit-Sharing

Section

The source code, binary executables, user manual and example files (input files, parame-

ters, and commands) are available from GitHub (http://github.com/huangkang1987/vctpop).

Benefits from this research accrue from the sharing of our software and source code on

public databases as described above.
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