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Abstract

Potato has about 100 related wild Solanum species growing naturally in the Americas. The US Potato Genebank aims to keep samples
useful for research and breeding to improve the crop, often in the form of botanical seed families. A key component of genebank efficiency
is assessing diversity within and among populations, and DNA marker sequence diversity is a powerful proxy for trait diversity. We pre-
viously reported on three factors which can cause under-estimation of heterozygosity: ascertainment, allele frequency, and ploidy bias.
‘We here report, using GBS data for four diploid potato species, that average percent of apparent heterozygosity increases as data is more
complete—the maximum difference was 2% heterozygotes when only a few individuals are called, to 36% when nearly all individuals
were called. However, there was evidence that estimates of average heterozygosity based only on loci for which every individual has data
can also be biased upward. Implausibly high levels of heterozygosity suggest non-segregating non-homologous SNPs, which occurred
as 5-9% of all loci with complete data. We propose that best estimates of average heterozygosity in unselected seedlings should be based
on loci with data for all samples after eliminating those loci that appear to be artificially fixed as heterozygous, which reduces observed
heterozygote frequency by 16-26%. On that basis, the wild species examined have similar heterozygosity to the cultivated phureja.

Resumen

La papa tiene alrededor de 100 especies silvestres relacionadas con Solanum que crecen naturalmente en las Américas. El banco de
Germoplasma de Papa de los Estados Unidos tiene como objetivo mantener muestras ttiles para la investigacién y el mejoramiento para
mejorar el cultivo, a menudo en forma de familias de semillas botanicas. Un componente clave de la eficiencia del banco de germoplasma
es evaluar la diversidad dentro y entre las poblaciones, y la diversidad de secuencias de marcadores de ADN es un poderoso indicador
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de la diversidad de caractéres. Previamente informamos sobre tres factores que pueden causar una subestimacion de la heterocigosidad:
comprobacion, frecuencia de alelos y sesgo de ploidia. Aqui informamos, utilizando datos de GBS para cuatro especies de papa diploides,
que el porcentaje promedio de heterocigosidad aparente aumenta a medida que los datos son mas completos: la diferencia maxima fue
del 2% de heterocigotos cuando solo se consaidera a unos pocos individuos, al 36% cuando se incluye a casi todos los individuos. Sin
embargo, hubo evidencia de que las estimaciones de la heterocigosidad promedio basadas solo en loci para los cuales cada individuo tiene
datos también pueden estar sesgadas hacia arriba. Inverosimilmente, Los niveles altos de heterocigosidad sugieren SNP no segregantes
no homologos, que ocurrieron como 5-9% de todos los loci con datos completos. Proponemos que las mejores estimaciones de la hetero-
cigosidad promedio en plantulas no seleccionadas deben basarse en loci con datos para todas las muestras después de eliminar aquellos
loci que parecen estar fijados artificialmente como heterocigotos, lo que reduce la frecuencia de heterocigotos observada en un 16-26%.

Sobre esa base, las especies silvestres examinadas tienen una heterocigosidad similar a la de phureja cultivada.

Abbreviations

USPG US Potato Genebank

GRIN  Germplasm Resources Information Network
(https://mpgsweb.ars-grin.gov/gringlobal/search)

GBS  Genotyping By Sequencing

Introduction

Like a craftsman who wants to be prepared for any challenge
by stocking a diversity of tools in his toolbox, genebanks want
to stock the widest genetic diversity possible so they will have
the tools needed for potato research and breeding, even when
we don’t know what challenges the crop will face in the future
(Bamberg et al. 2018). The practical diversity in genebanks is
phenotypic traits, but trait expression is often tedious, difficult
and costly to measure, and results may not be consistent over
different environments. Since we assume phenotypes are ulti-
mately linked to genotypes, DNA variation has been a widely-
used proxy for trait diversity. Although many alleles per locus
may exist, most markers define two alleles per locus.

Using DNA variation to make inferences about germplasm
heterogeneity depends on some assumptions that, when
faulty, can lead to wrong conclusions. In a previous paper
(Bamberg and del Rio 2020), we provided empirical evidence
for large diversity in populations of wild diploid potato spe-
cies, and showed simulations that mimic ascertainment, allele
frequency, and ploidy bias account for an under-estimation of
true genetic diversity. We here report the examination of GBS
datasets with anomalies that suggest two more sources of bias
in diploid potato germplasm: missing data and detection of
presumed non-allelic SNP fragments.

SNPs can provide many thousands of putative marker
loci—increasingly more when more loci with data (calls)
missing for more samples are accepted (Torkamaneh and
Belzile 2015). Filtering for quality is routinely done. A rare
SNP, seen in just one plant, for example, is more likely to be
a technical mistake. Data is often missing for many of the
plants, and filtering out loci with no more than about 25%
missing calls is standard (Qiao et al. 2020; Revord et al.
2020). Since datasets are intended to represent single two-
allele loci, one also wishes to filter out loci that do not detect

both alleles in replicated reads and multiple individual sam-
ples as expected in diploid heterozygotes (Melo et al. 2016).

Materials and Methods

Species germplasm and sampling Three diploid wild spe-
cies, Solanum boliviense (blv), S. jamesii (jam), and S.
microdontum (mcd), and the diploid cultivated species S.
phureja (phu) were examined. Samples for mcd and phu
were individual plants from multiple populations. For blv,
samples were from individuals from a single population.
Leaf samples of jam were collected from 337 plants from
12 sites in the wild as documented in Bamberg (2019). The
number of families and individuals are given in Table 1.
Specific identities of materials are provided in Supplemental
Table 1. All were obtained from USPG, the US Potato Gen-
ebank. Complete details of stocks used for blv, mcd, phu can
be obtained online by searching for the six-digit PI number
in GRIN (https://npgsweb.ars-grin.gov/gringlobal/search).

GBS data generation methods— DNA extraction and GBS
library construction Plant DNA for all the samples was
extracted using QIACube HT (Qiagen, Maryland, USA),
a Qiagen’s automated extraction robot, which performs
high throughput extractions in a 96-well plate format. DNA
samples were used for genotyping by sequencing (GBS),
using 48- and 96-plex plates. The first step was to generate
a reduced representation of their genomes using restriction
endonucleases. This process aimed to cleave genomic DNA
into manageable fragments for PCR and sequencing. The
potato species went through a selection and optimization
of restriction enzymes to determine which enzymes were
more effective for GBS. Restriction enzymes EcoT22I-
Avalll proved suitable for mcd, phu and blv samples, PstI-
Bfal for jam. After enzymatic cleavage sticky ends of DNA
were used as anchors for the ligation of barcoded adaptors.
Barcoded adaptors were used (a) to identify each sample
uniquely from the others in pooled DNA sequencing, (b)
served as primer binding sites for PCR amplification of the
DNA before sequencing, and (c) to adhere other sequencing
instrument specific adaptors to. After barcode ligation the
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Table 1 Stocks assessed by GBS, loci with completely called individuals, and assessment of loci with too many heterozygotes to be plausibly

single-locus segregating SNPs at p <5%

Species'  Seedlings Families>  Total loci 100% called Statistically unlikely homol- Statistically unlikely
(individuals) individuals loci ogous SNP individual loci ~ homologous SNPs group
of loci
blv 19 1 14K — 517=4% — 54=10% 38=8%
med 100 50 53K — 1710=3% - 201=12% 152=9%
phu 34 34 42K — 1077=3% — 58=5% 52=5%

! Solanum boliviense, S. microdontum, S. phureja. S. jamesii samples were not known to be unselected seedlings so not included

2 See Supplemental Table 1 for details

DNA was amplified via PCR, and then purified and quan-
tified before sequencing. The sequencing was conducted
following Single-Read sequencing (100 bp) using HiSeq
2500 Sequencer (Illumina, San Diego, USA) for mcd and
blv samples, and NovaSeq 6000 Sequencer (Illumina, San
Diego, USA) for jam samples. These sequencers are part
of the sequencing facilities at the University of Minnesota
Genomics Center (https://genomics.umn.edu/) and the Uni-
versity of Wisconsin-Madison Biotech Center (https:/www.
biotech.wisc.edu/), respectively.

GBS data generation methods- sequence analysis and iden-
tification of SNPs For the sequence analysis, low-quality
reads, reads with uncalled bases, and reads with adapter
sequences were removed using computational pipelines
developed at the Bioinformatics Resource Center (BRC),
part of the Advanced Genome Analysis Resource unit of
the Biotechnology Center at the University of Wisconsin—
Madison (https://www.biotech.wisc.edu/). The trimming
software Skewer (Jiang et al. 2014) was used to pre-process
raw fastq files. Skewer implements an efficient dynamic
programming algorithm designed to remove adapters and/or
primers from sequence reads. Reads that were trimmed too
short and did not meet the adequate sequence length criteria
were also discarded from downstream analysis. The goal of
this process was to recover true target DNA sequences. The
reads were then checked for quality using the FastQC tool
and each sequence was identified using its unique barcode
adapter with a barcode splitter tool program (https://sourc
eforge.net/projects/gbsbarcode/). The raw sequences were
processed using Tassel 3.0 and Universal Network Enabled
Analysis Kit (UNEAK) pipelines (Lu et al. 2013) for de
novo SNP discovery. These bioinformatics computational
steps were performed on the Unix platform “Zcluster” at the
UW-Biotech Center. The raw reads were analyzed for quality
and trimmed, then trimmed reads were de-multiplexed gen-
erating high-quality reads for each genotype. The DM Potato
Reference Genome and a GBS-specific simulated reference
generated from a group of high-quality reads were used for
alignment of sequences. The reads were mapped to generate
standard alignment files using SAMtools version 1.3.1 (Li
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et al. 2009). A SNP master matrix for each potato species
group was created after the pipeline for SNP discovery and
genotype calling. The pipeline for SNP discovery followed
standard conditions of depth coverage (minDP >2), maxi-
mum mismatch for alignment (n=3), Maximum Missing
Data (MaxMD =80%), and Minimum Minor Allele Fre-
quency (MinMAF > 0.05).

Analysis To assess the bias against apparent heterozy-
gosity due to missing data, the number of missing calls
and percent heterozygous calls across individuals was
calculated for all loci and plotted against each other. To
assess bias favoring apparent heterozygosity by non-
allelic SNPs, loci with calls for all individuals were
sorted by number of heterozygous individuals, highest
to lowest. Then the probability of observing the degree
of heterozygosity observed at the most heterozygous loci
was calculated with Chi?, with the expectation of 1/3 het-
erozygous loci if SNP allele frequencies were assumed
to be random, with random independent allele segrega-
tion at a single locus. All calculations were done with
Microsoft Excel®.

Results and Discussion

Missing calls are associated with lower apparent het-
erozygote frequency The four species covered datasets
with a small to large number of individual plant samples,
but in all cases, there was a strong positive correlation
between missing calls and (apparent) missing detec-
tion of maximum heterozygosity (Fig. 1.). The impact
of more calls is particularly strong in the part of the
curve representing 75-100% called plants often recom-
mended for GBS data analysis. Thus, to avoid under-
estimation of heterozygosity, one should consider only
loci with nearly complete calls (for every individual).
This heterozygosity bias based on missing calls could
also be enhanced due to inherent differences in aver-
age missing calls among taxa. In previous studies, the
average missing calls among four potato species were
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Fig. 1 The effect of missing
data (less called plants) on
apparent average heterozygosity
for species S. boliviense (blv), S.
Jjamesii (jam), S. microdontum 40%
(mcd) and S. phureja (phu). .
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highly significantly different (Bamberg et al. 2015). In
the current study, average missing calls were even dif-
ferent within a species, with the 12 populations of jam
showing highly significantly different average missing
calls (data not shown).

Excess heterozygotes indicate non-allelic frag-
ments DNA marker data is organized as a table in
which one dimension (e.g., the columns) represent the
different DNA samples, and the values in a single row
are assumed to represent genotypes of homologous
segments that are potentially-segregating alleles at the
same single locus. There are a few ways one can detect
DNA marker genotypes that are not plausibly allelic. For
example, with AFLPs, blanks represent the absence of a
specific sequence and are contrasted with the dominant
band that represents detecting that sequence. Apparent
differences between two individuals are expected to be
(1:0) for about the same number of loci as are (0:1).
When the second individual appears to be very differ-
ent because it has many loci with (0) genotype so most
differences are (1:0), one concludes that this is better
explained by a general failure of the technique to pro-
duce bands for the second individual.

Another implausible pattern is too much heterozy-
gosity. Consider a locus for which every population
examined has two SNP alleles. It is, of course, plau-
sible to observe an AB heterozygote from each such
population if the individuals genotyped had been delib-
erately selected— in nature, for example, as observed in
Bamberg et al. (2009). But observing the AB genotype
in every unselected seedling is a special case that we

know is not usually plausible. Observing the AB geno-
type demonstrates that both alleles are indeed present
in each population—each population appears to be pol-
ymorphic. But the maximum heterozygote frequency
without selection is 50% and occurs when both A and
B allele frequency are 50%. So, the chance of n segre-
gating samples being all AB genotypes cannot be more
than (¥2)". A corresponding implausibility cannot be
calculated when every individual is homozygous unless
there is an independent way of knowing that all of the
populations from which the seedlings were drawn do
possess the alternate allele.

The maximum average 50% heterozygosity of unselected
random seedlings is too conservative for eliminating loci that
are improbably heterozygous among all individuals, since
empirical data suggests that average polymorphic loci tend
to have more unbalanced allele frequencies (Bamberg and
del Rio 2004; Bryan et al. 2017), so have a lower expected
average heterozygosity than 50%. A reasonable compromise
could be to propose random allele frequencies for polymor-
phic loci. The expected average heterozygote frequency for
that is about 1/3, so we may set it as the expected proportion
used to calculate the Chi2 probabilities for too-heterozygous
loci.

For the three species blv, mcd, phu, we found an implau-
sible number of uniformly heterozygous individuals in loci
with complete calls (i.e., called for every individual). These
could be a gauge of the number of apparent polymorphic
SNP loci that are really not single-locus alleles. Table 1.
shows that apparently polymorphic “loci” that are improb-
ably allelic range from 5-9% of completely-called loci. The
number of loci with implausibly frequent heterozygotes was
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not presented for jam since those samples from the wild
were not known to originate from unselected random seed-
lings. About 1% of the loci called for all 337 jam individuals
were completely heterozygous which is far too many unless
there was selection, non-allelic fragments, or redundant
sampling of the same heterozygous clone. Considering only
loci with all plants called and excluding loci with implausi-
bly high heterozygote frequency, the average heterozygosity
was blv =14%, jam =22%, mcd =20%, phu=16%.

Single plants underestimate heterozygosity The nineteen
individuals of blv allowed assessment of SNP loci within
a single population. A total of 517 SNP loci were called in
all individuals—all loci were actually polymorphic, mean-
ing they represented twice the potential genetic diversity of
monomorphic loci. But the average observed heterozygote
frequency in single plants was only 19%. If average allele
frequencies were a balanced 50:50 we expect that a random
single unselected seedling detects a heterozygote only half
of the time. But in blv, the average allele frequencies must
be closer to 10:90, making underestimation of heterozygotes
about fivefold. We cannot precisely gauge within-population
heterozygosity of a species based on a single-plant sample
without knowing the allele frequencies.

Conclusions

The proportion of called SNP loci varies with the taxon
assessed. And analysis of SNP data on individuals of
four potato species showed that detection of heterozy-
gosity increases with the proportion of called individu-
als for a given locus. On the other hand, many loci were
heterozygous for too many individuals to be plausible
under the assumption of allelic SNPs. Percent heterozy-
gosity based on loci completely called, but not implau-
sibly overwhelmingly heterozygous, may provide the
best estimate of heterozygosity, and that estimate in
the current study suggests diploid wild species are
not less heterozygous than the diploid cultivated spe-
cies examined. It was demonstrated that using a single
plant to represent a population greatly underestimates
heterozygosity.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12230-021-09846-z.
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