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Abstract Valuable genetic variation lies unused
in gene banks due to the difficulty of exploiting
heterogeneous germplasm accessions. Advances
in molecular breeding, including transgenics and
genome editing, present the opportunity to exploit
hidden sequence variation directly. Here we describe
the pan-genome data structure induced by whole-
genome sequencing of pooled individuals from wild
populations of Patellifolia spp., a source of disease
resistance genes for the related crop species sugar
beet (Beta vulgaris). We represent the pan-genome
as a map of reads from pooled sequencing of a het-
erogeneous population sample to a reference genome,
plus a BLAST data base of the mapped reads. We
show that this basic data structure can be queried
by reference genome position or homology to iden-
tify sequence variants present in the wild relative,
at genes of agronomic interest in the crop, a process
known as allele or variant mining. Further we dem-
onstrate the possibility of cataloging variants in all
Patellifolia genomic regions that have corresponding

Supplementary information The online version
contains supplementary material available at https://doi.
org/10.1007/s11032-022-01308-6.

P. A. Reeves (X)) - C. M. Richards

Agricultural Research Service, United States Department
of Agriculture, National Laboratory for Genetic Resources
Preservation, 1111 South Mason Street, Fort Collins,

CO 80521, USA

e-mail: pat.reeves @usda.gov

single copy orthologous regions in sugar beet. The
data structure, termed a “pooled read archive,” can be
produced, altered, and queried using standard tools
to facilitate discovery of agronomically-important
sequence variation.
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Introduction

Germplasm collections are a source of novel genetic
variants for crop improvement. Within a breeding
program, if donor parent germplasm from a gene
bank accession is unimproved, many cycles of back-
crossing to the elite parent are necessary to mitigate
the inevitable introduction of undesirable traits genet-
ically linked to the variant of interest. When donor
parent germplasm is heterogeneous, isogenic lines
may need to be produced prior to introgressive breed-
ing to limit the scope of linkage drag and increase
phenotypic uniformity. Recurrent backcrossing and
production of isogenic lines is laborious and time-
consuming, sometimes requiring many years (Rojas
et al. 2009; Biancardi et al. 2010; McCouch et al.
2012). In some species, the production of isogenic
lines may be precluded by inbreeding depression (Li
and Brummer 2009; Lindhout et al. 2011).
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In conventional breeding, germplasm collec-
tions are explored for desirable traits biologically,
via controlled crosses in vivo. For some crops and
some traits, it may be more efficient to explore
germplasm collections informatically, to identify
useful sequence variation in silico. In breeding
programs where the trait of interest is well-defined
genetically, meaning most genes impacting it are
known, genome editing or transgenic approaches
can be used to target and modify gene expression
patterns to produce desired traits with little need
for subsequent “clean up” via recurrent backcross-
ing (Wolter et al. 2019). In these cases, sequence
data repositories, as opposed to living collections
of germplasm, have the potential to facilitate tar-
get-gene-specific generation of genetic diversity
(Rodriguez-Leal et al. 2017; Scheben and Edwards
2018; Belzile et al. 2020).

Currently there is momentum to commence Sys-
tematic, whole-genome, whole-collection genotyp-
ing of gene bank holdings (McCouch et al. 2020).
Progress has been made in barley, rapeseed, rice,
sorghum, and Capsicum (Wang et al. 2018; Hu
et al. 2019; Milner et al. 2019; Wu et al. 2019;
Tripodi et al. 2021). Crop varietal production
often involves winnowing phenotypic variation
by progressive inbreeding, such that a new vari-
ety may be near isogenic, to satisfy the require-
ments that it be distinct, uniform, and stable, for
intellectual property protections. Indeed, extensive
varietal differentiation is a testament to a crop spe-
cies’ capacity to be recombined to create a wide
array of genetically homogeneous and phenotypi-
cally predictable lines. Accordingly, gene bank
accessions from domesticated crops tend towards
genetic homogeneity. Whole-collection genome-
wide genotyping efforts focused on crop varieties
and other homogeneous accessions appropriately
sample only one or a few individuals per accession
because that is all that is needed.

Wild species retain a vast reserve of genetic
variation that was left unsampled as emerging
crops passed through the domestication bottleneck
(Hawkes 1977; Doebley et al. 2006). In contrast to
crop varieties, accessions from wild populations are
often genetically heterogeneous. In addition to ubig-
uitous single-nucleotide polymorphisms (SNPs),
gene content also varies dramatically among indi-
viduals, with~25% of genes belonging to the
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“dispensable” fraction of the species’ pan-genome
(Gao et al. 2019). Due to widespread structural var-
iation, the non-coding dispensable fraction may be
even higher (Hiibner et al. 2019). In Beta vulgaris,
for example, flow cytometric estimates of genome
size varied from 633 to 875 MB, a 40% difference
(Castro et al. 2013; McGrath et al. 2020). For het-
erogeneous accessions, genome-wide data from a
single individual represents an incomplete account-
ing of sequence variation and is a poor predictor of
what a user can expect to receive when the acces-
sion is requested for use in a breeding program.

Gene banks are increasingly involved in
describing interesting, useful, and valuable genetic
variants hidden in collections of wild germplasm
(Tanksley and McCouch 1997; Gur and Zamir
2004; Hajjar and Hodgkin 2007; Mascher et al.
2019). A catalog of the wide range of sequence
variants present in unimproved germplasm could
support molecular breeding initiatives to gener-
ate diversity in elite cultivars using transgenic or
genome editing approaches. Variants present alter-
native, naturally-occurring models for site-specific
base editing in a crop, or target-sequence informa-
tion for “de novo domestication” of unruly wild
relatives with otherwise desirable stress tolerance,
disease resistance, morphological, or nutritional
properties (Zsogon et al. 2018; Li et al. 2018;
Lemmon et al. 2018). Additionally, for conven-
tional breeding projects, a catalog could support
prediction of the frequency of particular traits or
trait values in accessions. For traits that are well-
understood genetically, population phenotypic
variation can be predicted from variant frequen-
cies at controlling genes. Prediction of phenotypic
variation based on measurement of segregating
genotypic variation could enable initial selection
of accessions for integration into a conventional
breeding program bioinformatically, instead of via
extensive grow-outs and phenotyping or imprecise
suggestions from passport data and surrogate pre-
dictors of genetic diversity (Reeves et al. 2020).

In this study, we demonstrate one approach for
cataloging DNA sequence variants from heterogene-
ous collections of individuals, to inform crop molec-
ular breeding. Our motivation is to improve access
to potentially valuable variation in crop wild rela-
tives in the secondary and tertiary gene pools, where
biological interrogation of variation using crosses
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is difficult due to reproductive barriers, as well as
primary gene pool members where complex growth
requirements or inbreeding depression prevents
extensive development of inbred lines. We describe
the pan-genome-like properties of data acquired by
whole genome sequencing of pools of individuals
(“pooled sequencing” or “pool-seq”). We develop a
data structure that supports query of this “pool-seq
pan-genome” by sequence homology or genome
position. Through query, we calculate the proportion
of genes expressed in sugar beet (Beta vulgaris) for
which orthologous variation can be found in Patelli-
folia spp. (Thulin et al. 2010), a distant wild relative
that diverged from Beta~25 Mya (Romeiras et al.
2016). We likewise calculate the proportion of the
entire sugar beet genome with orthologous sequence
in Patellifolia—the fraction for which variant min-
ing is uncomplicated by differences in gene content.
We catalog whole-genome multi-allelic short haplo-
type (SH) variation (akin to “microhaplotype” sensu
Kidd et al. 2014 and Baetscher et al. 2018) for six
heterogeneous samples of Patellifolia spp. Using the
catalog, we describe orthologous sequence variants
for two sugar beet loci of agronomic importance
found in the wild relative.

Materials and methods
Pooled DNA sequencing

Leaf tissue from 17 to 25 individuals was collected
from six wild populations of Patellifolia spp. in the
Canary Islands and mainland Spain (Table 1; Frese
et al. 2019). DNA was extracted using the DNeasy
96 Plant Kit (Qiagen GmbH, Hilden, Germany),
concentration-normalized to 20 ng/pL, and pooled for
DNA sequencing. Sequencing libraries were gener-
ated from DNA pools using the KAPA HyperPrep Kit
(Roche, Basel, Switzerland) with a PCR-free work-
flow and average insert size of 300 bp then sequenced
on a NovaSeq instrument (Illumina Inc., San Diego,
USA) producing 1.8E8-3.4E8 150 bp paired end
reads per pool (Table 2).

Data structure construction

Detailed bioinformatic procedures including all soft-
ware settings are at https:/github.com/NCGRP/
mblsuppl. MASURCA 3.2.4 (Zimin et al. 2013) was
used to produce a genome assembly for each pool
(hereafter, “pool assembly”). Trimmed read pairs

Table 1 Patellifolia

. Species Location Latitude, longitude Indi-
spp. sampling for pooled viduals
sequencing in pool

webbiana Gran Canaria 28.172482,—15.419560 25
procumbens Tenerife 28.553550,—16.348550 17
procumbens El Hierro 27.747923,—18.098359 25
patellaris Spain A 37.557349,—1.168413 25
patellaris Tenerife 28.376967,— 16.799400 25
patellaris Spain B 37.504414,—1.425755 25
Table 2 DNA sequencing and pool genome assembly
Species Location NCBI SRA (raw reads) Read pairs Assembly Coverage (per  Contigs N50
size (Mbp) individual)
webbiana Gran Canaria SRX6944498 2.2E8 747 88x (3.5x) 258,036 13,789
procumbens Tenerife SRX6944497 2.2E8 790 84x (4.9x) 285,422 13,366
procumbens El Hierro SRX6944496 3.4E8 790 129x (5.2x) 271,266 12,459
patellaris Spain A SRX6944495 2.3E8 1114 62x (2.5x) 162,082 17,866
patellaris Tenerife SRX6944494 1.8E8 1136 48x (1.9x) 202,527 16,679
patellaris Spain B SRX6944492 3.2E8 1090 88x (3.5x) 129,336 20,349
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(TRIMMOMATIC 0.33, Bolger et al. 2014) were
mapped to the pool assembly using BWA-MEM
0.7.17 (Li 2013) to confirm proximity, filtered by
quality using SAMTOOLS 1.8 (Li et al. 2009), and
duplicates removed with SAMBAMBA 0.7.0 (Tara-
sov et al. 2015) before combining into “phased reads,”
sometimes called merged reads or “FLASHed reads”
(Bushnell et al. 2017; Sundaram et al. 2020). We use
the term phased read to refer to a single sequence
derived from two or more sequences known to origi-
nate from the same physical DNA molecule. In the
case of Illumina paired end sequencing, read phasing
is a trivial operation of combining the two opposing
reads of a read pair into a single sequence, since they
derive from opposite ends of the same molecule.

Reads from each Patellifolia population were fil-
tered by alignment quality, proximity, and orienta-
tion, using the population’s pool assembly as a ref-
erence genome. Reads were combined into a single
sequence (creating a phased read) when both reads
of a pair were mapped, properly oriented, within
1000 bp of one another, had a minimum mapping
quality of 1, and belonged to the primary align-
ment, with no split reads allowed. If read pairs met
these criteria but were non-overlapping then the
intervening region was padded with a string of Ns
of a length predicted from the pool assembly con-
tigs to which they mapped. Read pairs that could
not be combined into a single sequence by this
procedure (unphased reads) were retained because
they contain much additional information, albeit
within shorter sequences. The reference-free proce-
dure used by FLASH and BBMERGE (Mago¢ and
Salzberg 2011; Bushnell et al. 2017), which con-
siders sequence overlap alone, is also suitable for
phasing read pairs (Baetscher et al. 2018).

For each Patellifolia population, a binary align-
ment map file (BAM file) specifying the map of pro-
cessed read pairs (including phased and unphased
reads, hereafter “reads”) onto pool assembly contigs
was produced. Mapped reads and their associated
pool assembly contigs were processed into a single
sorted multi-FASTA file. A BLAST nucleotide data-
base was constructed for the multi-FASTA file and
for the pool assembly alone using BLAST +2.5.0.
We define a data structure, hereafter referred to as
a “pooled read archive” (PRA), that contains (1) an
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indexed reference genome, (2) a BAM map between
pool-seq reads and the reference genome, (3) a sorted
FASTA file containing pool-seq reads and contigs
from the BAM map, and (4) a BLAST database for
the FASTA file and reference genome. This amal-
gamated data structure allows the use of standard
software to query and retrieve sequence variation
from pooled sequence data by genome position (e.g.,
SAMTOOQLS) or homology (BLAST).

Data structure evaluation

We evaluated PRA quality by calculating average
read length and coverage of the pool assembly. We
explored the utility of Patellifolia PRAs as a source
of variants for sugar beet genes by determining the
proportion of the sugar beet transcriptome with
homologous sequence in Patellifolia pools. PRA
BLAST databases were queried with all 24,255 pri-
mary transcripts in the sugar beet EL10_1.0 tran-
scriptome (McGrath et al. 2020, https://phytozome-
next.jgi.doe.gov/info/Bvulgaris_EL10_1_0) with
up to 100 K matches returned per query. BLASTN
results were filtered to exclude gene models that
matched <40 and>1000 reads. These cutoff val-
ues were determined empirically to capture the lin-
ear portion of the sigmoid curve relating cumulative
query frequency and log BLAST hit count (Supple-
mental Fig. 1). Remaining matches were considered
to represent the set of homologous genes, excluding
highly repetitive (>1000 hits), unmatched (O hits),
and poorly represented (1-39 hits) genes. We defined
orthologous genes operationally, using BLASTN, as
EL10_1.0 transcript queries from the homologous set
that matched only one contig in the pool assembly
from diploid P. procumbens or webbiana (i.e., they
were present as single copy genes in the assembly),
and two or fewer contigs from tetraploid P. patellaris.

We determined the proportion of the Patellifolia
pan-genome represented in the pool-seq data that
was homologous to the sugar beet genome. The
nine chromosome scaffolds from sugar beet genome
assembly EL.10_1.0 (NCBI GCA_002917755.1) were
fragmented into sequential 1 Kbp sequences, each
of which was then used as a BLASTN query against
the PRA for the purposes of determining orthology,
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as was done with the transcriptome except that up to
10 K matches were allowed to be returned with no
subsequent filter on read depth per query applied, in
order to retain information on repetitive sequences.

Variant mining

To demonstrate the capacity of pooled sequencing
data to facilitate variant mining, we characterized
variant frequencies within Patellifolia pools at agro-
nomically-important cyst nematode resistance gene
Hs4 (Kumar et al. 2021) and the Patellifolia ortholog
of pseudo-response regulator BvBTCI1, which deter-
mines annual versus biennial life cycle in sugar beet
(Pin et al. 2012). Full length mRNA sequences were
used to query PRA BLAST databases using BLASTN
to identify Patellifolia contigs containing Hs4 and
BvBTCl1, along with the reads mapped to those con-
tigs, as contained in the PRA BAM file. For detailed
analysis and visualization, a gene region contain-
ing~12 Kbp and~3 Kbp was arbitrarily defined for
BvBTCI and Hs4, respectively, which encompassed
complete coding sequence exons, introns, and some
adjacent sequence. Short haplotype loci, defined here
as short genomic regions containing one or more
SNPs segregating as haplotypes (based on Baetscher
et al. 2018), were identified, and major variant fre-
quencies were estimated across each gene region
along a tiling path that maximized locus variation,
accuracy, and length, in order to simplify presentation
of results (details in Supplementary Information).

Results

Pooled DNA sequencing and data structure
evaluation

Pool genome assemblies varied in size, averag-
ing~775 Mbp in diploids P. webbiana and procum-
bens,~1.1 Gbp in tetraploid P. patellaris (Table 2).
Estimated coverage per individual in the raw data
pools varied from 1.9 to 5.2x. Pooled sequencing cov-
erage > 1 Xper individual produces allele frequency
estimates that are equal to or more accurate than
those computed from sequencing individuals (Schlot-
terer et al. 2014). Pool assemblies were fragmented,
containing on average 271,575 contigs with mean
N50~13 Kbp for diploid pools, 164,648 contigs
with mean N50~18 Kbp for tetraploids (Table 2).
After filtering during production of the PRA, cover-
age per individual remained above 1x (1.4-3.5x).
Average processed read length ranged from 251 to
275 bp, a substantial increase from the initial 150 bp
reads (Table 3). Complete PRA data structures occu-
pied 222 +49 GB (+1 SD) of disk space on average;
compressed raw reads occupied 44+16 GB. PRA
data structures used in this study are available upon
request from the authors.

Of the 24,255 primary transcripts in the EL10_1.0
transcriptome, 1422 were determined to be highly
repetitive  (chloroplast, rDNA, and mitochon-
drial genes, plus gene models with repeated amino
acid motifs), 3793 unmatched, and 2130 poorly

Table 3 Evaluation of PRA data structures including proportion of sugar beet transcriptome and genome with homologous sequence

reads in wild relative Patellifolia spp

Species Location Read coverage, Average Proportion Proportion of Proportion Proportion
per individual read length, of EL10_1.0 EL10_1.0tran- of EL10_1.0 of EL10_1.0
(processed read  bp transcriptome scriptome single genome found  genome single
count) found in Patelli- copy in Patelli-  in Patellifolia copy in Patel-
folia (transcript  folia (transcript lifolia
count) count)
webbiana Gran Canaria 2.4x (1.8E8) 251 0.71 (17,179) 0.36 (8617) 0.72 0.17
procumbens Tenerife 3.5x (1.7E8) 273 0.71 (17,104) 0.32 (7797) 0.72 0.16
procumbens El Hierro 3.5x (2.6EB) 268 0.70 (16,909) 0.29 (6953) 0.80 0.15
patellaris Spain A 1.8x (1.8E8) 273 0.70 (16,995) 0.28 (6721) 0.74 0.21
patellaris Tenerife 1.4x (1.4E8) 273 0.69 (16,784) 0.25 (6031) 0.72 0.21
patellaris Spain B 2.5x (2.4EB) 275 0.69 (16,779) 0.30 (7289) 0.75 0.21
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represented in Patellifolia pools (Supplemental
Fig. 1). Thus, 70% of the sugar beet transcriptome had
homologous sequence regions in Patellifolia. Twenty-
five to thirty percent was single copy, here considered
orthologous, and therefore a straightforward target for
variant mining. Similarly, homologous sequence for
72-80% of the sugar beet genome was found in the
Patellifolia pools, 15-21% of it as single copy regions
(Table 3). Thus, approximately one fifth of the sugar
beet genome is accessible for improvement using
sequence diversity mined from Patellifolia, without
the complicating issue of paralogy (Fig. 1). Put dif-
ferently, no homologous counterpart for about 25% of
sugar beet genome EL.10_1.0 was found in the Patel-
lifolia pan-genome using our procedure.

Variant mining
BLASTN query of PRA BLAST databases using

BvBTCI and Hs4 coding sequences yielded one
matching contig in diploid and two matching contigs

Fig. 1 Depth of Patellifolia
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20% contained SNPs or MNPs. Among pools, the
major variant frequency ranged from 0.87 to 0.91
for BvBTCI and 0.86 to 0.94 for Hs4. Major variant
differences between pools across the genes are visu-
alized in Figs. 2 and 3. Per-pool descriptive statistics
are in Table 4.

Discussion

Biological exploration of germplasm through care-
ful breeding and artificial selection has been used
to improve crops since the dawn of agriculture.
Digitization of germplasm collections so that they
may also be explored using information is a long-
standing objective of the gene banking enterprise

(Volk et al. 2021). Increasingly standardized and
interoperable data bases have facilitated query of
collections’ basic descriptive, or “passport,” data
(Weise et al. 2020). Enhancing our ability to inter-
rogate collections informatically, at the level of
DNA sequence variation in addition to passport
and phenotypic data, will accelerate agricultural
progress (McCouch et al. 2020).

The pool-seq pan-genome

Pooled sequencing, the process of sequencing DNA
from multiple individuals simultaneously, induces
a pan-genome-like data structure in its output,
with sequence variation captured as independ-
ent reads derived from different individuals in the

webbiana _|
Gran Canaria
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Tenerife

procumbens _|
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patellaris _|
Spain A

patellaris _|
Tenerife

patellaris _|
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webbiana _|
Gran Canaria

procumbens _|
Tenerife

procumbens _|
El Hierro

patellaris _|
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patellaris _|
Tenerife

patellaris
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Fig. 2 Major variant frequencies at short haplotype (SH) loci
across the Patellifolia ortholog of the sugar beet bolting gene
BvBTC1 (top) and the cyst nematode resistance gene Hs4 (bot-
tom). Exons labeled at top. Colored bars indicate different
variants within an SH locus; shading within a color indicates
variant frequency (lighter =lower). Only loci where the major
variant differed between the six pools are shown. For better
visualization, bars have been widened to cover intervening
regions where the major variant was identical between pools

2500 3500

(see Fig. 3). A single locus with three major variants (red and
green found in one pool each, blue in four pools) in intron 4 of
BvBTC1 is marked using arrows to show how SH loci appear
as bars of the same width, stacked vertically among the pools.
Within a pool, the horizontal assemblage of bars shows which
variant is the major one, and its probability of being sampled,
by virtue of shading, relative to the other pools with the same
major variant. A portion of Hs4 was missing from the Tenerife
P. patellaris pool assembly
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Fig. 3 Major variant frequencies at short haplotype (SH) loci
across exon 5 of Hs4 in Patellifolia pools. Colors indicate dif-
ferent variants; shading indicates frequency. Top panel shows
major variants, width of bars is proportional to number of bp
in the SH locus, and faint white lines mark locus boundaries.
Most major variants at SH loci within exon 5 are identical
among pools. Four SH loci where the major variant differed
between the six pools were found, labeled sh/—4 with positions
marked using a bullet at bottom of panel. In the top panel,
variant sequences are shown to the right of the colored bars
for shi, sh2, and sh4, and to the left for sh3. To aid visuali-
zation, in the bottom panel, colored bars for sh/—4 have been
widened to the right of the locus start point, until they contact

pool. Reads may vary in length and configuration
depending on sequencing technology, but, assum-
ing PCR-free library construction, should repre-
sent actual sequence variants at the approximate
frequency they occur in the pool of individuals
(Lynch et al. 2014; Schlotterer et al. 2014). This
form of pan-genome representation differs from
the common one (separately assembled genomes
from multiple individuals) and lacks the power
to evaluate properties such as adjacency and syn-
teny or core versus disposable fractions (Bayer
et al. 2020). However, it in principle can reveal the
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the next SH locus with a major variant difference between
pools, as in Fig. 2. Major variant frequency is indicated. The
three Hs4 exon 5 major variant haplotypes (a, b, c¢) and their
minimum probability of being drawn from the pool is shown
at right, calculated as the joint probability of drawing the four
contributing SH locus major variants simultaneously. Hs4 exon
5 haplotypes can be recovered most efficiently by sampling the
pools marked with an asterisk. The joint probability of drawing
haplotype b is low, recommending increased sampling inten-
sity of the procumbens-Tenerife population in a variant mining
experiment intent on recovering major variant haplotypes of
Hs4 exon 5

totality of sequence complexity in a pan-genome,
albeit as short physical fragments instead of ana-
lytically derived contigs, scaffolds, or chromosome
length pseudomolecules.

For cataloging sequence variation, the “pool-
seq pan-genome” is a cost-effective and appro-
priate alternative to sequencing many individu-
als separately. In outcrossed wild populations, all
individuals are expected to have distinct genome
sequences due to recombination of standing varia-
tion during sexual reproduction history. Individual
multi-locus genotypes and long DNA sequence
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haplotypes (those beyond typical linkage disequi-
librium decay distances) may not be easily recov-
ered from the population more than once because
they are broken up by recombination. A catalog
of SH loci across the genome can represent what
variants are present, and at what frequency they
will be encountered, when sampling a population.
A similar catalog of SH loci could be constructed
by sequencing individuals separately, but only
with added effort and expense relative to pooled
sequencing.

Recombinatorial introgression of desirable
variants via crossing is often not an option when
working with secondary or tertiary gene pools.
But in cases where introgressive breeding is pos-
sible, the pool-seq pan-genome expresses what is
delivered when a heterogeneous gene bank acces-
sion is requested: the capacity to recombine into a
target line some proportion of the sequence varia-
tion segregating in the accession. In other words,
the data are an approximate representation of the
gamete pool. Thus, a pool-seq pan-genome data
structure encapsulates the constraints of repro-
ductive biology inherent to the breeding process,
as well as relating logically to most phenotypic
characterization and evaluation data held in gene
bank data bases, which is usually assessed at the
level of populations not individuals (Galewski and
McGrath 2020).

Production of a PRA to enable query of a pool-
seq pan-genome involves three main steps: read
phasing, mapping of reads to a reference assem-
bly, and production of BLAST data bases. Read
phasing is useful for short read data because it
increases the complexity of sequences exposed to
homology query by increasing their length. The
mapping step uses a reference genome assembly
as a scaffold upon which to filter reads based on
proximity, orientation, and alignment quality. The
map enables query by position in the reference as
opposed to query by homology. In general, direct
homology query of reads is preferred because
they represent physical molecules present in the
pool that come from a single individual, with no
reference to bioinformatically imputed contig
sequences. Nevertheless, query by reference posi-
tion can be useful in certain situations, such as for
polyploids or when duplicated genes or common

@ Springer

sequence motifs would cause homology query to
return excessive numbers of reads.

Pooled sequencing data as a gene bank breeding
resource

Application: variant mining

As proof of concept, we considered in detail
two genes of agronomic importance in sugar
beet. Haplotypic variation in the “bolting gene,”
BvBTCI1, produces differences in bolting time,
most coarsely at the level of assuming a biennial
vs an annual life cycle, but with some additional
variation within categories attributable to rare
haplotypes and probably mediated by other genes
in the flowering pathway (Pin et al. 2012; Hoft
et al. 2018; Kuroda et al. 2019). Sequence vari-
ants “mined” from BvBTCI might be useful for
improving early-bolting resistance, affecting deci-
sions regarding planting time.

The Patellifolia ortholog of BvBTCI was found
by querying the PRA pool assembly. Examina-
tion of mapped reads revealed many differences
in SH locus major variants between pools across
the genic region (Fig. 2). Because major variant
frequencies were generally high (Table 4), one
could recover variants of interest with high prob-
ability by re-sampling the biological material from
which the pooled sequencing data were drawn.
Moreover, for most major variants in this set of six
pools, only two alleles were found (visualized in
Fig. 2 using red and green) which could be recov-
ered with relative ease, by accessing only two
populations.

The cyst nematode resistance gene Hs4 has
been transferred to some sugar beet germplasm
via the translocation of large genomic segments
from Patellifolia (Kumar et al. 2021). Via query of
pool assemblies, we found that Hs4 is single copy
in P. procumbens and P. webbiana. The homeolog
from tetraploid P. patellaris diverges less from
the P. procumbens/webbiana ortholog than the
analogous situation in BvBTCI, but orthologs are
still identifiable by the presence of shared indels.
Thus, in the Patellifolia/Beta vulgaris tertiary
gene pool relationship, ploidy variation seems to
be a surmountable problem. This may not hold
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for all extended gene pools—depending on initial
polyploidy events (“allo” vs ‘“autopolyploidy”)
and evolutionary processes affecting homeologous
regions since then, it may not always be possible
to distinguish homeologs.

Polyploids are an underutilized resource for
mining sequence variants due to technical diffi-
culties encountered in polymorphism assessment.
Since phasing beyond the limits of a single read
pair is not possible, within the pooled sequenc-
ing context a tetraploid individual is no differ-
ent from two diploids—regardless of parental
genome, sequence reads can be recovered from the
PRA. But, accurately mapping reads to the correct
parental genome will not be possible unless home-
ologs can be distinguished, making variant fre-
quency estimation impossible in some cases.

Application: germplasm selection

The pool-seq pan-genome can be utilized to select
germplasm from large gene bank collections. As
with BvBTCI, major allele frequencies across the
Hs4 genic region were high and the number of var-
iants tended towards two (Table 4). As an example,
let us suppose one was especially interested in Hs4
exon 5. We show that there are three major haplo-
typic variants covering that~ 182 bp region, com-
posed of four SH loci, among the six pools exam-
ined (Fig. 3). To retrieve these three haplotypes
with greatest efficiency, one should use popula-
tions represented by the P. webbiana, procumbens-
Tenerife, and patellaris-Spain A pools, because
these have the highest major variant frequencies at
the four SH loci.

The principle illustrated in Fig. 3 can be
extended. Because the frequency of all SH locus
variants, minor or major, in the pool-seq pan-
genome can be estimated, the probability of recov-
ering sets of unlinked variants scattered across the
genome can be approximated as their joint proba-
bility, equal to the product of the individual variant
frequencies under the assumption of independent
assortment. The minimum probability of recover-
ing long DNA sequence haplotypes from a popula-
tion can be similarly calculated (it is a minimum
probability because physically adjacent variants
will usually violate independent assortment). This
allows one to select germplasm accessions with

the highest probability of delivering haplotypes
of interest, and to set the scale of the experiment,
in terms of the number of individuals needed to
recover desired variants at any position, or set of
positions, in the genome.

Whole genome data sets are large and com-
plex. They are often used collectively to describe
population structure among accessions or clas-
sify germplasm by genetic distance, which, in
turn, is used to select accessions from a gene bank
(Muiioz-Amatriain et al. 2014; Milner et al. 2019).
For heterogeneous accessions, whole genome
data may also be profitably employed using the
principle of query, to select accessions based on
sequence variation at loci of interest. The nature of
species is such that most variation is shared among
populations, with the level of allelic diversity pri-
marily dependent on mutation rate and population
size (Kimura and Crow 1964). The distribution of
allelic variation at loci under selection (e.g., agro-
nomic loci) can deviate substantially from the pre-
dominantly neutral loci used for population struc-
ture analyses (Reed and Frankham 2001; Reeves
et al. 2012). Pool-seq pan-genome data structures
enable query and selection of accessions without
explicit regard to population structure, accession
provenance, or passport information, which may
not be meaningful predictors of the occurrence of
desirable sequence variation (Reeves and Richards
2018; Reeves et al. 2020).

Future opportunities

Summary and visualization of whole genome data
requires a reduction in complexity, and thus a reduc-
tion in accuracy when variation at specific sets of
loci is desired. Major variant frequency variation dis-
played in Fig. 2 is one such reduction; there are many
other SH locus variants that are not shown. How-
ever, a crop genome in its entirety can be mapped to
orthologous sequence variants from its broader gene
pool (Fig. 1). All loci so mapped are accessible for
improvement using sequence information from, in
this case, a set of populations from the tertiary gene
pool. To express this idea visually, for every bar in
Fig. 1, a Fig. 2 can be constructed (see https://github.
com/NCGRP/mb1suppl for visualization). The result-
ing pre-processed data could be integrated into gene
bank data bases to enable rapid query by homology or
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genome position for variant frequencies, opening up
the possibility of selecting accessions based not only
on passport data and population structure, but also by
targeted query of sequence variation, at any locus.

As crop improvement increasingly supplements
conventional field breeding practices with in vitro
techniques like transgenics and genome editing, the
importance of accurate, comprehensive, sequence-
based characterization of gene bank accessions grows.
Knowledge of the full complement of sequences is
important to ensure genome editing targets are pre-
sent and to avoid off-target effects (Danilevicz et al.
2020). Pool-seq pan-genomes allow collections to be
characterized progressively, one accession at a time;
no reanalysis of existing data is required to add data
for new accessions. This contrasts with population
structure-based characterization, which requires reap-
plication of the variant calling pipeline and reanaly-
sis with each new sample. Pooled sequencing data
is therefore extensible at the level of accessions, but
also at the level of the haplotype within accessions,
because there is no conceptual barrier to adding sin-
gle-molecule long read data to existing short reads.
This could extend the length of SH loci recovered.

Conclusion

We have proposed one option for a query-ready data
structure that captures whole genome sequence varia-
tion for heterogeneous populations, where representa-
tion by a single individual is inadequate. A data struc-
ture based on relatively unprocessed DNA sequence,
closely representing the physical molecules from
which it was constructed, is likely to be more “future-
proof” than derived analytical products, and will pro-
vide novel opportunities for crop improvement as new
analytical methods are developed.
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