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Abstract Broomcorn millet (Panicum miliaceum
L.) is a prehistorical cereal, today cultivated as a
minor crop with low yields but with a renewed inter-
est for its high water use efficiency and gluten-free
grains. To reverse the downward trend in broomcorn
millet cultivation, the crop needs genetic improve-
ment and creation of novel genetic variation to
increase productivity. In order to facilitate genomics-
assisted breeding, we designed a reduced representa-
tion genome-sequencing assay that investigates 1.8%
of the nuclear DNA in a targeted and reproducible
way, with an intensity of genomic sampling that is a
direct function of local recombination rate. We used
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this tool and set up bioinformatics analyses tailored
to the polyploid genome of P. miliaceum for mater-
nity and paternity testing, quantification and genomic
distribution of homozygous regions and estimation of
parental genome contribution for individual seedlings
in advanced inbred lines from a breeding program
and compared their genomic composition with reg-
istered varieties. We found several clues that suggest
that the genetic purification process to ensure genetic
uniformity is incomplete in varieties of this species.
Residual heterozygosity was detected in the genome
of three registered varieties ranging from 4.4 to 6.25%
of their haploid genome length. Other registered vari-
eties show genome-wide homozygosity. We found,
however, evidence of intravarietal genetic variation in
three cases that suggest that the breeder seed or com-
mercial seed production had fixed by self-pollination
multiple inbred lines with very similar, though not
identical, genotypes within each variety.

Keywords Genomics - Genotyping-by-sequencing -
Proso millet - SPET - Targeted sequencing

Introduction

Landraces and varieties of the species Panicum mili-
aceum L. are cultivated as a small-grain crop for
human consumption and birdseed under the common
name of broomcorn, proso or common millet, here-
after referred to as broomcorn millet. Despite having
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declined over time to a minor cereal, broomcorn mil-
let is one of the world’s oldest domesticated plants
(Lu et al. 2009) that provided food for prehistorical
Eurasian populations (Hunt et al. 2011). Broomcorn
millet is one of the most water use efficient grain
crops and it is gluten free. Unlike other grains in
which those traits are disjoint, broomcorn millet can
provide solutions to two issues that agriculture and
human nutrition will be confronted with in the near
future: water scarcity in expanding semi-arid regions
(Feng and Fu 2013; Yao et al. 2020) and immuno-
logical reaction in more people suffering from celiac
disease (Lebwohl and Rubio-Tapia 2021). Part of the
exceptionally low water requirement is due to the
short growing cycle. Broomcorn millet produces har-
vestable grain within 60-90 days of sowing and cur-
rently serves either as a primary summer crop or as
a catch and complement crop in the agricultural sys-
tems of China and North America.

P. miliaceum is a tetraploid species (2n=4x=36)
that has originated from an allopolyploidization
event, (Shi et al. 2019; Zou et al. 2019), combin-
ing rather recently (~0.5-2 million years ago) two
genomes that had diverged for ~4.8—6.3 million years
from their common ancestor (Sun et al. 2023; Wang
et al. 2023). The P. miliaceum genome is composed
by two sets of nine highly collinear homoeologous
chromosomes, totaling approximately 900 Megabases
(Mb) in size, donated by the species Panicum capil-
lare and Panicum repens or their close relatives (Hunt
et al. 2014). Two whole-genome assemblies were
available in P. miliaceum at the time of this manu-
script submission. One genome was sequenced from
a landrace originating from Northern China (Zou
et al. 2019). The other genome was sequenced from
a Chinese cultivated variety (Shi et al. 2019). Both
genomes were sequenced with PacBio long-reads
that were assembled into chromosome-scale pseu-
domolecules showing comparable quality assembly
metrics. We referenced the analysis of this paper to
the GCA_003046395.2 Pm_0390_v2 assembly, cor-
responding to the NCBI BioProject PRINA431363
and described in the paper of Zou et al. (2019). An
improved version of the other genome (Shi et al.
2019; Wang et al. 2023) as well as novel genomes
(Sun et al. 2023) were assembled more recently. Poly-
ploids at early stages of diploidization, in which two
or more sets of homoeologous chromosomes are orig-
inated from closely related species and homoeologous
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gene loss is still underway, pose the challenge of
mapping uniquely and specifically DNA short-read
alignments to either homoeolog in reference genome-
based analyses. P. miliaceum showed a substantial
level of sequence diversity between homoeologous
chromosomes that should facilitate homoeologous-
specific read mapping. However, incompleteness in
the assembly and post-polyploidization deletions
that are not fixed in the population, including those
that may have occurred in the lineage of the refer-
ence individual, are technical and biological issues
that generate homoeologous SNP calls, which deter-
mine what is referred to in other papers as “fixed het-
erozygosity” (Vischi et al. 2021), inflating nucleotide
diversity estimates.

An accurate estimation of the level of nucleotide
diversity in the cultivated germplasm is indeed miss-
ing, which may provide insight into the evolutionary
events that have generated the present—day diversity
and may guide breeding. The wild ancestor of the cul-
tivated broomcorn millet is supposed to be P. milia-
ceum subsp. ruderale. The present-day populations of
this subspecies in the presumed area of distribution,
which may span a vast region in Eurasia from the
Caspian Sea basin to China, are elusive. The unavail-
ability of genuine wild individuals, descending from
a common ancestor and surviving until the present
in isolation from the crop germplasm, complicates
the reconstruction of the history of domestication,
improvement and cultivation of broomcorn millet
(Stevens et al. 2021). Spontaneous broomcorn millet
is commonly found in Eurasia and in North America
(Bough et al. 2011) and is distinguished from cul-
tivated germplasm by shattering panicles and low
seed germination rates (Carpenter and Hopen 1985),
which are typically wild traits. Genetically, spontane-
ous populations may consist of either genuine undo-
mesticated individuals or feral and naturalized forms
phenotypically indistinguishable from their wild
counterparts, and mixtures of both categories. Only
one recent report has suggested the occurrence of
isolated populations of undomesticated P. miliaceum
in Northern China that share very limited genetic
ancestry with weedy and cultivated relatives in the
rest of China and elsewhere (Xu et al. 2019). Ques-
tions remain to be answered as to whether low diver-
sity is intrinsic and irremediable in this species (i.e.
due to a single polyploidization event at the origin of
the species) or declines in population size following
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domestication (Lu et al. 2009) and genetic drift dur-
ing the westward expansion of the crop are reversible.
It is, indeed, assumed that, as the crop was introduced
into Central, Western and South Asia, European Rus-
sia and Eastern Europe, and from there into the North
American high plains, genetic diversity was progres-
sively lost.

Genetic diversity in broomcorn millet has been
recently analyzed by genotyping—by—sequencing
using three large but only partially overlapping germ-
plasm collections. One is held at the Institute of Crop
Science, Chinese Academy of Agricultural Sciences
(ICSCAAYS) in China (Li et al. 2021). Another one
is held the International Crops Research Institute for
the Semi-Arid Tropics (ICRISAT) in India (John-
son et al. 2019). The last one is held at the United
States Department of Agriculture (USDA) in the
US (Boukail et al. 2021). The ICSCAAS genebank,
which totals 106 partially sequenced accessions, is
highly enriched for weedy and cultivated forms from
the center of domestication of the species in Eastern
Asia. The ICRISAT genebank, which has 190 par-
tially sequenced accessions, is enriched for cultivars
grown in Western Asia and South Asia. The USDA
genebank was represented in the sequenced set by
88 accessions mostly consisting of elite cultivars,
including those selected by US breeders in the past
40 years. Other large collections of P. miliaceum,
not included in any genomic surveys, are held at the
Vavilov All—Russian Scientific Research Institute
of Plant Industry in the Russian Federation and at
two institutes in Ukraine (Goron and Raizada 2015).
Due to the different genotyping-by-sequencing proto-
cols, i.e. GBS (Elshire et al. 2011) with PstI, dRAD
(Peterson et al. 2012) with HindIIl and SLAF (Sun
et al. 2013) with Rsal and and Haelll restriction
enzymes, used by the three research groups involved
in these studies (Johnson et al. 2019; Li et al. 2021;
Boukail et al. 2021), the SNP panels were also only
partially overlapping. Single primer enrichment tech-
nology (SPET) sequencing, which we decided to use
in this paper, is an alternative approach for reduced
representation library sequencing that targets specific
regions and sites in a highly reproducible way and
with ample flexibility in terms of genome sampling
size and depth of coverage (Scaglione et al. 2019).

Autogamous self-pollination is expected alone to
ensure that landraces and varieties in P. miliaceum,
which are propagated by seeding, are true-breeding

lines. Molecular analyses with microsatellite mark-
ers seem to confirm homozygosity at all tested loci
in a set of elite varieties and landraces (FlajSman
et al. 2019; Vischi et al. 2021), though these assays
investigate only an infinitesimal fraction of the
genome, with only one conflicting report challeng-
ing these expectations and data (Xu et al. 2019).
Intentional breeding based on controlled hybridiza-
tion of divergent inbred lines has been conducted
systematically in China, India, the US and Russia
since only the past century (Gomashe 2017; San-
tra et al. 2019), leading to the release of registered
varieties. For that purpose, distinctness, uniformity
and stability (DUS) testing is mandatory and should
guarantee that registered varieties breed true. It is
common practice in millet hybridization breeding
to perform 5-6 cycles of self-pollination and selec-
tion to generate quasi-inbred homozygous lines that
are released as varieties. Breeders repeat selfing and
selection until the seedlings show phenotypic uni-
formity and stability. DNA testing is not required to
prove genome-wide homozygosity. However, resid-
ual heterozygosity in released varieties may later
disclose segregation of phenotypic traits upon cul-
tivation under previously untested circumstances,
which is highly undesirable for both breeders and
farmers.

With the dual-pronged aim of accelerating the
genomics-assisted selection of purebreds and certi-
fying the distinctness and homozygosity of P. mili-
aceum varieties prior to release, here we use SPET
sequencing for assessing the breadth of preexist-
ing diversity captured by an enterprise-run breeding
program and the novel genetic variation generated
through hybridization of divergent inbred lines. The
analytical pipeline includes maternity and pater-
nity testing, quantification and genomic distribution
of homozygous regions and estimation of parental
genome contribution for individual seedlings across
generations. As a by-product of this genomic sur-
vey, we present several lines of evidence that suggest
the need of handling with care seed propagation in
germplasm repositories, release of new varieties and
commercial seed production. We, indeed, found that
the genetic composition of seed lots for recognized
varieties may conceal, in some cases, the concomi-
tant presence of highly similar although not exactly
identical inbred lines or, in other cases, residual
heterozygosity.
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Materials and methods
Plant material and DNA sequencing

Seed lots of P. miliaceum varieties were obtained
in the frame of the Re-Cereal Project funded by the
European Fund for Regional Development (Interreg
V-A TItalia-Austria 2014-2020) as described in Vischi
et al. (2021). Additional varieties were obtained from
the seed companies Kriesel Certified Seed, Gurley,
NE (Plateau) and Kutnowska Hodowla Buraka Cuk-
rowego (KHBC) Sp. z o.0. Ktodawa, Poland (Gierc-
zyckie) and from the food company MartinoRossi
SpA, Malagnino, Italy (Dakota). F1 hybrids were gen-
erated by artificial hybridization following the pro-
cedure described in Nelson (1984). The subsequent
generations of selfing were produced using a single-
seed-descent scheme. Details of the sequenced acces-
sions are reported in Supplementary Table S1. Seeds
were germinated and seedlings were grown in 2 L
potted soil (peat moss-based mix supplemented with
compost, perlite, and starter fertilizer) maintained at
soil water capacity in a greenhouse within a temper-
ature range of 20-30 °C until sampling. From 50 to
70 days-old individual plants were used as a source
material for DNA extraction, without bulking prior to
or after DNA extraction, for both registered varieties
and seedlings of the F,, F5, F,, Fs, S|, S; and S5 fami-
lies. DNA was extracted from foliar tissues using the
Sigma-Aldrige® GenElute Plant Genomic DNA Min-
iprep Kit (Merck KGaA, Darmstadt, Germany) kit.
SPET oligonucleotides were synthesized by Tecan
Trading AG (Minnedorf, Switzerland). DNA librar-
ies were generated using the Allegro Targeted Geno-
typing kit (Tecan Trading AG) with 70 ng of DNA
as an input and following the manufacturer’s instruc-
tions. Paired-end reads of 150 bp in length each were
obtained on an Illumina NovaSeq6000 sequencer.
Library preparation and sequencing were outsourced
to IGA Technology Services (Udine, Italy).

SPET design

In order to capture diversity in the gene space, while
maintaining high conservation in primer annealing
sites, we selected the longest intron in each gene and
designed the probe in the adjacent 5'-flanking exon
(Supplementary Fig. S1). In case of monoexonic
genes, the probe was designed in the 5’-end of the
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exon with a 3' to 5’ orientation in order to sequence
the 5°~UTR. We also designed primers to interrogate
1.8 k variant sites that were polymorphic in ICS-
CAAS accessions, 1.8 k variant sites polymorphic in
ICRISAT accessions and 2.2 k variant sites polymor-
phic in USDA accessions (Supplementary Fig. S2) in
order to compare the accessions and breeding lines of
this study with the germplasm included in genomic
surveys as of September 2021 (Supplementary
Methods).

Bioinformatics analyses

Raw sequences were trimmed for quality and adapter
sequences using ERNE (Del Fabbro et al. 2013) and
Cutadapt (Martin 2011) with default parameters.
Primer sequences were not removed at this stage
in order to use this information later for homoeolo-
gous—specific reads selection. Reads were aligned
with the reference genome (GCA_003046395.2_
Pm_0390_v2_genomic.fna) using BWA-MEM (Li
and Durbin 2009) with default parameters. Only
uniquely mapping reads (i.e. reads with a mapping
quality > 10) were retained for further analyses. Raw
variant sites were called using GATK Haplotype-
Caller (Poplin et al. 2017). Individual genotypic
calls were retained if read coverage was comprised
between 10 and 1000 and quality parameters were
QD <2.0, MQ<40.0, MQRankSum <-12.5. We used
the thresholds of reference/alternative allele coverage
ratio between 0.25 and 0.75 for calling heterozygous
genotypes, >0.9 for calling homozygous reference
genotypes and<0.1 for calling homozygous alter-
native genotypes. Variant sites were retained in the
dataset if genotype calls passed the filters in>50% of
the accessions. Chromosomal coordinates refer to the
GCA_003046395.2 reference genome assembly (Zou
et al. 2019). Transposable elements were predicted
using EDTA (Ou et al. 2019). Genomic windows-
based analyses were conducted using a segmentation
of the genome into 823 non-overlapping windows of
variable size, containing 500 Kb of low-copy DNA
each (Supplementary Fig. S3).

Filtering of false variant sites from aspecific read
alignments between homoeologous copies

In order to remove homoeologous SNPs from SPET
sequencing we performed a step of read alignment
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selection. We retained only first-in-pair reads (R1)
that aligned at the expected primer start site (1 nt),
considering the strand of the primer, and the corre-
sponding second—in-pair reads (R2) originating from
the same DNA fragment. Residual homoeologous
variant sites called by GATK HaplotypeCaller were
then removed from the vcf file using the information
from selfed progeny of inbred lines (Sunup USDA,
Quartet). In detail, we filtered out false polymorphic
sites with a threshold of 5% of heterozygous geno-
types calls in selfed progeny of inbred lines. We also
used complete and validated pedigrees (P1, P2, F,,
Fn) for removing polymorphic sites showing Men-
delian inconsistency in at least one descendant. False
variant sites residing in primer annealing sites and
low quality variant sites falling within TE intervals,
as identified by the software EDTA, were removed
from the vcf file.

Comparison with genomic surveys that used other
methods of genomic sampling

We detected 5179, 18,534 and 107,696 variants sites
out of 1,943,371, 5,003,109 and 16,860,570 informa-
tive bases, respectively, in shared targeted regions
between our SPET assay and the reduced represen-
tation genomic libraries obtained using GBS, dRAD
and SLAF assays. In the pairwise comparison of
specimens carrying the same genotype, which were
subject to sequencing using two different assays
(i.e. the varieties ‘Huntsman’ and ‘Sunrise’ that
were sequenced using SPET and dRAD), we esti-
mated a genotypic mismatch rate of one variant site
out of 354,401 informative sites between replicates
in ‘Huntsman’ and one variant site out of 362,859
informative sites between replicates in ‘Sunrise’.

Parentage testing

SNP genotypes were coded: homozygous reference
equal to 2, homozygous alternative equal to O and
heterozygous equal to 1. We considered only sites
that are fully informative in each trio. An F, hybrid is
regarded as having passed the parental test if identity-
by-state (IBS) was equal to zero at less than 1% of the
informative sites in the trio among the sites that are
polymorphic in the population and the IBS=0 sites
were randomly distributed across the genome. An
F;, F, and F5 individual is regarded as having passed

the parental test if >99% of the heterozygous sites
showed IBS =1 with both putative parents and >99%
of the homozygous sites in the descendant that
showed IBS=0 with either parent showed IBS=2
with the other parent.

Parental genome contribution in advanced inbred
lines

Parental state at each variant site in each trio was
determined upon the following conditions. If (i) the
genotype of the descendant is homozygous and iden-
tical to P1 and (ii) P1 is different from P2, then the
parental state of the descendant is P1. If (i) the geno-
type of the descendant is homozygous and identical
to P2 and (ii) P2 is different from P1, then the paren-
tal state is P2. If (i) the genotype of the descendant is
heterozygous and (ii) P1 and P2 are homozygous for
alternative alleles, then the parental state is hybrid. If
(i) the genotype of the descendant is homozygous and
P1 and P2 are homozygous and identical, then the
parental state is identical to the parents. The paren-
tal genome composition was estimated based on the
aggregated length of genomic intervals spanning con-
secutive sites showing the same parental state under
the assumption of maximum parsimony in recombi-
nation events and was expressed as a percentage of
the aggregated length of informative intervals.

Results
Targeted sequencing

We designed a panel of 45,004 SPET primers that
target 39,247 nuclear genes for sequencing the gene
space in P. miliaceum, using the genome assem-
bly and the gene annotation of the BioProject
PRINA431363, and 5757 known variant sites in the
P. miliaceum germplasm (Supplementary Table S2).
With the sequencing output per sample obtained
in this experiment (Supplementary Table S1), the
SPET panel investigates a portion of the P. miliaceum
genome that amounts to an average of 11.6 Mb, with
a coverage comprised between 10 and 1000 reads in
at least 50% of the samples, corresponding to 1.4% of
the nuclear DNA. Approximately another 4 Mb (rep-
resenting 0.4% of the nuclear DNA) were sequenced
at the required read depth within these regions but

@ Springer
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they overlapped with predicted transposable elements
and were not used for SNP calling. Supplementary
Fig. S4 shows the distribution in size of the stacked
read intervals in 40,492 informative genomic regions
that were retained for analyses.

In the non-repetitive fraction of the genome,
we identified 10,221 SNPs in our panel of 93 DNA
samples, which included 12 unique genotypes and
4 redundant profiles, and 77 individuals in the line
of descent of 4 putative parents. The first two com-
ponents of a principal component analysis (PCA)
explained cumulatively 27.3% of the variance and the
PCA bidimensional plot in Fig. 1A was in agreement

with most of the expected relations among accessions
(Table 1). Another 2084 private SNPs were identified
in the individual from which the reference genome
had been assembled. Of all of these, 1736 SNPs were
located in coding sequences, 5,400 SNPs in intronic
regions, 1088 in UTRs and 4081 SNPs in the inter-
genic space. Nucleotide diversity in registered varie-
ties was 2.3x 107 in coding sequences, 1.9x 107 in
intronic regions, 2.6 10 in UTRs and 4.4x 107 in
the intergenic space. Considering the relative repre-
sentation of informative bases in these four genomic
contexts captured by our SPET sequencing compared
to their relative abundance in the whole genome, we
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Fig. 1 Principal component analysis (PCA) of the genetic
diversity (A) and proportion of heterozygous variant sites in
93 P. miliaceum accessions (B). Solid circles in A and salmon
background in B indicate existing varieties. The names of
parental lines are bold faced in A. Colour in A indicates the
family and the parental combination from which the progeny
was derived. Asterisks in A mark samples that were renamed
based on their SNP profiles, more details are provided in
Table 1. Other symbols in A and background colour in B
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KxQ lei(s) 'Q:S LxS QxL KxS LxS

xQ

indicate generations. In B, yellow background indicates true-
to-type F, hybrids. Sea green background indicates F; inbred
lines. Olive green background indicates F, inbred lines. For-
est green background Fy inbred lines. The hash marks three
released varieties with an above-the-background fraction of
heterozygous sites. Asterisks and blue background highlight
expected F,; hybrids and/or subsequent generations that turned
out to be identical to the maternal inbred line
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Table 1 Germplasm analyzed in this study

Expected Validated

Varieties

Dakota Synonymous with Huntsman

Dawn

“Earlybird” Identical specimen to Huntsman

Gierczyckie

Horizon Inbred line different from Horizon (USDA)

Huntsman Matching Huntsman (USDA)

“Jagna White” Identical specimen to Dawn

Konstantinovsky

Kornberger (K)

Lisa (L1)

“Miglio Giallo” Synonymous with Kornberger (K)

Plateau

Quartet (Q1)

Sunrise Matching Sunrise (USDA)

Sunup (S) Inbred line different from Sunup (USDA)
P1 P2

F1 hybrids

QxS (#C10-4) Quartet S1, parental genome not matching Quartet (Q1) Q2 Q2

KxL #Cl1-1) P2 not matching Lisa (L1) K L2

KxL #C1-2) P2 not matching Lisa (L1) K L2

LxS (#C13-2) P2 not matching Sunup (S), matching Sunup (USDA) L1 Sunup (USDA) _a

KxS #C4-3) P2 not matching Sunup (S), matching Sunup (USDA) K Sunup (USDA) _b

QXL (#C7) Yes Ql L1

LxS (#C8-4) P2 not matching Sunup (S), matching Sunup (USDA) L1 Sunup (USDA) _b

SSD families

#101 KXL F3 (n=2), F5 (n=5) Yes, descending from a KX L hybrid K L1

#108 KXL F3 (n=4), F5 (n=3) Yes, descending from a KX L hybrid K L1

#111 SxK Deriving from selfing of Sunup USDA Sunup (USDA) _a  Sunup (USDA) _a
#114 KXL F3 (n=5), F5 (n=4) Descending from the F1 hybrid KxL (#C1-1) K L2
#115 KXL F3 (n=3), F5 (n=4) Descending from the F1 hybrid KX L (#C1-2) K L2
#116 KxQF3 (n=4) Yes K Q1
#119 SXK F3 (n=4),F5 (n=3) Deriving from selfing of Sunup USDA Sunup (USDA) _b  Sunup (USDA) _b
#120LxQ F3 (n=3) Yes L1 Q2
#124 QxS F3 (n=3) Descending from QxS (#C10-4) Q2 Q2
#125 LxS F3 (n=3), F5 (n=4) Yes, descending from the F1 hybrid L xS (#C8-4) L1 Sunup (USDA) _b
#127 QXL F3 (n=3) Yes, descending from the F1 hybrid QXL (#C7) Q1 L1
#128 KxS F3 (n=4) Yes, descending from the F1 hybrid Kx S (#C4-3) K Sunup (USDA) _b
#129 LXS F4 (n=5) Yes, descending from the F1 hybrid L xS (#C13-2) L1 Sunup (USDA) _a

Sample names between quotation marks are those indicated on the label of the dispatched seed package from which the seedlings
were raised. They are not necessarily true-to-type

estimate an average nucleotide diversity of 3.93x 10~
with the genomic distribution shown in Supple-
mentary Fig. S5. In the accession of P. miliaceum

from which the genome reference sequence had
been assembled (BioSample SAMNO08389585), we
detected a modal value of 94% sequence identity

@ Springer
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between homoeologous chromosomes (with the dis-
tribution shown in Supplementary Fig. S6) across
the genomic intervals that were informative in SPET
sequencing.

SNP variation

Based on breeder’s notes and suppliers’ seed dis-
patch records, we were expecting to be dealing with
F;, F, and F5 generations from 13 families originat-
ing through a single-seed descent (SSD) scheme
from seven crosses, including one reciprocal cross,
and 11 US, European and Russian varieties, includ-
ing the putative parents of all crosses. An individual
plant from the F; generation was also included in the
sequenced set for 7 out of 13 families. Raw counts of
homozygous and heterozygous sites in each acces-
sion confirmed, in general, the composition of the
germplasm under study (Supplementary Fig. S7).
Registered varieties showed the lowest proportions
of heterozygous sites, as expected for inbred lines
(Fig. 1B). F, hybrids showed the highest proportions
of heterozygous sites, compatible with their origin
from the crossing of distinct inbred lines. F; F, Fs
lines showed intermediate proportions of heterozy-
gous sites between parental lines and F, hybrids, rep-
resenting quasi-inbred lines. Exceptions to these rules
emerged in every category. Three registered varieties
stood out for a proportion of heterozygous sites above
the background level as if they were quasi-inbred
lines. One putative F; hybrid and three SSD families
showed a background level of heterozygous sites, as
if they were derived from self-pollination of inbred
lines. The most advanced inbred lines of Fs genera-
tions resulting from cross-mating between European
and American varieties showed similar levels of
heterozygosity as quasi-inbred lines that are already
registered as varieties, though not yet as low as the
background levels that are detected in most of the
registered varieties.

Genome-wide homozygosity in registered varieties
and advanced inbred lines

The varieties ‘Dawn’, ‘Horizon’, ‘Huntsman’, ‘Korn-
berger’, ‘Lisa’, ’Quartet’, ‘Sunrise’ and ‘Sunup’
showed a random genomic distribution of het-
erozygous SNPs, as expected in the case of false
heterozygous genotypic calls in pure inbred lines
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(Supplementary Fig. S8). Two regions were included
in this graphical representation and in the computa-
tion shown in Fig. 1B from the subtelomeric end of
the upper arms of chromosome 4 (1.5 Mb) and chro-
mosome 17 (575 Kb) that carried fixed heterozygo-
sity in several varieties, including those that appear to
be homozygous elsewhere in the genome as well as
in segregating progenies. Fixed heterozygosity may
have resulted in our analysis from either a homoeolo-
gous replacement, which is frequently found in other
allopolyploids in subtelomeric regions (Scalabrin
et al. 2020) as a result of homoeologous pairing and
homoeologous recombination, or a large duplication.
The varieties ‘Gierczyckie’, ‘Konstantinovsky’ and
‘Plateau’ are exceptions to genome-wide homozygo-
sity because they showed 10, 14, and 16 chromosome
segments, respectively, carrying a high frequency
of heterozygous SNPs (Supplementary Fig. S8) that
were arranged in a pattern that was compatible, in
each variety, with the combination of two haplotypes
present in the population. The varieties ‘Gierczyckie’,
‘Konstantinovsky’ and ‘Plateau’ are therefore not
pure breeds. The seedlings of these varieties that we
analyzed here still carry 38, 37.8 and 53.4 Mb of het-
erozygous DNA, respectively, corresponding to 4.4%,
4.4%, and 6.25%, respectively, of the haploid genome
length, and should be considered advanced inbred
lines in which the process leading to genetic purity
is still incomplete. This is a precursor condition in
recently selected varieties that may later develop into
the situation that we observed in elder varieties, in
which we assume that different haplotypes were alter-
natively fixed during seed production in a mixture of
coexisting inbred lines collectively used by seed com-
panies and farmers as archetypal for each variety (see
below). Pairwise comparisons of purebreed varieties
showed variable levels of homozygous differences
(Fig. 2).

Maternity and paternity testing

Three out of 13 families and an F; hybrid turned
out to be S;, S; and S; generations that origi-
nated from °‘Quartet’ and ‘Sunup’ self-pollina-
tion. The genomic composition of the individuals
within these families was revealed by their whole-
genome homozygosity (Fig. 1B and Supplemen-
tary Figs. S9-S10A), the absence of homozygous
differences in pairwise comparisons between
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Fig. 2 Homozygous variant sites in pairwise comparisons
between varieties. A Pairwise comparisons between varieties
used as parental lines in this study. B Other representative pair-
wise comparisons. Homozygous sites are plotted as red ticks in
the right-hand sector of the diagram of each chromosome. The

siblings (Supplementary Figs. S10B-S11) and
their maternal parent (Supplementary Fig. S11)
and haplotype sharing with F; descendants (Sup-
plementary Fig. S10C). This was also confirmed by
the absence of phenotypic segregation at a visual
inspection of the adult plants (data not shown). We
used all individuals of these families as genomic
controls to remove false heterozygous variants sites
that do not segregate and to determine intravarietal
variation. We could confirm a hybrid origin for the
remaining families.

We could confirm the expected parentage for
nine families of hybrid origin. Of these, four fami-
lies of hybrid origin showed consistent genotypic
profiles with the plants used in this study as rep-
resentative of the parental varieties. The remain-
ing five families have derived from crosses in
which either the maternal or the paternal line was
not identical but showed limited differences with
respect to the representative specimen sequenced in
this study. We detected genetic variation (i.e. dif-
ferent haplotypes always present in a homozygous
condition in each individual) among individual
plants of the parental lines ‘Quartet’, ‘Sunup’ and
‘Lisa’ that were either sequenced here or whose
genotypic profiles were inferred from their selfed

Kornberger vs. Sunup B Horizon vs. Sunrise
ﬂ..

Quartet vs. Sunup
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g
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white-to-green heatmap in the left-hand sector of the diagram
of each chromosome illustrates the number of informative sites
in non-overlapping windows containing 500 Mb of low-copy
DNA each

progenies and/or from the offspring they generated
by controlled hybridization.

Intravarietal variation

Two different inbred lines were found in ‘Quartet’.
One inbred line is represented by the plant sequenced
in this study (referenced to as Q1 in Table 1) and by
the seed parent that originated the F, hybrid “QXxL
#C7” and one of the F; families (family #127 in
Table 1). The other ‘Quartet’ inbred line (referenced
to as Q2 in Table 1) is represented by the seed par-
ent that originated by self—pollination the invariant
S, and S; lines sequenced in this study (Qx S #C10-4
and family #124 in Table 1). The inbred lines Ql
and Q2 differ for 855 variant sites out of 11,039,145
informative sites (Fig. 3). These variants sites showed
Mendelian segregation and were not randomly dis-
tributed across the genome but they were located in
at least 30 intervals of variable size, amounting to
230 Mb in aggregated size. There are at least two
regions on the lower arms of chr9 and chrll, span-
ning respectively 2 Mb and 13 Mb and including
collectively 58 variant sites, which showed patterns
of SNPs compatible with two haplotypes being alter-
natively fixed in the two ‘Quartet’ inbred lines. For
instance, across the concerned 2—-Mb region on chr9,
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Fig. 3 Homozygous variant sites in pairwise comparisons
between different inbred lines within each variety. Homozy-
gous sites are plotted as red ticks in the right-hand sector of the
diagram of each chromosome. The white-to-green heatmap in

one ‘Quartet’ inbred line was homozygous for a hap-
lotype that is shared with ‘Lisa’, ‘Gierczyckie’, ‘Hori-
zon’ and ‘Sunup’, the other ‘Quartet’ inbred line was
homozygous for a different haplotype shared with
Dawn’, ‘Huntsman’, ‘Konstantinovsky’, ‘Kornberger’,
‘Sunrise’ and ‘Plateau’. Q2 and not Q1 was the inbred
line that served as a pollen parent in the generation of
other F, hybrids. We, indeed, found evidence that the
variant sites between ‘Lisa’ and Q2, but not between
‘Lisa’ and Q1, segregated only in the #120 F; fam-
ily and were invariant in ‘Lisa’, Q1, QXL #C7 and
all F; individuals of the #127 family. Vice versa, the
variant sites between ‘Lisa’ and Q1, but not between
Lisa and Q2, were heterozygous in QxL #C7 and
segregated in the #127 family but not in the #120
family. The intervals carrying alternative haplotypes
were small in terms of size and they were located in
subtelomeric, gene-rich, TE-poor regions, which are
supposed to correspond to highly recombinogenic
euchromatic regions (Supplementary Fig. S12). The
largest intervals carrying alternative haplotypes (i.e.
on chromosomes 4 and 16) tend to span large centro-
meric and pericentromeric regions, which appeared to
be gene—poor and rich either in tandem repeats or in
TEs and are expected to correspond to low recombi-
nogenic heterochromatic regions (Supplementary
Fig. S12).

Three different inbred lines coexist in ‘Sunup’.
One inbred line is represented by the S; and S;
families #111 and #119 (Table 1) that were obtained
from the unintended self—pollination of ‘Sunup’.
While all being fully homozygous and identical to
one another, they did not match the genotypic pro-
file of the ‘Sunup’ accession included in our set.
The scale of genotypic mismatches (1806 variant
sites out of 12,237,013 informative sites) and their
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the left-hand sector of the diagram of each chromosome illus-
trates the number of informative sites in non-overlapping win-
dows containing 500 Mb of low-copy DNA each

genomic distribution (Fig. 3) suggest a similar situ-
ation as that observed for ‘Quartet’ and compat-
ible with the hypothesis that they are similar inbred
lines mixed up in the breeder seed of ‘Sunup’. We
compared the invariant genotypic profiles of the
families #111 and #119 with the genotypic profiles
from other germplasm collections. They were iden-
tical with the ‘Sunup’ accession introduced from
USDA and included in the set analyzed by Bouk-
ail et al. (2021) at all but four homozygous sites
out of the 358,364 informative sites that were in
common between our SPET experiment and dRAD
sequencing (Supplementary Fig. S13B). All other
F, hybrids and advanced inbred lines in the pre-
sent study that were originated from ‘Sunup’ show
genotypic profiles that are compatible with being
derived from a genotype identical to the fami-
lies #111 and #119 and therefore identical to the
‘Sunup’ USDA accession (Table 1). The ‘Sunup’
accession in our set did not match any accession in
the set of varieties analyzed by Boukail et al. 2021
which also includes varieties of similar origin (Sup-
plementary Fig. S13A), reinforcing the hypothesis
that they may represent coexisting inbred lines
within the seed pool that is grown under the name
‘Sunup’ rather than a distinct misclassified vari-
ety. At a closer inspection, not even the donors of
the ‘Sunup’ genome to the progenies of this study
were plants raised from an absolutely uniform
seed batch. From the genotypes in their progeny,
we inferred the existence of two ‘Sunup’ inbred
lines that differed for one variant site at the posi-
tion chr15:17,287,776 out of 12,272,560 informa-
tive sites (Table 1, Fig. 3). This variation, although
little, was confirmed by the evidence of Mendelian
inheritance. One inbred line, which we refer to as



Euphytica (2023) 219:102

Page 11 of 15 102

Sunup USDA_b in Table 1, carries a GG genotype
at the variant site and is the ancestor of all #119
S, individuals, the Kornberger X Sunup F, hybrid
and the Lisax Sunup F; hybrid plant #C8-4. The
same GG genotype is also found in all the F;, F,,
Fs individuals of the #125 and #128 families that
are homozygous for the Sunup haplotype. The other
inbred line, which we refer to as Sunup USDA_a
in Table 1, carries a CC genotype and is the ances-
tor of all #111 S, individuals, the LisaX Sunup F,
hybrid plant #C13-2 (genotype CG) and all the indi-
viduals of the #129 family that are homozygous for
the Sunup haplotype.

Two different inbred lines also exist in ‘Lisa’.
Three F, hybrids and six families of advanced inbred
lines descending from ‘Lisa’ perfectly matched across
the parental genome contribution the specimen used
in our set as a reference for ‘Lisa’, hereafter and in
Table 1 referred to as L1. Two other F, hybrids and
two families of advanced inbred lines, which were
expected to descend from crosses in which ‘Lisa’
served as a pollen parent, failed to pass the pater-
nity test with L1 and were originated from what
we consider another inbred line within the variety
‘Lisa’. Although we did not have in our panel another
inbred line that matched this second ‘Lisa’ inbred
line (which we referred to as L2), we inferred its
genotype from their offspring for which the maternal
parent ‘Kornberger’ was known and validated (i.e.
KXxL #C1-1 and KXL #C1-2 in Table 1). Based on
this prediction, L1 and L2 are expected to differ for
512 variant sites out of 11,060,821 informative sites
(Fig. 3).

Two plants that we obtained from two different
commercial seed batches of ‘Kornberger’ differed
for only 5 variant sites out of 12,062,306 informa-
tive sites. All the ‘Kornberger’ progeny we had in our
set were derived from one of the genotypes. Unlike
in ‘Sunup’ and ‘Lisa’, it was therefore impossible
to validate those 5 variants sites as cases of intrava-
rietal diversity and rule out the possibility that they
may represent genotypic errors. Two plants that we
obtained from two different commercial seed batches
of ‘Huntsman’ were identical at all 11,755,274
informative sites. Two plants that we obtained from
two different commercial seed batches of ‘Dawn’
were identical at all 11,755,274 informative sites. We
also analyzed one plant that was raised from the ger-
mination of ‘Dakota’ millet (Fig. 2B), a commercial

birdseed that is advertised on the packaging under
this commercial name but it is believed to be obtained
from the variety ‘Huntsman’, and found only 2 vari-
ants sites out of 11,760,619 and 12,053,362 inform-
ative sites, respectively, in comparison with our
‘Huntsman’ references.

Genomics-assisted selection of purebreeds from F;
hybrids

The genetic variation captured by the parental lines
of our breeding program is comparatively ample if
examined in relation to the P. miliaceum diversity col-
lected in US, Chinese and Indian genebanks. While
there is only little genetic overlap between our germ-
plasm and Eastern and Southern Asian germplasm
(Supplementary Figs. S14—S15), the diversity that
was generated by crossing our selected parental lines
bridged the gap of genetic diversity between the cur-
rently used varieties in Western Eurasia and America
(Supplementary Fig. S16). The expected heterozy-
gosity in F; hybrids was highest in crosses between
Lisaand Sunup and lowest in crosses between Korn-
bergerand Sunup (Fig. 1B). We validated the pattern
of genomic distribution of alternatively homozygous
sites predicted in the parental genomes with the
observed distribution of heterozygous sites in the F,
offspring for three crosses (Supplementary Fig. S17).
We then used SPET sequencing to monitor the effects
of consecutive generations of self-pollination on
the extent of runs of homozygosity in the progeny
(Supplementary Table S3, Fig. 4A, Supplementary
Figs. S18—S25). The tabular and graphical outputs,
which express and represent, respectively, the residual
heterozygosity in terms of genome length are tools to
be used at each round of selection to retain the lines
that are closest to the condition of pure-breeding
strains.

Variance of the parental genome contribution to
inbred lines derived from biparental crosses

In the F;, F, and F5 generations, we identified indi-
viduals with large variation in each parental genome
contribution (i.e. those sampled from the tails of the
normal distribution). With this analysis (Fig. 4B,
Supplementary Figs. S26—S29, Supplementary
Tables S3—S4), it is feasible to select from a single
cross divergent inbred lines based on preferential
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Fig. 4 Residual heterozygosity (A) and parental genome
composition (B) in F; advanced inbred lines deriving from
the cross between ‘Kornberger’ and ‘Quartet’. Genome-wide
distribution of heterozygous sites (plotted as blue ticks in the
right-hand sector of the diagram of each chromosome in A).
Genome-wide distribution of maternal homozygous sites (plot-
ted as pink ticks), paternal homozygous sites (plotted as cyan

maternal or paternal genome retention (i.e. to estab-
lish a backcross-like genetic background). This analy-
sis will also offer the additional option to select for
homozygosity inherited from either parent at target
genetic intervals spanning specific genes, once ben-
eficial allelic variants controlling trait variation will
be known in this species (Rajput et al. 2016; Liu et al.
2022). In our advanced generation selfed lines, we
observed large portions of intact parental chromo-
somes across all pericentromeric regions (exemplified
by the case shown in Supplementary Fig. S30A—B),
which suggests that the generation of mosaic chro-
mosomes that recombine fragments from diver-
gent inbred lines is very difficult over these regions
because of their intrinsically low recombination rate
(Supplementary Fig. S30C).

Discussion

Our data show that the currently used varieties in
broomcorn millet are, in general, pure inbred lines,
therefore producing uniform progenies upon sexual
propagation in the commercial activity of seed pro-
duction. We found, however, residual heterozygosity
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ticks) and heterozygous sites (plotted as yellow ticks in the
right-hand sector of the diagram of each chromosome in B).
Red ticks represent homozygous alternative sites between the
parental inbred lines. The white-to-green heatmap in the left-
hand sector of the diagram of each chromosome illustrates the
number of informative sites in non-overlapping windows con-
taining 500 Mb of low-copy DNA each in A and B

in the varieties ‘Gierczyckie’ and ‘Konstantinovsky’
that were selected in Poland and Russia, respectively,
as well as in ‘Plateau’, a waxy (amylose-free starch)
grain variety registered in the US in 2015. This is not
surprising for ‘Plateau’, which is an accession origi-
nally selected from advanced inbred lines of an F,
generation, following the intentional cross between
‘Huntsman’ and a Chinese waxy parent (Santra et al.
2015). Residual heterozygosity in advanced inbred
progenies is commonplace in autogamous species
such as soybean (Haun et al. 2011) and even in inbred
lines of allogamous crops subject to intensive genom-
ics—assisted breeding such as maize (Liu et al. 2018).

We detected a nearly perfect match for a number
of accessions of the same variety (i.e. ‘Huntsman’,
‘Dawn’, ‘Sunrise’) within our set and in compari-
son with other studies, which excludes that techni-
cal flaws in the comparison of genotypic calls within
and between different sequencing technologies have
generated biases. We found some inconsistences
in SNP genotype profiles between our set and pub-
lished sequencing data (which we reanalyzed from
raw sequencing reads in order to exclude technical
artifacts due to different analytical pipelines, Boukail
et al. 2021) that could be suggestive of curation errors
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in genebanks and in shipping of seed packets or inac-
curate handling of seedlings in nursery beds. How-
ever, we observed that the non-matching SNP geno-
type profiles between samples taken from seedlings
of one purportedly single variety are in most cases
much more similar than non—matching SNP genotype
profiles between samples taken from seedlings of dif-
ferent varieties. We are therefore inclined to believe
that, in some instances, one variety is propagated as
a mixture of genetically closely related inbred lines
that are phenotypically indistinguishable and form a
seemingly uniform pool of individuals, which satis-
fies DUS requirements. We found direct (comparison
of sequenced individuals) or indirect (inferred paren-
tal genotypes from the progeny they generated) evi-
dence of multiple inbred genotypes in plants raised
from seed batches of the varieties ‘Quartet’, ‘Lisa’,
‘Sunup’.

Using this genomic survey in a breeding program,
we monitored the effects of consecutive generations
of self-pollination on the residual heterozygosity in
advanced breeding lines originating from the parental
combination of purebreds of different varieties with
variable levels of homozygous variation. In addition
to help selecting individuals with the most favorable
genomic composition at each cycle of selection and
although the following is not required by DUS testing
protocols, these data strongly recommend the adop-
tion of DNA testing at the end of the breeding pro-
cess—before entering the stage of commercial seed
production—to ensure that the breeder seed is a pure-
bred. Residual heterozygosity that segregates during
seed propagation and/or multiple similar inbred lines
that coexist in a seed batch are not obstacles to vari-
etal registration and certified seed production, pro-
vided that all of this does not translate into visible
phenotypic differences. However, hidden genetic het-
erogeneity may result into phenotypic heterogeneity
when a new variety is exposed to untested growing
conditions in different environments or is confronted
with unprecedented situations.

Our results also attest the effect of at least two
technical and biological issues on slowing down P.
miliaceum hybridization breeding. First, even fol-
lowing a well-established and carefully operated
procedure of flower emasculation, complete preven-
tion of self-pollination proved hard to be achieved
in a massive breeding operation aimed at generating
large controlled progenies. This observation may at

least in part explain the limited progress in selecting
higher yielding and more adapted progeny, despite
the scale of past efforts, if breeders were in many
cases selecting from families that largely derived
from the unintended selfing of nearly homozy-
gous parental lines. Second, despite hybridiza-
tion between divergent parental lines is obtained,
the nearly complete suppression of recombination
across dozens of Mb tends to conserve intact paren-
tal chromosomes over multiple generations. This
observation illustrates the difficulty in reshuffling
genomes and creating mosaic patterns of chromo-
somal segments of different origins in P. miliaceum,
in particular across the presumed pericentromeric
regions. The extent and distribution of this phenom-
enon are indeed consistent with the reported intra-
chromosomal variation in recombination rate (Zou
et al. 2019) and the affected regions correspond to
large tracts of gene-poor and transposable element-
rich heterochromatic DNA identified in the most
complete and recent version of the P. miliaceum
assembly (Wang et al. 2023). They are therefore
predictable by computer simulations at the stage of
breeding design.

In conclusion, the data we presented here under-
scores the persistent limits that are slowing down
the progress of breeding and the genetic gain in
a minor cereal species, which can be breached by
resorting to genomic analyses that assist germplasm
exploitation, progeny selection and certified seed
production.
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