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Abstract

In cultivated tetraploid potato (Solanum tuberosum), reduction to diploidy (dihaploidy) allows for hybridization to diploids
and introgression breeding and may facilitate the production of inbreds. Pollination with haploid inducers (HIs) yields
maternal dihaploids, as well as triploid and tetraploid hybrids. Dihaploids may result from parthenogenesis, entailing the
development of embryos from unfertilized eggs, or genome elimination, entailing missegregation and the loss of paternal
chromosomes. A sign of genome elimination is the occasional persistence of HI DNA in some dihaploids. We characterized
the genomes of 919 putative dihaploids and 134 hybrids produced by pollinating tetraploid clones with three Hls: IVP35,
IVP101, and PL-4. Whole-chromosome or segmental aneuploidy was observed in 76 dihaploids, with karyotypes ranging
from 2n=2x—1=23 to 2n=2x+3=27. Of the additional chromosomes in 74 aneuploids, 66 were from the non-
inducer parent and 8 from the inducer parent. Overall, we detected full or partial chromosomes from the HI parent in
0.87% of the dihaploids, irrespective of parental genotypes. Chromosomal breaks commonly affected the paternal genome
in the dihaploid and tetraploid progeny, but not in the triploid progeny, correlating instability to sperm ploidy and
to haploid induction. The residual HI DNA discovered in the progeny is consistent with genome elimination as the
mechanism of haploid induction.

Introduction inbreeding depression. These attributes make potato im-

Cultivated potato (Solanum tuberosum) is predominantly ~ provement through conventional breeding slow and difficult.
autotetraploid (2n=4x=48), vegetatively propagated, = Thus, there have been renewed efforts to reinvent potato as
highly heterozygous, and can be severely affected by  a diploid and inbred-based crop based on true seed in order
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Background: Plants carrying only the chromosomes of one parent, i.e. haploids, are very useful for research and
breeding. Certain crosses are known to yield haploid plants, such as the pollination of potato tetraploids by diploids
called haploid inducers. The progeny of such crosses include hybrids (either triploid or tetraploid), as well as
haploidized tetraploids (dihaploids) that lack chromosomes from the haploid inducer parent. The formation of potato
dihaploids is mysterious: Do unfertilized eggs form embryos, or do hybrid embryos cast away the chromosomes from
the haploid inducer? To better understand the basis of haploid induction in potato, we sequenced and analyzed the
genomes of over 900 haploid and 100 hybrid progeny obtained from potato haploid induction crosses.

Question: Do chromosomes from the haploid inducer parent occasionally appear in potato haploids? If so, are they
intact or damaged? The presence of residual chromosomes would suggest that dihaploids were derived from hybrids,
and DNA damage would provide evidence for selective instability of the paternal genome.

Findings: We found that approximately 1% of haploids carried 1-3 chromosomes from the haploid inducer parent,
indicating egg fertilization. Furthermore, the haploid inducer genome was selectively unstable and, surprisingly, this
instability was ploidy-dependent: fragmentation of paternally contributed chromosomes was relatively frequent in near
dihaploids and tetraploids, but not in triploid hybrids or in control crosses. This suggests a role for unreduced pollen
or sperm in potato haploid induction. We determined that diploid sperm cells are formed by the failure of the first

meiotic division.

Next steps: Although the interaction of the egg with sperm appears to be a step in haploid induction, we do not know
whether a normal hybrid zygote is formed and then fails, or whether fertilization itself is defective. The relevance of
sperm ploidy and the developmental stage(s) at which the genome of the haploid inducer is compromised are open
questions. Cytological investigation of pollen development, fertilization, and embryogenesis should provide additional

clues.
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to keep pace with a rapidly changing market and climate
(Jansky et al, 2016). The first step is to capture useful
genetic diversity of elite tetraploid cultivars at the diploid
level (Lindhout et al, 2011; Jansky et al, 2016). This can
be routinely achieved through pollination of a tetraploid of
interest with select clones that act as a haploid inducer (HI).
In a 4x by 2x HI cross, a fraction of the progeny are
2n = 2x =24 primary dihaploids lacking chromosomes from
the HI parent. Several diploid accessions of Andigenum
group potato (formerly Solanum phureja [Spooner et al,
2014]) were demonstrated to act as efficient Hls over half a
century ago (Gabert, 1963). Subsequent breeding efforts
were successful in obtaining more efficient Hls, as well as in-
corporating a dominant marker that aids in distinguishing
dihaploids from hybrids, which are usually discarded
(Hermsen and Verdenius, 1973; Hutten et al,, 1993). In prac-
tice, most hybrids from 4x by 2x crosses of potato are tet-
raploid rather than triploid, presumably because of a triploid
block (Marks, 1966; Hanneman and Peloquin, 1968;
Hanneman and Ruhde, 1978; Jackson et al, 1978).

Relatively little is known about the molecular basis of hap-
loid induction in potato, but cytological evidence provides
some clues. In a 4x wild-type (WT) by 2x HI cross, diha-
ploids originate from seeds with hexaploid (6x) endosperm,
which is the expected outcome of a 4x central cell fertiliza-
tion by a 2x sperm (Wangenheim et al, 1960). In different
HI clones, 30%-40% of pollen fails to complete the second
mitosis, resulting in a single, larger restitution sperm (RS; sin-
gle male gamete) or occasionally two sperm cells that
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potentially have unbalanced chromosome sets (Montezuma-
de-Carvalho, 1967; Montelongo-Escobedo and Rowe, 1969).
Furthermore, colchicine-treated pollen, but not untreated
pollen of wild potato species Solanum tarijense develops
RS and induces potato dihaploids, and colchicine treatment
of HI pollen further increases the haploid induction rate
(Montelongo-Escobedo and Rowe, 1969). Unreduced 2x
sperm cells are also produced from restitution of the first or
second meiotic divisions, but this increased rate of meiotic
restitution is not associated with increased haploid induc-
tion efficiency (Hermsen and Verdenius, 1973; Peloquin
et al, 1996). From these results, it was concluded that the
2x sperm fertilizes the central cell, leaving no sperm to
fertilize the egg, which then develops parthenogenetically.
However, Hl-specific DNA markers in dihaploids or
near-dihaploid aneuploids were reported in some studies
(Clulow et al, 1991; Waugh et al, 1992; Clulow et al, 1993;
Wilkinson et al, 1995; Allainguillaume et al, 1997; Clulow
and Rousselle-Bourgeois, 1997; Straadt and Rasmussen, 2003;
Ercolano et al, 2004; Bartkiewicz et al, 2018, Pham et al,
2018), but not others (Samitsu and Hosaka, 2002;
Amundson et al, 2020). This suggests that DNA of the Hl
parent is retained either as chromosomes or segments
thereof in an otherwise haploid plant, a diagnostic feature of
uniparental chromosome elimination in plants (Laurie and
Bennett, 1986; Riera-Lizarazu et al, 1996; Kynast et al,, 20071;
Gernand et al, 2005; Ishii et al, 2010; Zhao et al, 2013;
Kuppu et al, 2015 Maheshwari et al, 2015; Tan et al, 2015;
Li et al, 2017). In Arabidopsis thaliana haploid induction
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systems, selective instability of the HI chromosomes is ob-
served among the hybrid byproducts (Kuppu et al, 2015;
Maheshwari et al,, 2015; Tan et al,, 2015).

Given the role of dihaploids in efforts to convert potatoes
into a diploid inbred crop, the incidental transfer of HI DNA
remains a concern, as it has been reported to influence the
phenotypes of dihaploids (Allainguillaume et al, 1997). The
relatively small sample sizes of previous studies, including
our previous evaluation of 167 dihaploids that did not iden-
tify instances of HI DNA transfer (Amundson et al, 2020),
warrant a robust characterization of the frequency and mo-
lecular state of incidental HI DNA transfer in primary diha-
ploids. Furthermore, it is important to investigate the
genomic stability of triploid and tetraploid hybrids obtained
from potato haploid induction crosses. Toward these ends,
we asked two questions: (1) How often, if ever, do potato
His transmit chromosomes or chromosome fragments to
dihaploids? (2) Do dihaploids or hybrid byproducts of potato
haploid induction exhibit evidence of genome instability?

In this study, we used genome resequencing to search for
DNA from the HI parent and determine its molecular state
in 919 dihaploids and 134 hybrids obtained from potato
haploid induction crosses. We found that 8.27% of primary
dihaploids were aneuploid, which in ~90% of cases was due
to additional chromosomes from the non-inducer
parent. Eight primary dihaploids exhibited one to three addi-
tional chromosomes from the HI parent, some of which
appeared fragmented due to genome instability.
Chromosome breakage in dihaploids and hybrids suggests
an association between haploidization and genome instabil-
ity. However, this instability appears to be ploidy-dependent:
chromosomes from the HI were fragmented much less often
in triploid hybrids than in either dihaploids or tetraploid
hybrids. Comparison with tetraploid self-pollinated progeny
suggested that the HI genome instability observed in tetra-
ploid hybrids could not be attributed to pollen, sperm, or
embryo ploidy per se. In summary, our results indicate that,
although rarely, HI can transmit whole or partial chromo-
somes during the production of dihaploids, and they suggest
a role for ploidy of the HI gamete in potato haploid
induction.

Results

Widespread aneuploidy among primary dihaploids

Potato haploid induction crosses can yield dihaploids, trip-
loid hybrids, and tetraploid hybrids, with possible aneuploidy
from either parent at any ploidy level (Figure 1). We polli-
nated 19 tetraploid clones with Hls IVP35, IVP101, or PL-4,
recorded presence or absence of the inducer-specific embryo
spot, and evaluated the ploidy of each plantlet by counting
guard cell chloroplasts or by flow cytometry (Supplemental
Table S1 and Supplemental Data Set S1). Next, we selected
919 putative dihaploids and 134 hybrids for chromosome
dosage analysis by low-coverage whole genome sequencing
as previously described (Supplemental Data Set S2;
Amundson et al,, 2020). For each dihaploid, read depth per
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chromosome was standardized to that dihaploid’s tetraploid
parent such that values near 1, 2, or 3 corresponded to
monosomy, disomy, or trisomy, respectively. Aneuploids
were then identified as individuals with one or more outlier
chromosomes. The analysis was carried out for all 919 diha-
ploids; representative results are shown for all 229 dihaploids
extracted from clone WA.077 (Figure 2, A). In this cohort,
we identified 27 aneuploids: 25 had one additional chromo-
some (2n=2x+ 1=25), one had two additional chromo-
somes (2n =2x+ 2 =26), and one had three chromosomes
(2n=2x+3=27).

Among all sequenced dihaploids, 8.3% were aneuploid.
Primary trisomics (i.e. single chromosome aneuploids) com-
prised 91% of the aneuploid class, with the remaining aneu-
ploids consisting of monosomics (2n=2x—1=23) and
primary trisomics for multiple chromosomes
(2n =2x+42=126 or 2n =2x+ 3 =27; Figure 2, B). Each of
the 12 homologous chromosomes was recovered as a triso-
mic. Differences among chromosomes were not significant
for either aneuploidy of any type (gains and losses pooled,
P=0.07296; df=17; %* test) or chromosome gains only
(P=0.06726; df =11; 7 test; Supplemental Figure S1). It is
worth noting that flow cytometric analyses did not readily
detect aneuploidy in primary dihaploids.

To evaluate the effect of parental genotype on aneuploidy
frequency, we grouped dihaploids based on the genotypes of
the parents. When grouped by maternal genotype, aneu-
ploidy frequency ranged from 6.4% to 11.3%, and differences
between maternal genotypes were not significant (P = 0.5987;
df=6; % test; Supplemental Figure S2). When grouped by
paternal genotype, aneuploidy frequency ranged from 7.6% to
10.3%, and differences between inducer genotypes were not
significant either (P=0.3626; df=2; y* test; Supplemental
Figure S3). Taken together, our data show that ~8% of pre-
sumed dihaploids were aneuploid, without detectable aneu-
ploidy bias for parental genotype in this material.

Retention of HI chromosomes
To determine the parental origin of the additional chromo-
somes in the aneuploid dihaploid progeny, we identified ho-
mozygous single-nucleotide polymorphisms (SNPs) between
each pair of tetraploid seed parent and HI. We used these
SNPs to calculate the percentage of reads that originated
from the HI across the genome of every dihaploid. If the ad-
ditional chromosome originated from the Hl, this percent-
age was expected to be ~ 33%, while it was expected to be
close to 0% if all copies originated from the tetraploid
parent. Representative SNP dosage plots are shown in
Figure 2, C. In this population, two of the aneuploids identi-
fied in Figure 2, A carried chromosomes from the HI parent.
One of these two individuals also exhibiting HI alleles above
background levels on chromosome 1 (Figure 2, C). A third
individual was not aneuploid according to dosage analysis
but showed HI alleles above background levels on chromo-
somes 1 and 8 (Figure 2, C).

Among all dihaploids, we found 66 aneuploids with addi-
tional chromosomes exclusively from the tetraploid parent
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Figure 1 Possible outcomes of potato haploid induction crosses. The haploid-inducing pollinator genotypes used in this study were homozygous
for the dominant embryo spot trait. Presence or absence of HI DNA in the ensuing progeny is expected to manifest as presence or absence of the
embryo spot. Progeny from spotted seeds include hybrids that may be aneuploid as well. If potato haploid induction is due to post-zygotic elimi-
nation of paternal chromosomes, then occasional failure to eliminate all paternal DNA is expected to result in additional intact or rearranged (ad-
dition) paternal chromosomes and/or the integration of paternal DNA segments into maternal chromosomes (introgression). Spotted seeds
presumably contain the HI genome and may be triploid or tetraploid, depending on the ploidy of the sperm that took part in fertilization. Diploid
sperm may result from unreduced pollen or the blockage of generative cell division (Montelongo-Escobedo and Rowe, 1969).

and 8 with additional chromosomes from the HI
(Figure 2, D). Two aneuploid lines, MM247 and MM890,
were segmental aneuploids with additional HI chromosome
segments; the six others showed HI-derived aneuploidy of
entire chromosomes (Figure 3 and Supplemental Figure S4).
We refer to these eight lines as HI addition dihaploids here-
after. All of the HI genotypes contributed genetic material
to at least one dihaploid, and the frequencies at which they
did so were not significantly different (P =0.7747; Fisher’s
exact test). The frequency of aneuploidy was consistent with
the results of previous analyses of primary dihaploid popula-
tions (Frandsen, 1967; Hermsen, 1969; Hermsen et al., 1970;
Wagenvoort and Lange, 1975 Samitsu and Hosaka, 2002;
Pham et al, 2018; Amundson et al, 2020), and the low fre-
quency (8/919; 0.87%) of aneuploidy due to additional HI
chromosomes agrees with previous results in which chromo-
somes from the inducer parent were not detected in

cohorts of <200 individuals (Samitsu and Hosaka, 2002;
Pham et al, 2018; Amundson et al,, 2020).

Detection of Hl-derived DNA segments in dihaploids
The appearance of inducer DNA fragments shorter than en-
tire chromosomes has also been reported among potato
dihaploids (Wilkinson et al, 1995 Pham et al, 2018). Our
low coverage sequencing cannot detect segments of this
size, but they may be detected with higher coverage se-
quence. To test whether this type of transfer occurred in
our material, we sequenced three HI addition lines to 27-
30x coverage and searched for secondary introgressions,
that is, segments of chromosomes other than the trisomic
chromosome showing Hl-specific SNP alleles. Overall, few
markers (0.39%-0.69%) were consistent with HI introgres-
sion, and Hl alleles were underrepresented in allele-specific
read depth (Supplemental Figure S5). When considering
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Figure 2 Incidence and parental origin of aneuploidy among putative dihaploids. A, Standardized chromosome coverage of 229 dihaploids (in-
ferred from flow cytometry) that were extracted from CIP315047 (WA.077). Each individual is displayed along the X-axis, with the stack of 12
points at each coordinate along the X-axis corresponding to the estimated copy number of the 12 potato chromosomes. The green (lower) line
corresponds to the population all-chromosome mean, and the red (upper) line corresponds to a cutoff of three standard deviations greater than
the mean, which was our criterion for calling whole-chromosome aneuploidy. Outliers in this distribution correspond to additional chromosomes,
all of which are numbered by homolog. B, Count of dihaploids by chromosome number inferred from low pass sequencing for all dihaploids evalu-
ated for chromosome dosage (n =919) in this study. C, Per-chromosome contributions of the HI alleles of the 229 flow-cytometry confirmed
dihaploids shown in panel A. Each individual is displayed along the X-axis as a stack of 12 points, with each point corresponding to the HI allele
contribution of 1 of the 12 chromosomes. Outliers are numbered by chromosome. Chromosomes identified as outliers in panel A are labeled as
whole-chromosome aneuploids; those not identified as outliers are labeled as segmental aneuploids. D, Parental origin of chromosomal deficien-
cies and excesses for all near-dihaploid aneuploids analyzed for parental origin in this study (n = 73). All compound trisomics resulted in the in-
heritance of multiple additional chromosomes from the same parent, that is, a 26-chromosome individual exhibited additional chromosomes

from either the maternal or paternal parent, but not both.

only putative introgressions covering >3 adjacent markers,
we found that each of the three lines exhibited putative
introgressions, with 3-13 events per line and a total of 21
events (Table 1). Of these putative introgressions, 8 showed
identical coordinates in MM247 and MM1114, both of
which carried part or all of chromosome 8 from IVP35. One
of these putative introgressions, a 1.8-Mb region of chromo-
some 1, showed linkage to chromosome 8 in seven of our
uniparental dihaploid populations (Supplemental Figure S6)
and at least three independent mapping populations
(Bourke et al, 2015; Endelman and Jansky, 2016), suggesting
they are located on the trisomic-HI derived chromosome
and only appear as introgressions due to errors in the ge-
nome assembly used for analysis (DM1-3 version 4.04).
Consistent with this prediction, when we aligned each puta-
tive introgression to the updated long-read genome assem-
bly (version 6.1; Pham et al., 2020), we found that eight had
an unambiguous top hit to the chromosome corresponding
to the Hl-derived addition chromosome (Table 1). For the

remaining 13, we used short read alignments to the version
404 assemblies to locate possible breakpoint junctions.
Short read alignments of DM1-3 to itself indicated that
these regions were matched uniformly by short reads, but
that the putative boundaries were not matched by reads
from IVP35, WA.077, and the dihaploid (Table 2 and
Supplemental Data Set S3). In conclusion, our analysis did
not provide evidence of true introgressions of short Hl DNA
segments, indicating instead that they can be attributed to
genome assembly artifacts or structural variation that oc-
curred prior to haploid induction.

Selective instability of the HI genome in dihaploids
and tetraploid hybrids

Next, we asked whether the hybrid byproducts of potato
haploid induction showed signs of genome instability. Seeds
with the dominant, inducer-specific embryo spot marker
were germinated and analyzed by flow cytometry, yielding
30 triploids and 104 tetraploids. As a control, we included
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Figure 3 Paternal genomic contributions to maternal dihaploids. In silico karyotypes of trisomic dihaploids demonstrate the presence of HI DNA.
A, Dihaploid MM246, with additional chromosome 11 from HI IVP35. B, Dihaploid MM247, with segmental aneuploidy of chromosome 8 from HI
IVP35. The HI segmental addition on chromosome 1 cosegregates with chromosome 8 in each of seven dihaploid populations we evaluated in
this study, suggesting that the two loci are physically linked and that potato is either polymorphic for Chr8-1 translocation or that this is an as-

sembly error in the reference genome.

14 progeny that did not show the nodal banding pheno-
type, were tetraploid based on flow cytometry, and lacked
HI alleles in the low coverage sequencing these are likely
self-pollinated progeny of the tetraploid clones. To distin-
guish novel dosage variants attributable to genome instabil-
ity from recurring variants likely due to pre-existing
structural variation in the parents, each offspring was evalu-
ated in the context of its siblings of the same ploidy
(Figure 4, A and B). Aneuploids made up a greater propor-
tion of tetraploid hybrids (>70% versus 22% of triploid
hybrids), with the frequency of maternally and paternally de-
rived aneuploidy both increasing (Figure 4, C). The per-chro-
mosome rate of Hl-derived segmental aneuploidy was

significantly lower in the triploid hybrids than the corre-
sponding rate in either dihaploids or tetraploid hybrids, sug-
gesting a greater degree of HI genome instability in
dihaploids and tetraploid hybrids (Table 2). Chromosome
breakage was not observed in tetraploid selfs, suggesting
that the instability of HI-derived chromosomes seen in tetra-
ploid hybrids was not a consequence of 2x pollen and/or
sperm per se (Table 2). Relative to triploid hybrids, tetra-
ploid hybrids showed a strong and highly significant increase
in the incidence of HI-derived genome instability (P < 0.001;
log odds 95% confidence interval 1.51-4.54; Figure 4, C), a
difference driven by more frequent segmental aneuploidy of
HI-derived chromosomes (Figure 4, D). Most tetraploid
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Table 1 Putative introgressions of Hl DNA segments in dihaploid potatoes

2155

HI addition ~ Tetraploid  HI parent Trisomic Segments of HI alleles Seen in Best hit in version
dihaploid parent chromosome(s) multiple dihaploids® 6.1 assembly (if different
from original chromosome)®
MM246 WA.077 VP35 Chr11 Chr01:45392940-45400039 No
Chr05:15510198-15510533 No
Chr07:7833610-7844546 No
Chr07:7880027-7880413 No
MM247 WA.077 VP35 Chr08 Chr01:24228918-25308116 Yes Chro8
Chr01:25309455-26003606 Yes Chro8
Chr01:38172625-38174004 Yes Chrog
Chr07:9467446-9467874 Yes Chr08
MM1114 WA.077 1IVP101 Chr03, Chr08, Chr09 Chr01:24228918-26003606 Yes Chro8
Chr01:38172625-38174004 Yes Chr08
Chr01:41494766-41499334 No
Chr01:67944376-67945914 No Chro8
Chr01:84519844-84521775 No
Chr05:280661-281197 No
Chr05:901127-901352 No
Chr05:15812350-15814025 No
Chr07:5953200-5953784 No
Chr07:9467446-9467874 Yes Chro8
Chr10:52856295-52859220 No
Chr10:54984736-54988488 No
Chr12:55689534-55690262 No

For each HI addition dihaploid, the trisomic chromosome and reference genome coordinates of putative segmental introgressions are shown.

aCoordinates of putative introgression common to two Hl addition dihaploids.

bTop hit to version 6.1 assembly was to a trisomic HI-derived chromosome with full query coverage and >99.5% nucleotide identity.

Table 2 Frequency of chromosome breakage among progeny of potato haploid induction crosses

Chromosome origin HI cross progeny

Individuals scored

Chromosomes P Fisher exact

Intact Fragmented (%)
Paternal chromosomes Dihaploids 8 11 2(15.38) A
3X hybrids 30 360 1(0.28) B
4% hybrids 104 2,366 109 (4.40) C
Maternal chromosomes Dihaploids 918 22,091 5(0.02) D
3X hybrids 30 714 2(0.28) E
4% hybrids 104 2,470 3(0.12) F
Putative tetraploid selfs 14 673 0(0)

A-B: 0.0033. B-C: 0.00001. A-C: 0.1117. D-E: 0.0186. E-F: 0.3135. D-F: 0.0387.

For each progeny class, maternal and paternal chromosomes were recorded as appearing in an intact or fragmented state. The number and frequency of chromosomes of each

type (intact versus fragmented) were then grouped by progeny ploidy and parental origin.

hybrids exhibited no more than two novel copy number
variations (CNVs) of each parental genome, indicating that
genome instability is not restricted to a few exceptional tet-
raploid hybrids but is pervasive (Figure 4, E). In conclusion,
our data suggest that Hl-derived chromosomes are selec-
tively unstable in dihaploids and tetraploids, suggesting a
specific role of 2 HI sperm in potato haploid induction.

Tetraploid hybrids produced by first meiotic
division restitution of the HI

The rate of RS, but not of 2n pollen, appears to be associ-
ated with potato haploid induction (Montelongo-Escobedo
and Rowe, 1969; Dongyu et al, 1995; Peloquin et al, 1996).
We next asked how each 2x sperm was formed, and
whether any one mechanism was more likely to be associ-
ated with HI genome instability. Based on the high-coverage

sequencing of each dihaploid addition line, we derived the
HI haplotypes of the additional chromosome(s) in each line
(Figure 5, A), which we refer to as H' hereafter. Using these
haplotypes, we then used the low-pass sequencing of 134
hybrids to genotype the centromeres of the chromosomes
contributed by the HI. As a control, we analyzed triploid
hybrids and found the expected transmission of a single HI
haplotype through the centromere and into the chromo-
some arms (Supplemental Figure S7), indicating that our
centromeric HI haplotype phasing was robust. For tetraploid
hybrids, the Hl-contributed sequences at centromere-linked
markers were expected to be heterozygous (show ~25% H’
allele) if they were derived from 2n first division restitution
(FDR) pollen, but homozygous (show either ~0% or ~50%
HI allele) if they were derived from either 2n second division
restitution (SDR) pollen or 2x RS (Figure 5, B). Among the


https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab100#supplementary-data

2156 I THE PLANT CELL 2021: 33: 2149-2163 K. R. Amundson et al.

A
Hybrid of interest —N— B —_A__
—
N i | i — ] I, S _
Siblings of -
same ploidy m—
— N _— .
Mask recurrent variants Identify novel
Dosage plots by overplotting copy number variants
B HI Gain B HI Loss
104
8,\- 2 . . i =z =
61 : el ) Y| PR - i =
. s ’ 3 /S : s =
U- T T T T T T T T T T T T
chr01 chr02 chr03 chr04  chr05 c¢hr06 chrO7 chrO8 chr09 chr1i0 chr11 chri2
@© 104
o :
s 81 i
Ta : A =
g 6 HE-- = el i _ Y TR, Y =
© 24 : L ’ s o Bl i - PN -
>
:.é D“ T T T T T T T T T T T T
E chr01 chr02 chr03 chr04 chr05 chr06 chrO7 chr08 c¢hr09 chr10 chr11  chr12
104
8- i ‘
- FiM L A T . w0
0- T T T T T T T T T T T T
chr01 chr02 chr03 chr04 chr05 chr06 chrO7 chrO8 chr09 chr10 chr11 chri2
C D E
1004 n=30 n=104 chromosomal segmental 3x
g 20 S i
T Q 9z € 20+
5 60+ o " 3 0_II___ E
> = O
T 401 & 501 R, ax
=S = S
1] = 604
20 26 25 I T 404 I
204
0+ , . 1 e s oo i 0- lll_-__ e
& 0 4 3x  4x 3x  4x 0 2 4 6
Ploidy Ploidy Novel CNVs Per Hybrid

Aneuploidy Parental Crigin Euploid [ NonHI B soth . HI

Figure 4 Hl genome instability in tetraploid potato hybrids. Chromosomal variation was investigated by dosage analysis in triploid and tetra-
ploid hybrids. A, Schematic of dosage plot generation for a hybrid cohort. An individual displaying novel dosage variation is identified as an out-
lier track (pink) compared with common structural variation (gray) in overlaying dosage plots obtained by plotting siblings of the same ploidy.
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respectively. In these examples, all novel CNV are attributable to gained or lost HI DNA. C, Increased paternal aneuploidy in near-tetraploid ver-
sus near-triploid offspring. Combined data from all cohorts in this study. D, Paternally derived segmental variation is preponderant in tetraploid
hybrids. The bars display counts of aneuploidy according to the paternal origin and ploidy of individuals. They also display the counts of whole
chromosome aneuploidy versus segmental aneuploidy. E, Number of novel CNV events per hybrid, subdivided by parental origin, showing that
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Figure 5 Tetraploid hybrid formation during potato haploid induction. A, Biallelic SNP loci used for analysis are homozygous in the tetraploid
parent and heterozygous but unphased in the HI. The retained HI chromosome(s) in each HI addition dihaploid represents a phased HI-derived
haplotype. To avoid confounding effects from crossovers, only expectations and data for the non-recombining centromere are shown. B, Expected
representation of HI haplotype alleles in a non-recombining region of tetraploid hybrids. For all tetraploid hybrids, read information for adjacent

loci is binned and the percentage of reads with H’ alleles is calculated.

If tetraploids are the product of FDR of the HI, then H’ alleles are expected

to appear in 25% of all binned reads. If tetraploids are the product of SDR or RS, the expected percentage could be 50% or 0%, depending on
which HI's haplotype was inherited. C, Percentage of H' alleles in the centromeres of tetraploid hybrids. Each point corresponds to the percentage
of H’ alleles among reads spanning the non-recombining region of a chromosome of one tetraploid hybrid. Chromosome 8 was used to assess
IVP101 hybrids. Chromosome 10 was used to assess PL-4 hybrids. Chromosome 11 was used to assess VP35 hybrids.

78 tetraploid hybrids, all but five showed HI heterozygosity
at the centromeres, implicating FDR as the dominant mech-
anism of hybrid formation (Figure 5, C and Supplemental
Figure S8). Among the five hybrids with the SDR or RS pat-
tern, one showed ~50% H’ allele of Cen11, but this individ-
ual was disomic for chromosome 11, with both maternal
homologs missing (Supplemental Figure S9); together, these
results are also consistent with FDR. Of the four remaining
hybrids, all of which were derived from 1VP101, two showed
signs of HI genome instability and two did not. In conclu-
sion, FDR hybrids predominated among tetraploids, with mi-
nor contributions possibly from SDR pollen or RS. On the
other hand, no mechanism was uniquely associated with HI
genome instability.

Discussion

Multiple studies investigating the presence of HI genetic ma-
terial in potato dihaploids have come to different conclu-
sions (Clulow et al, 1991, 1993; Waugh et al, 1992
Wilkinson et al, 1995; Allainguillaume et al, 1997; Clulow
and Rousselle-Bourgeois, 1997; Samitsu and Hosaka, 2002;
Straadt and Rasmussen, 2003; Ercolano et al, 2004

Bartkiewicz et al, 2018; Pham et al, 2018; Amundson et al,
2020). Documenting the existence and extent to which this
type of DNA transfer occurs is critical for basic understand-
ing of haploid induction, as well as the use of primary diha-
ploids for diploid potato breeding. Here, we sequenced a
cohort of 919 dihaploids and found that 0.87% of primary
dihaploids contained one to three chromosomes or chromo-
some fragments from the HI. Introgressions of smaller HI
DNA segments were also detected, but in approximately
one-third of cases, this could be explained by errors in refer-
ence genome assembly, while the remaining putative intro-
gressions could not be robustly confirmed. HI chromosomes
were generally stable in triploid hybrids but unstable in tet-
raploid hybrids, most of which were products of FDR pollen.

We documented the occasional appearance of small HI
segments (0.5 to few kb). These could represent small trans-
locations or gene conversion derived from the HI genome
before elimination. The evidence in support of their pres-
ence is robust because it is based on a continuous haplotype
that encompasses multiple SNPs. However, in 8 out of 21
instances these segments were physically linked to another
HI chromosome present in these samples. For example,
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identical HI segments were present in HI addition lines
MM247 and MM1114, which were both trisomic for chro-
mosome 8. Part of chromosome 8 was previously identified
as translocated or misassembled in at least two genetic
mapping populations (Bourke et al, 2015; Endelman and
Jansky, 2016) as well as in our dihaploid populations.
Therefore, these short introgressions are physically part of
the trisomic chromosome and map to a different location
of the reference assembly, possibly due to genome assembly
artifacts or pre-existing translocations in the HI relative to
the reference genome. The remaining 13 were flanked by
poorly mapping sequences and could not be anchored to a
chromosome. While introgression could not be ruled out in
these cases, the probability that these are segmental recom-
bination events is low.

The presence of HI DNA in some dihaploids could be
explained if, after the formation of a hybrid genome, the HI
genome was imperfectly eliminated. Acceptance of this hy-
pothesis would imply that uniparental genome elimination
is the mechanism that generates haploids and that the diha-
ploids with no HI DNA contamination underwent perfect
elimination of the HI genome. There are, however, at least
two alternative explanations. First, all or a fraction of the
perfect dihaploids could result from parthenogenesis. This
would require two independent mechanisms of haploid in-
duction to function in the potato system, which seems im-
plausible. Second, the mechanism of haploid induction
could entail incomplete gamete fusion. A defective sperm
may thus deliver both egg-activating factors and, occasion-
ally, chromosomes but fail to carry out proper karyogamy.
This mechanism has not been explicitly proposed, to our
knowledge, but may explain observations from the maize
(Zea mays) haploid induction system, where in addition to
mutations of phospholipases, mutations of fusogenic pro-
teins both enhance the haploid induction rate and induce
haploid formation in the WT phospholipase background
(Zhong et al,, 2019, 2020; Jacquier et al., 2020).

What fates are possible for the HI genome? The genomes
delivered by sperm formed by the tetraploid selfs were sta-
ble. We could assess HI genome integrity in HI-contami-
nated dihaploids and in triploid and tetraploid hybrids.
Dihaploids that had inherited and maintained HI chromo-
somes shared high instability of the HI genome with tetra-
ploid hybrids. Triploids, on the other hand, did not. This
demonstrates that the HI genome can be inherited and
maintained with fidelity, and that instability is not intrinsic
to the formation of hybrid zygotes. The tetraploids result
from hybridization of a 1n(=2x) egg cell with 2n(=2x)
sperm. We infer that either during formation of the 2n
sperm or upon fertilization, the HI genome becomes unsta-
ble. The instability displayed by tetraploid hybrids could be
related to that displayed by HlI-containing dihaploids.
This provides a potential explanation for the long-standing
proposal that 2n sperm triggers haploid induction
(Wangenheim et al, 1960; Montezuma-de-Carvalho, 1967;
Montelongo-Escobedo and Rowe, 1969). These studies
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documented the formation of 2x sperm from restitution of
the generative cell mitosis in pollen of His and suggested a
connection to haploid induction. Genome maintenance may
become compromised during the formation or growth of 2n
pollen, resulting in a fragmented genome that is incompe-
tent for replication and subject to elimination.

It is also possible that this instability is unrelated to ge-
nome elimination. We explored the nature of 2n sperm cells
in the haploid induction crosses by analyzing the HI contri-
bution in tetraploid hybrids. Restitution of second mitosis
predicts homozygosity of 2n sperm. Instead, we found het-
erozygosity indicative of meiotic FDR in most cases. This
agrees with a previous study of microsporogenesis in VP35
that reported moderate frequencies of parallel spindles
(16.88%-26.13%) and fused spindles (1.29%-17.65%) that
resulted in ~29% dyads (Ramanna, 1979). Both parallel and
fused spindles are associated with FDR (Peloquin et al, 1999;
d’Erfurth et al, 2009; Li et al, 2010; De Storme and Geelen,
2011). However, this leaves unanswered the role of 2x sperm
in haploid induction. It demonstrates, however, that the
instability observed in the tetraploid hybrids may be
connected to FDR. This instability could result from misse-
gregation during meiosis (Ly et al, 2019, 2017, Umbreit
et al, 2020), but its relationship to haploid induction is
mysterious.

The frequency of aneuploids among primary dihaploids
(8.27%) was within the range of previously studied dihaploid
populations (1.5%-11.4%; Frandsen, 1967; Hermsen, 1969;
Hermsen et al, 1970; Wagenvoort and Lange, 1975; Samitsu
and Hosaka, 2002; Pham et al, 2018; Amundson et al,
2020). Based on the availability of robust polymorphic
markers, we identified HI DNA in 8 individuals out of 919,
including 6 with whole chromosomes and 2 with large frag-
ments. That aneuploids with HI chromosomes make up
<1% of primary dihaploids is good news for diploid potato
breeding, as our results suggest that most primary dihaploids
will be free of residual HI DNA. More often, primary diha-
ploids carry additional maternal chromosomes, possibly due
to meiotic non-disjunction in the autotetraploid, female par-
ent. Little evidence is available on the cytology of female
meiosis in potato and other autopolyploids (Ramsey and
Schemske, 2002), but in male meiosis, high frequencies of
univalents and multivalents at metaphase | (Swaminathan,
1954b; He et al,, 2018) and unbalanced chromosome sets at
metaphase Il (Swaminathan, 1954a) have been reported.
Regardless of origin, the immediate and potentially lasting
impacts of aneuploidy (Henry et al, 2010) are likely adverse
and best left avoided. Unlike the primary trisomics of
Datura, Arabidopsis, and tomato (Solanum lycopersicum),
which show diagnostic phenotypes (Blakeslee, 1922; Rick
and Barton, 1954; Steinitz-Sears, 1963; Koornneef and Van
der Veen, 1983), primary trisomics could not be readily
detected by phenotype alone in primary dihaploids of
potato (Hermsen et al,, 1970; Wagenvoort and Lange, 1975),
indicating that cytological or genetic assays would be re-
quired to detect it.
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In conclusion, using a large-scale approach, we examined
the genomes of 1,053 progeny from haploid induction
crosses and determined that, regardless of parental geno-
type, a small but definite fraction of dihaploids display pa-
ternal HI contribution. This large-scale study provides the
solid evidence needed to interpret previous studies, and cali-
brates the expectations for potato haploid induction crosses.
In addition, we made an unexpected observation. The HI ge-
nome, which is stable when inherited by triploid hybrids,
displays selective instability in both tetraploid hybrids and in
dihaploids. The interpretation and meaning of these findings
are still unclear. At a minimum, they indicate that genome
stability is compromised in the HI 2n pollen. They also rein-
force the hypothesis that 2n pollen may be required for
haploid induction, suggesting future lines of investigation to
elucidate mechanisms contributing to this unusual, but
highly relevant phenomenon.

Materials and methods

Plant material

Primary dihaploids and hybrids of potato (S. tuberosum)
were obtained from 19 tetraploid clones (Supplemental
Table S2) via pollination with Hls IVP101 (Hutten et al,
1993), IVP35 (Hermsen and Verdenius, 1973), or PL-4 (also
known as CIP596131.4) in greenhouses located at the
International Potato Center’s (CIP) experimental station in
the Peruvian Andes (3,216 meters above sea level,
—12.01039°, —75.22411°). Haploid induction crosses were
performed during 2015, 2016, and 2017 in greenhouses (av-
erage temperature: 19.5°C day and 11.6°C night; relative hu-
midity range: 56.8%-87.4%) located at the CIP's
experimental station. An extended photoperiod of 16 h was
arranged by adding one supplementary white lightbulb/m?.
Flower buds of the pistillate parents were emasculated and
pollinated with HI pollen the following day. All His are ho-
mozygous for a dominant embryo spot that facilitates the
detection of hybrids (Hermsen and Verdenius, 1973; Hutten
et al, 1993). Seeds were extracted from mature fruit,
recorded for presence or absence of the embryo spot, and
germinated in soil. The ploidy of each established seedling
was determined by either chloroplast counting as described
in Amundson et al. (2020) or flow cytometric measurement
of nuclear DNA content against maternal and paternal
parents as standards. Refer to Supplemental Data Set S1 for
an expanded description of the plant material.

Flow cytometry

Approximately 50-60mg of greenhouse-grown leaf tissue
was harvested from each sample and homogenized in
500 L of LBO1 buffer (Dolezel et al, 1989) and left to rest
for 1 min. About 250 pL of homogenate was passed through
a 20-um filter (Partec 04-0042-2315) into tubes containing
12 uL of 1mg/mL propidium iodide and 2.5 L of 5mg/mL
RNase. Samples were incubated in the dark for 5min and
analyzed in an Accuri C6 flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA) with the following filter
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configurations: (1) FL-1 530/14-nm bandpass filter, (2) FL-2
585-20-nm bandpass filter, and (3) FL-3 670-nm longpass fil-
ter. Threshold levels were set to 10,000 for forward scatter
with a secondary threshold of 1,000 for FL-2 (Galbraith
et al, 2011).

Whole genome resequencing

Genomic DNA was extracted from young leaflets as previ-
ously described (Ghislain et al, 1999). For each sample,
~750 ng of genomic DNA was sheared to an average size of
300 bp as previously described (Amundson et al, 2020).
Libraries were constructed using all sheared input DNA with
a KAPA Hyper Prep kit (KAPA Biosystems KK8504) with
half-scale reactions used throughout the protocol, custom 8
bp index adapters, and amplification cycles as described in
Supplemental Data Set S2. Libraries were sequenced on the
lllumina HiSeq 4000 or NovaSeq 6000 platform at the
University of California, Davis DNA Technologies Core,
Vincent Coates Genome Sequencing Laboratory, or
University of California San Francisco Center for Advanced
Technologies, as specified in Supplemental Data Set S2.
Libraries were demultiplexed using custom Python scripts
available on our laboratory website (allprep-12.py; http://
comailab.genomecenter.ucdavis.edu/index.php/Barcoded_
data_preparation_tools). Publicly available sequencing
reads from Pham et al. (2017), Hardigan et al. (2017), and
Amundson et al. (2020) were retrieved from NCBI
Sequence Read Archive (SRA) and incorporated in subse-
quent analyses.

Variant calling

Adapter and low-quality sequences were trimmed from
raw reads using Cutadapt version 1.15 (Martin, 2011),
retaining reads >40nt in length. Trimmed reads were
aligned to the DM1-3 version 4.04 reference assembly, in-
cluding DM1-3 chloroplast and mitochondrion sequences,
using BWA mem (version 0.7.12r1039) and default settings
(Li, 2013). Alignments were further processed to remove
PCR duplicates, soft clip one mate of overlapping read
pairs, remove read pairs with mates aligning to different
chromosomes, and locally realign indels, as previously de-
scribed (Amundson et al, 2020). Processed alignments
were then used as input for joint variant calling and geno-
typing with FreeBayes version 1.3.2 (Garrison and Marth,
2012) with minimum mapping quality 20, base quality 20,
Hardy-Weinberg priors off, and up to 4 alleles considered
per variant, and all other parameters left at the default
setting.

Initially, we genotyped a subset of parental clones with
deep whole genome sequencing available from this study or
from previous studies (Hardigan et al, 2017; Pham et al,
2017), which we designated “Cohort A” in Supplemental
Data Set S2. Raw variants were filtered as follows: NUMALT
== 1, CIGAR == 1X, QUAL > 20, MQM > 50, MQMR > 50,
IMQM-MQMR| < 10, RPPR<20, RPP<20, EPP<20,
EPPR <20, SAP <20, SRP <20. For each pair of tetraploid
parent and HI represented in the offspring of Cohort A, we
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identified loci with read depth within 1.5 times the genome-
wide median of each parent, at least 10 supporting reads,
and homozygous genotype calls for different alleles in
the two parents. Each list of parental SNPs was used to
provisionally determine chromosome dosage (see the
“Chromosome dosage analysis” section) for all offspring of
Cohort A. To determine parental origin of aneuploidy in off-
spring for which sequencing reads from the tetraploid par-
ent were not available, we tested the possibility of using
pooled reads from multiple dihaploids produced from the
same parent instead. Specifically, we tested the effect of
substituting pooled low-coverage sequencing from diha-
ploids for that same tetraploid parent at the SNP calling
step, and tested if we could recapitulate the observations
obtained using SNPs taken directly from the tetraploid par-
ent. As a proof of concept, we pooled low-coverage align-
ments from 205 dihaploids of WA.077 at the variant calling
step and repeated all downstream analysis of Cohort A sam-
ples. Upon obtaining acceptable results, pooled alignments
from low coverage dihaploids extracted from C93.154
(n=237), 93003 (n=73), C91.640 (n=79), LR00.014
(n=110), LR00.022 (n=51), LR00.026 (n=51), WA.077
(n=1205), and all deeply sequenced HI addition lines were
included along with Cohort A samples for the variant calling
and genotyping reported in the manuscript.

Chromosome dosage analysis

Read alignments from low coverage dihaploids and hybrids
were filtered for mapping quality >10 and counted in
non-overlapping 1-Mb bins using bedtools version 2.27.1.
We calculated the fraction of all aligned reads that
mapped to a chromosome, normalized this fraction to the
corresponding fraction of a family-specific control sample
(controls specified in Supplemental Data Set S1), and
scaled the standardized coverage values to the expected
ploidy state based on flow cytometry results. Putative
aneuploids were identified as outliers with a standardized
coverage value of >3 standard deviations from the within-
family all-chromosome mean. In some families, segregation
of pre-existing deletions on chromosome 12 resulted in a
high rate of false positive trisomy and monosomy calls.
False positives of this nature are listed in Supplemental
Data Set S1. Individuals exhibiting a false positive signal on
chromosome 12 were not recorded as aneuploid, unless
they also exhibited aneuploidy of another chromosome
type. To infer parental origin of numerical and structural
aneuploidies, parental SNPs were identified for each com-
bination of tetraploid parent and HI as described above.
For each low-coverage dihaploid or hybrid, allele-specific
read depth was then tallied at homozygous parent-infor-
mative SNP loci in non-overlapping 4-Mb bins, and bins
with >30 reads covering all informative loci within a bin
were withheld from analysis.
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High resolution analysis of parental DNA
contribution

For each HI addition line, genotype data were recorded as
T =tetraploid parent H=HI. For high stringency filtering,
loci were removed from consideration if any of the follow-
ing criteria were met: (1) one or more reads matched the
HI allele in the tetraploid parent, (2) three or more reads
matched the HI allele in the dihaploid pool, (3) excessive
read depth (greater than the mean depth plus four
standard deviations greater than the mean depth) was
observed in either parent or the dihaploid at hand
(Li, 2014), (4) HI allele depth was <6 in the dihaploid at
hand, or (5) the HI allele represented <15% of the total
reads at a locus in the dihaploid at hand. For regions of
interest, we viewed short read alignments to the reference
genome DM1-3 using the Integrative Genome Viewer
(Thorvaldsdottir et al., 2013).

Low-pass haplotype analysis

Biallelic SNP loci with homozygous genotype calls for either
allele in WA.077, heterozygous genotype calls in 1VP35, and
heterozygous with a single dose of the HI-specific allele
(i.e. 0/0/1 if the called tetraploid genotype was 0/0/0/0 and
0/1/1 if the called genotype was 1/1/1/1) were used to
define phased alleles of H'. For each tetraploid hybrid, we
then calculated the depth of reads with H' and non-H’
alleles at all retained loci, aggregated counts across the
DM1-3 coordinates defined as recombination-suppressed
centromeres by Bourke et al. (2015) or by non-overlapping
4-Mb bins, and reported the ratio of reads matching
H’ reads to H' + non-H' reads.

Statistical analyses

Proportion of aneuploids among dihaploids by female
parent

Euploidy and aneuploidy were treated as discrete outcomes,
and counts of each category were evaluated for statistical
significance using the prop.test() function in R version
3.62 (R Core Team 2019). Only families with 30 or more
dihaploids were included in the analysis.

Fisher exact counts of HI dihaploid introgression events by HI
Appearance of Hl-derived chromosomes in an otherwise
dihaploid plant was treated as a binary outcome and used
to construct a 2 X 3 contingency table with each HI geno-
type. Only dihaploids for which we had sufficient SNP infor-
mation to determine chromosome parental origin were
considered. This included dihaploids from the following tet-
raploid parents: 93.003 (CIP390637.1), Atlantic (CIP800827),
C01.020 (CIP301023.15), C91.640 (CIP3888615.22), C93.154
(CIP392820.1), Desiree (CIP800048), LR00.014 (CIP300056.33),
LR00.022 (CIP300072.1), LR00.026 (CIP300093.14), and
WA.077 (CIP397077.16). This table was used to conduct a
Fisher exact test in R using the function fisher.test().
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Linkage disequilibrium from dosage variable states

For each dihaploid, standardized coverage values and bin
dosage states were derived for non-overlapping 1-Mb bins
of the reference genome as previously described
(Amundson et al., 2020). Fisher exact tests were then car-
ried out between pairs of dosage states to assess linkage
disequilibrium (LD) between bins. For example, assume
that both Bin1 and Bin100 have three dosage states: stan-
dardized coverages 1, 2, and 3. To test whether Bin1-
State1 was correlated with Bin100-CN3, the following four
dihaploid sets were compared in a 2 X 2 contingency ta-
ble: observed in Bin1-Statel: observed not in Bin1-Statel,
expected in Bin1-Statel: expected not in Bin1-Statel,
where the expectation was derived from the assumption
of complete independence. Self-comparison and reciprocal
comparisons were removed, and the remaining compari-
sons were controlled at false discovery rate =0.05 unless
otherwise noted. Chromosomal bins in statistically signifi-
cant LD with one another for any state at that pair of bins
were displayed in an LD matrix.

Logistic regression model for incidence of paternal
(maternal) genome instability in triploid and tetraploid
hybrids

For each hybrid, we determined the incidence and parental
origin of whole-chromosome and segmental aneuploidy tet-
raploid hybrids as previously described for potato dihaploids
(Amundson et al., 2020). Instability of the paternal genome
was treated as a binary outcome and used in a logistic re-
gression model with ploidy, genotype of the HI parent, and
aneuploidy of maternal chromosomes included as predictor
variables (Supplemental Tables S3-S5). Contribution of the
maternal genome to aneuploidy of HI-derived chromosomes
was determined from the maternal aneuploidy term in the
model. Pairwise differences between ploidy levels were evalu-
ated with Tukey's multiple test correction. To evaluate the
stability of maternal chromosomes, maternal aneuploidy was
used as the binary response variable and paternal aneu-
ploidy was incorporated as a predictor variable. Effects of
paternal aneuploidy on maternal aneuploidy, as well as
ploidy-dependent effects were evaluated as described above.

Accession numbers

All sequencing data generated in this study has been depos-
ited into National Center for Biotechnology Information
(NCBI) SRA under Project ID PRJNA699631. IVP101 whole
genome sequencing was retrieved from NCBI SRA project ID
PRINA408137. Whole genome sequencing of cv “Atlantic”
was retrieved from NCBI SRA project ID PRJNA287438.
Code for read preprocessing, variant calling, and chromo-
some dosage analysis is available on https://github.com/kra
mundson/MM_manuscript. Custom Python scripts used to
demultiplex the libraries are available on our laboratory
website (allprep-12.py; http://comailab.genomecenter.ucda
vis.edu/index.php/Barcoded_data_preparation_tools).
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Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Histogram of aneuploidy by ho-
mologous chromosome affected and state loss or gain
among 74 potato dihaploids.

Supplemental Figure S2. Aneuploidy frequency among
putatively uniparental dihaploid potatoes.

Supplemental Figure S3. Aneuploidy frequency among
putatively uniparental dihaploid potatoes.

Supplemental Figure S4. Chromosome dosage and pa-
rental allele dosage plots of eight HI addition dihaploids.

Supplemental Figure S5. Histograms of Hl allele represen-
tation at putative introgression loci in eight HI addition
dihaploids.

Supplemental Figure S6. Dosage variation linkage matrix
of WA.077 dihaploids.

Supplemental Figure S7. Test of potato HI haplotype
phasing.

Supplemental Figure S8. Hl centromeric heterozygosity
for tetraploid hybrids of the potato haploid induction cross.

Supplemental Figure S9. Dosage plot, SNP plot, and in-
ferred karyotype of the WA.077 x IVP35 chromosome 11 di-
somic tetraploid potato hybrid.

Supplemental Table S1. Genomic content and embryo
spot phenotype in progeny of potato haploid induction
crosses.

Supplemental Table S2. Description of 19 tetraploid
potato clones used for dihaploid extraction.

Supplemental Table S3. Coefficients of logistic regression
model of HI genome instability of hybrids.

Supplemental Table S4. Analysis of deviance table for
logistic regression model.

Supplemental Table S5. Confidence intervals (reported as
log odds) for logistic regression model.

Supplemental Data Set S1. Description of plant material
used in this study.

Supplemental Data Set S2. Summary of sequencing
libraries constructed or analyzed in this study.

Supplemental Data Set S3. IGV screenshots of short read
alignments to the version 4.04 reference genome showing
ambiguous introgression junctions.
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