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The genetic basis of inbreeding depression

in potato
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Inbreeding depression confers reduced fitness among the
offspring of genetic relatives. As a clonally propagated crop,
potato (Solanum tuberosum L.) suffers from severe inbreeding
depression; however, the genetic basis of inbreeding depres-
sion in potato is largely unknown. To gain insight into inbreed-
ing depression in potato, we evaluated the mutation burden in
151 diploid potatoes and obtained 344,831 predicted delete-
rious substitutions. The deleterious mutations in potato are
enriched in the pericentromeric regions and are line specific.
Using three F, populations, we identified 15 genomic regions
with severe segregation distortions due to selection at the
gametic and zygotic stages. Most of the deleterious reces-
sive alleles affecting survival and growth vigor were located
in regions with high recombination rates. One of these delete-
rious alleles is derived from a rare mutation that disrupts a
gene required for embryo development. This study provides
the basis for genome design of potato inbred lines.

The adverse effects of inbreeding were first documented by Charles
Darwin through extensive experiments on plants'. Inbreeding
depression in clonally propagated plants is expected to be more
severe than that in seed plants, as more deleterious mutations accu-
mulate during asexual reproduction, whereas purging of these muta-
tions by recombination is limited”. Potato (Solanum tuberosum L.)
is the most important tuber crop, but its improvement is slow as a
result of tetrasomic inheritance. Moreover, its clonal propagation
bears a considerable carbon footprint’. To overcome these draw-
backs, we and two other groups sought to re-domesticate potato
into an inbred line-based diploid crop propagated by seeds**.
Inbreeding depression has severely hampered the development of
elite inbred lines, and there is therefore a need to understand its
genetic basis.

Deleterious mutations are considered to be the major cause of
inbreeding depression’”. The detrimental effects of deleterious
recessive alleles, which reduce the fitness of progeny, would be
exposed through inbreeding. To better visualize deleterious alleles
in potato, it would be ideal to develop selfing populations from dip-
loid clones that would segregate for only two alleles at each locus. An
obvious obstacle is that most diploid clones are self-incompatible, a
trait that is conferred by the S-ribonucleases (S-RNases) specifically
expressed in the style'’. We searched over 200 diploid clones for nat-
ural self-compatible mutants and identified two clones, PG6235 and

5, Jianjian Qi¢, NileshR. Tawari’,

PG6359. We also used bud pollination to force selfing of PG6226,
as the expression of S-RNase is low at the bud stage (Supplementary
Fig. 1). In total, we obtained 104, 223, and 201 diploid progenies
of PG6226, PG6235, and PG6359, respectively, which were subse-
quently re-sequenced and analyzed.

We first evaluated the mutation burden in 3 parental clones and
148 other diploid landraces (Supplementary Table 1) using amino
acid conservation modeling'". We obtained 344,831 predicted
deleterious substitutions, which were enriched in the pericentro-
meric regions (Fig. 1a and Supplementary Fig. 2), consistent with
what is observed in fruit flies and maize'>""*. In potato, there were
64.46% fewer homozygous deleterious mutations than heterozy-
gous ones (P=2.15x10"%; Fig. 1b). We analyzed the deleterious
allele frequency and found that 50.87% of the deleterious muta-
tions were rare, with deleterious allele frequency <0.05 (Fig. 1c).
The wild species Solanum candolleanum was the progenitor of cul-
tivated potatoes. Nearly 27% of deleterious mutations also exist in
S. candolleanum and showed relatively higher deleterious allele
frequency in landraces; thus, they are considered to be potentially
ancestral. On average, 11.32% of predicted deleterious substitutions
were overlapped between any two diploids (Fig. 1d). These results
indicate that the mutation burden in potato is line specific.

To analyze the genotypes of the F, progeny, we developed a pipe-
line for parent-independent genotyping in potato (Supplementary
Fig. 3). The bin maps were constructed using phased single-nucleo-
tide polymorphisms (SNPs). In total, 4,255 bins were obtained across
three populations, with an average length of 527 kb (Supplementary
Table 2 and Supplementary Fig. 4). We captured 10,294 recombina-
tion events, corresponding to approximately 19.5 crossovers in each
F, individual. This allowed us to analyze the segregations and effects
of deleterious alleles in selfing populations.

We found that 15 blocks containing ~1,000 bins exhibited seg-
regation distortions in the selfing populations (y* test, P<0.001;
Supplementary Table 2), a percentage that is much higher than that
reported in maize'”. The total length of the distorted regions varied
among three F, populations. PG6226 and PG6235 were highly het-
erozygous clones (Supplementary Fig. 5a,b), and they had more dis-
torted bins (32.8% in PG6226 and 31.7% in PG6235). By contrast,
contiguous homozygous segments (11.5-26.7 Mb) were detected on
six chromosomes in PG6359 (Supplementary Fig. 5¢), suggesting
that this landrace originated from selfing or inbreeding between
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Fig. 1| Identification of genome-wide deleterious mutations in potato. a, Deleterious mutations are enriched in pericentromeric regions. The x axis
indicates the physical position. The red line indicates the ratio between deleterious substitutions and synonymous mutations (window size =5 Mb,
step=1Mb), and the black line indicates the number of recombination events per 5 Mb. The gray shaded box indicates the position of the pericentromeric
region. b, Number of heterozygous (green) and homozygous (purple) deleterious mutations in 151 diploid clones. Each box represents the mean and
interquartile range. The top whisker denotes the maximum value and the bottom whisker denotes the minimun value. ¢, Deleterious allele frequency in
151 diploid clones. d, High diversity of mutation burden in diploid potatoes. The x axis indicates the ratio of overlapping deleterious mutations in any two
diploid clones, and the y axis indicates the density of the ratio.
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Fig. 2 | Genome-wide segregation distortions. The segregation distortions of bins at the seedling stage in the selfing populations of PG6226 (a), PG6235 (b),
and PG6359 (c). The left y axis represents the -log[P] and log[P] for the »? value of each bin at the zygotic (red) and gametic (blue) stages, respectively.
The black curves indicate the number of recombination events per 5 Mb. The arrows indicate the positions of genes causing a deleterious phenotype.

genetic relatives in South America. The homozygous regions mutations were purged during this process, and thus there were
cover 15.82% of the genome, but contain only 3.87% of the dele- fewer distorted regions in the selfed progeny. Genome-wide seg-
terious mutations. We speculate that some large-effect deleterious  regation distortions have been widely reported in potato'*, and
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Fig. 3 | Identification of large-effect deleterious alleles. a,b,c,d,e f.g h,ijk The phenotypes of normal rooting (a) and abnormal rooting (b), green seedling (c)
and albino seedling (d), normal leaf (e) and yellow-margin leaf (f), normal leaf (g) and light-yellow leaf (h), normal branching (i) and increased branching
(j), and strong vegetative growth (k). The photographs in a, b, e, and f show progeny of PG6226; those in ¢, d, i, j, and k show progeny of PG6235; and
those in g and h show progeny of PG6359. Scale bars represent 0.5cm in a-d and 2 cm in f-k. I, Fine mapping of arl. Gray boxes indicate the heterozygous
genotype and white boxes the homozygous recessive genotype of arl. The numbers in parentheses indicate the number of recombinants with the same
genotype. m, The candidate gene of arl. Gray boxes indicate exons, and bold letters indicate splicing sites. The red letters indicate the only SNP site in
StSIEL between normal-rooting and abnormal-rooting plants. n, Mutations generated by knockout of StSIEL in tomato. o, Rooting of T, seeds carrying
mutant StSIEL. Scale bar represents 0.5 cm. p, Segregation of mutations in the T, generation. WT, wild type. The hyphens indicate deletions.

distorted regions vary according to the tested populations, which
also demonstrates the diversity of deleterious mutations in potatoes.

Many factors affect distorted segregation, including gametic and
zygotic selection. Among 15 blocks with strong segregation distor-
tions, 4 were affected by gametic selection (y* test, P<10~% Fig. 2
and Supplementary Table 3). The S (self-incompatibility) locus on
chromosome 1 is known as a common factor that causes distorted
segregation by gametic selection'”'*. In PG6359, two S-RNase alleles
were obtained by de novo assembly of RNA-sequencing data from
the style, and the expression of the S, allele was 100-fold greater
than that of the S, allele. Pollen containing S,;, was rejected during
self-pollination, resulting in the absence of the homozygous S,,,S,,,
genotype in the selfed progeny. Thus, the low expression level of S,
in PG6359 may lead to semi-self-compatibility as well as the dis-
torted segregations of flanking regions. The 11 remaining distorted
blocks were a result of zygotic selection, which accounted for 70.2%
of all distorted regions. Given that zygotic selection is the key factor
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resulting in inbreeding depression in potato, we then explored the
deleterious alleles harbored in these regions.

Some large-effect deleterious alleles still exist in potato in the het-
erozygous state, which could result from the absence of recombina-
tion that might otherwise purge deleterious alleles. In this study, we
identified five distorted blocks containing lethal mutations, which
we named lethal allele 1 (lal), lethal allele 2 (1a2), lethal allele 3 (la3),
abnormal rooting 1 (arl), and white seedling 1 (wsl) (Fig. 2a,b and
Supplementary Table 4). The homozygous recessive genotypes of
lal, Ia2, and la3 were absent in the selfed progeny (Supplementary
Fig. 4). The arl/arl genotype had defects in lateral root initiation
and shoot differentiation (Fig. 3a,b and Supplementary Fig. 6a) and
survived only on Murashige and Skoog medium. The wsI mutant
was deficient in chlorophyll and died a few days after germination
(Fig. 3¢,d and Supplementary Fig. 6a).

We also identified four deleterious alleles affecting growth vigor.
Some progeny of PG6226 showed shorter shoots as well as yellow
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leaf margins (Fig. 3e,f) as a result of the gene yellow margin (ym)
on chromosome 5 (Supplementary Fig. 6¢c). The leaves of some
progeny of PG6359 showed a virescent phenotype; the underlying
gene was named yellow leaf 1 (yl1) and was mapped to the end of
chromosome 12 (Fig. 3g,h and Supplementary Fig. 6d). The growth
vigor of the selfing population of PG6235 could be divided into
three categories: group I had normal branching and tubers (Fig. 31),
group II had more branching and fewer tubers than normal plants
(Fig. 3j), and group III had strong vegetative growth and no tubers
(Fig. 3k). Bulked segregant analysis mapped increased branch-
ing (as a result of plant architecture 1 (pal)) and strong vegetative
growth (as a result of plant architecture 2 (pa2)) to chromosome 1
and chromosome 5, respectively (Supplementary Fig. 6e,f and
Supplementary Table 4). All four deleterious alleles affecting growth
vigor are located in the genomic regions with segregation distor-
tions. The pa2 allele is colocalized with the early-maturing gene
StCDFI*'. The late-maturing allele in Group III plants might lead to
their strong vegetative growth.

To pinpoint the gene underlying the abnormal rooting of arl,
we sowed over 30,000 F, seeds derived from a cross between
PG6226 and Solanum chacoense 34-28 and obtained ~2,000
seedlings that showed abnormal rooting. Genotyping of these
plants narrowed down the arl gene to a 22-kb region (Fig. 3I).
The region contains two genes, PGSC0003DMG400026052 and
PGSC0003DMG400026051, which correspond to the Arabidopsis
genes D6 PROTEIN KINASE (StD6PK in potato) and SHORT-ROOT
INTERACTING EMBRYONIC LETHAL (StSIEL in potato), respec-
tively (Fig. 3m)**. Only one variation, SNP 015079 (ST4.03ch01:
69339079) in the intron of StSIEL, was detected in this region. RNA
sequencing showed that this SNP led to the alternative splicing of
StSIEL (Fig. 3m). To confirm the function of StSIEL, we knocked
out the homolog of this gene in tomato (Solanum lycopersicum)
using clustered regularly interspaced short palindromic repeats
(CRISPR)-CRISPR-associated protein 9 (Cas9) (Fig. 3n). Analysis
of the T, plants demonstrated that all of the homozygous mutants
containing frameshift mutations were lethal (Fig. 30,p). This result
suggests that the StSIEL allele in potato, which is the candidate gene
of arl, should have the same function. The ar1 allele was also iden-
tified in PG6235 (Fig. 2b). The level of nucleotide sequence iden-
tity of haplotypes flanking arl in PG6226 and PG6235 is >99%,
indicating that the arl allele originated from a common ancestor
(Supplementary Fig. 7). To evaluate the frequency of the arI allele in
potato germplasm, we searched for SNP 015079 in the 148 remain-
ing diploid clones. None of the clones contained the mutant SNP,
suggesting that arl is a rare allele.

In addition to the alleles with substantial deleterious effects,
there were numerous mutations that had minor effects on fitness.
For example, pollen viability segregated in all three selfing popu-
lations, but no major genetic locus for this trait was identified
(Supplementary Fig. 8a—c,e-g). In addition, tuber weight showed
continuous variation in the selfing population of PG6226, and
bulked segregant analysis suggested that it was controlled by multi-
ple loci with minor effects (Supplementary Fig. 8d,h). Accumulation
of these minor-effect deleterious alleles can have a severe impact on
fertility and yield; future work should aim to identify and eliminate
these alleles.

Identifying the deleterious mutations that have accumulated
during asexual propagation will allow breeders to effectively man-
age or purge them through sexual hybridization. The deleterious
mutations in potato were enriched in the pericentromeric regions
(Supplementary Fig. 2), and most of these mutations were line spe-
cific; thus, breeders can maintain the mutations in the heterozy-
gous state by dedicatedly designed crosses. By contrast, all of the
large-effect deleterious alleles identified in this study except la3 on
chromosome 5 are located in regions with high recombination
rates (Fig. 2). Thus, it would be possible to purge these alleles via
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recombination. Notably, the short arm of chromosome 1 in PG6235
contains two tightly linked deleterious recessive alleles in repulsion
phases (wsI in haplotype A and pal in haplotype B), which is indic-
ative of pseudo-overdominance. To stack all favorable alleles into
one haplotype, a large segregating population is needed to screen for
recombinants between these genes.

In this study, we analyzed the genome-wide distribution of del-
eterious mutations and examined their effects on phenotype in
potato. Most of the deleterious mutations were line specific, which
suggests that there will be a high degree of heterosis when two inbred
lines from different lineages are crossed. Although some large-effect
deleterious recessive mutations exist in potato, they can be effec-
tively purged by recombination. Our data not only provide a basis
for genome design of potato inbred lines, but they also contribute to
our understanding of the genetic basis of inbreeding depression in
clonally propagated plants.
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Methods

Plant materials. Three diploid potato clones (PG6226, PG6235, and PG6359)

were used to generate the selfing populations in this study. PG6226 (also named E)
and PG6235 (also named RH) were kindly provided by the Department of Plant
Breeding at Wageningen University, and PG6359 (also named C151) was kindly
provided by the International Potato Center. PG6235 and PG6359 are natural self-
compatible mutants, and the selfing population of PG6226 was generated by forced
self-pollination at the young bud stage. In total, 104, 223, and 201 progenies from
PG6226, PG6235, and PG6359, respectively, were subjected to re-sequencing. All of
the sequenced individuals grew normally on Murashige and Skoog medium.

The 148 diploid landraces were kindly provided by the International Potato
Center. The F, population used for fine mapping of arl was derived from a cross
between PG6226 and a wild potato clone, S. chacoense 34-28 (kindly provided
by K. Hosaka of Obihiro University). Since the male parent 34-28 contains the
S-locus inhibitor gene (Sli)**, the self-compatible F, clone was used to generate the
F, mapping population.

Identification of the S-RNase alleles. De novo assembly of RNA-sequencing data
from styles was performed to identify the S-RNase alleles in the heterozygous
diploid clone PG6359 (ref. »).

Genome sequencing, sequence alignment, and SNP calling. For whole-genome
shotgun sequencing, total genomic DNA was isolated from fresh leaves using the
cetyl trimethyl ammonium bromide method. Whole-genome re-sequencing was
performed using the HiSeq X Ten platform. The insert size of the libraries was
250-300base pairs (bp), and the read length was 150 bp. Short reads were aligned
against the potato reference genome version 4.03 (ref. *°) using Burrows—Wheeler
Aligner (http://bio-bwa.sourceforge.net), and heterozygous SNPs in three parental
clones were extracted using SAMtools (http://samtools.sourceforge.net) according
to following criteria: (1) the sequencing quality of the nucleotide was >40; (2) the
mapping quality of reads was >30; (3) the depth of the SNPs was >5 and <50; and
(4) the index of SNPs was >0.3 and <0.7.

Prediction of deleterious mutations. Three parental clones (PG6226, PG6235, and
PG6359), 20 S. candolleanum clones, and 148 diploid landraces (Supplementary
Table 1) were used to predict the deleterious mutations. For each clone, ~10x
genome sequences were used to call SNPs. The index of heterozygous SNPs was
>0.3 and <0.7, and that of homozygous SNPs was >0.9 or <0.1. Amino acid
substitutions and their effects on protein function were predicted with the SIFT
algorithm''. The amino acid substitution is predicted to be deleterious if the score
is <0.05 and tolerated if the score is >0.05. The ratio of overlapping deleterious
mutations between any two clones was calculated using the following formula:

a+0.5b+0.25¢
d

ratio=

where a, b, and ¢ indicate the number of deleterious mutations that are
homozygous in both clones, homozygous in one clone and heterozygous in the
other clone, and heterozygous in both clones, respectively; d indicates the total
number of deleterious mutations in two clones.

Deduction of two haplotypes among the F, clones. The heterozygosity in the F,
progeny was calculated based on the ratio between the number of heterozygous
SNPs and the number of all SNPs using sliding window analysis (window
size=1Mb, step=100kb). A genomic region with a ratio of <0.1 was considered
to be homozygous. For each chromosome, the similarity between different
homozygous regions was calculated following the formula:

number of same SNPs— number of different SNPs
number of overlapping SNPs

similarity =

A similarity score of <0.01 indicated that the query region belonged to a different
group from the reference, whereas a similarity score of >0.99 indicated that the query
region belonged to the same group as the reference. All regions with a similarity
score of 0.01-0.99 were discarded. Within each group, all SNPs with a consensus at
each locus were combined to construct the haplotype. The phase with more SNPs
was defined as haplotype B, and the other phase was defined as haplotype A.

Determining the breakpoints of crossovers and bin map construction. In a
single F, individual, the genotype of each SNP was defined as @’ if the SNP pattern
in all reads was the same as in haplotype A, ‘b’ if the SNP pattern in all reads was
the same as in haplotype B, and ‘I’ if the SNP was heterozygous. To estimate the
breakpoint, sliding window analysis (window size =200 SNPs, step =20 SNPs) was
performed for each chromosome by calculating the weighted value of genotype b
(wv-b) as follows:

number of b—number of a
200

wv—b =
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If wv-b was <0.1 or >0.9, the window was defined as ‘@’ or ‘b, respectively. If wv-b
was between 0.1 and 0.9, the window was defined as ‘i’ The transitions between
different genotypes were defined as breakpoints. For each F, progeny, breakpoints
<100kb away from the flanking breakpoints were discarded.

For each chromosome, the breakpoints from all progeny were ordered. The
genotype of the bin, the interval between two neighboring breakpoints, was
estimated using the following formula:

number of b

vb=——————
number of all SNPs

Where vb indicates the ratio of SNPs with genotype of phase B. Genotypes with

avb of >0.8 were designated as ‘b’; those with a vb of <0.2 were designated as ‘a’;

and those with a vb of >0.2 and <0.8 were designated as ‘h’ Redundant bins were

filtered according to the following standards: (1) if two continuous bins were

<50kb, they were merged; (2) if the number of SNPs in a bin was <50, it was

merged with the next bin; (3) if the genotype of a bin was the same as that of

the next bin, it was merged with the next bin. A genetic map of bins for each

population was constructed using Joinmap4 (ref. 7).

Statistical tests. The significance was determined by two-tailed Student’s f tests.
Segregation distortions were analyzed with a y* test for goodness of fit to the
appropriate expected segregation ratio at a significance level of P=0.001. The
expected segregation ratio of zygotes is 1:2:1, and that of gametes is 1:1.

Bulked segregant analysis of inbreeding depression-related traits. The apparent
defects in survival and growth vigor, such as abnormal rooting, white seedlings,
yellow margin leaf, yellow leaf, and plant architecture, were observed with the
naked eye. For these traits, we investigated the phenotype of F, individuals and
used bulked segregant analyses to map the corresponding loci**. The positions of
these traits were further localized based on the phenotype and the bin maps of
sequenced F, individuals.

Since some progeny of PG6226 and PG6235 could not flower, to test the pollen
viability, we grew 312 (containing 104 sequenced individuals) and 928 (containing
223 sequenced individuals) F, clones of PG6226 and PG6235, respectively. Only
sequenced F, clones of PG6359 were used to test pollen viability. For each clone,
three plants were grown. The pollen was dyed with triphenyl tetrazolium chloride,
and the viability was graded as follows: 0, not viable; 1, 0-20% of pollen grains are
viable; 2, 21-40% of pollen grains are viable; 3, 41-60% of pollen grains are viable;
4, 61-80% of pollen grains are viable; and 5, >80% of pollen grains are viable. In
addition, the average tuber weight per plant of the selfing population of PG6226
was measured. Bulked segregant analyses were used to map the loci affecting
fertility and tuber weight?*.

Fine mapping of arl. To fine-map arl, more than 30,000 F, seeds of the F, clone
E-172 (derived from a cross between PG6226 and S. chacoense 34-28) were sown
on culture medium, and only individuals showing abnormal rooting were subjected
to genotyping. To develop polymorphic markers, the F, clone E-172 was sequenced,
heterozygous indels were extracted, and primers were designed using Primer 3

(ref. ). The primers used for fine mapping are shown in Supplementary Table 5.

Transformation of tomato. For tomato transformation, the single guide RNA
(sgRNA; 5'-TGTGGAGTCAGAGGTGGAA-3’) of the candidate gene was ligated
to pKSE401. Heterozygous mutants of the T, generations were selfed to generate T,
seeds. The T, seeds were sown on Murashige and Skoog medium, and roots of the
resulting plants were observed.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Code availability

The pipeline of parent-independent genotyping in potato was written using
custom Python scripts. All codes are available from the corresponding author
upon request.

Data availability

The sequencing data that support the findings of this study have been deposited in
the Sequence Read Archive (SRA) under accession PRJNA471783. The deleterious
mutations datasets are available from the following ftp link: ftp://ftp.agis.org.
cn/~zhangchunzhi/.
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Sequence data that support the findings of this study have been deposited in NCBI Sequence Read Archive (SRA) under accession number PRINA471783. The
deleterious mutations datasets are available from the following ftp link: ftp://ftp.agis.org.cn/~zhangchunzhi/.
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