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SUMMARY

Sweet cherry (Prunus avium L.) trees are both economically important fruit crops but also important
components of natural forest ecosystems in Europe, Asia and Africa. Wild and domesticated trees currently
coexist in the same geographic areas with important questions arising on their historical relationships. Little
is known about the effects of the domestication process on the evolution of the sweet cherry genome. We
assembled and annotated the genome of the cultivated variety “Big Star*” and assessed the genetic diver-
sity among 97 sweet cherry accessions representing three different stages in the domestication and breed-
ing process (wild trees, landraces and modern varieties). The genetic diversity analysis revealed significant
genome-wide losses of variation among the three stages and supports a clear distinction between wild and
domesticated trees, with only limited gene flow being detected between wild trees and domesticated lan-
draces. We identified 11 domestication sweeps and five breeding sweeps covering, respectively, 11.0 and
2.4 Mb of the P. avium genome. A considerable fraction of the domestication sweeps overlaps with those
detected in the related species, Prunus persica (peach), indicating that artificial selection during domestica-
tion may have acted independently on the same regions and genes in the two species. We detected 104 can-
didate genes in sweep regions involved in different processes, such as the determination of fruit texture,
the regulation of flowering and fruit ripening and the resistance to pathogens. The signatures of selection
identified will enable future evolutionary studies and provide a valuable resource for genetic improvement
and conservation programs in sweet cherry.

Keywords: genome structure and evolution, domestication, genetic diversity, genome assembly, Prunus
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INTRODUCTION

Domestication is an evolutionary process whereby human
selection within animal and plant species determines phe-
notypic changes that differentiate domesticated taxa from
their wild ancestors (Hancock, 2005). Cultivated plants are
often the result of multiple rounds of domestication, in
which an early domestication event produced landraces
that are subsequently exposed to selection to obtain the
improved modern varieties. During this process, popula-
tion bottlenecks and selection of agronomically important
traits determine both a global as well as localized progres-
sive reduction of genetic variation in the domesticated
forms with respect to the progenitor (Gaut et al., 2018),
which result from genetic drift and artificial positive selec-
tion respectively.

Sweet cherry (Prunus avium L.) is one of the most popu-
lar temperate fruit crops. It belongs to the genus Prunus
together with other economically important fruit trees such
as peach, apricot, plum and almond. Sweet cherry is the
domesticated form of wild cherry that originated in the
area between the Black and Caspian seas of Asia Minor.
Birds may have carried it to Europe before human civiliza-
tion but its cultivation was introduced in to Europe by the
Romans (Zohary, 2012). Like most of the edible species,
the domestication of sweet cherry started several thousand
years ago with the cultivation and improvement of plants
directly sampled from wild populations. Previous studies
indicated that along the evolutionary history of the species,
several domestication events might have happened and
gene flow between cultivated and wild forms might have
occurred (Mariette et al., 2010). One of the most evident
selected traits in sweet cherry is the increase in fleshy fruit
size: wild, landraces and modern varieties usually exhibit
fruit weights of 2, 6 and up to 14 g respectively (De Fran-
ceschi et al., 2013). Other important traits that have been
selected during domestication are related to fruit quality,
such as fruit texture, color, flavor and ripening. Sweet
cherry provides a unique system to understand the geno-
mic consequences of domestication because, unlike in
many other field and fruit crops, wild and domesticated
forms still largely coexist in the same areas, with the wild
forms still distributed over a wide geographic range, and
because, unlike other crop species, where the domestica-
tion effects have been looked at in detail, it is currently lar-
gely vegetatively propagated. In addition, investigating the
molecular genetics underlying domestication in cherry is
essential to understand the molecular basis of fruit quality
traits to inform new DNA-based breeding strategies.

To study the effects of domestication of cherry at a gen-
ome-wide scale, we set out to reconstruct the genome
sequence of a modern cherry variety (“Big Star*”) and to
analyze genetic variation and differentiation in accessions
exposed to different levels of artificial selection, such as
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wild cherry trees, landraces and the more recent modern
varieties. Several studies have been performed with the
aim of mapping quantitative trait loci (QTL) for fruit quality
in Prunus. However, to our knowledge this is the first
attempt to leverage genome-wide evolutionary signatures
for the understanding of the genetic consequences of the
domestication process and for the identification of candi-
date genes (CGs) involved in the domestication of sweet
cherry.

RESULTS
The genome of P. avium variety “Big Star*”

In total, we obtained 350 million paired-end reads and 301
million mate-pair reads from the P. avium modern variety
“Big Star*” corresponding to an estimated genome cover-
age of about 60x and 45x respectively (Table S1). Based
on k-mer statistics, we estimated a genome size of 322 Mb,
which is in agreement with the previously reported size of
338 Mb (Arumuganathan and Earle, 1991). We obtained a
genome assembly composed of 21 878 contigs covering
203.4 Mb (Table 1). Mate pairs were employed to assemble
contigs into 4240 scaffolds covering in total 272 Mb and
corresponding to about 84% of the estimated genome size
(Table 1). The longest scaffold was about 1.4 Mb in size
and 50% of the assembled genome was represented by
389 scaffolds (N50), of which the shorter was 191 715 bp
long (L50). Sweet cherry genetic maps revealed high con-
servation in genome structure between the cherry and
peach (Guajardo et al., 2015). Thus, using the Prunus per-
sica v2.0 genome (Verde et al., 2013; Verde et al., 2017) as
a guide, we anchored 2142 scaffolds, corresponding to
226.6 Mb (83.3% of the assembly), to the eight pseudo-
molecules. The structure of the resulting assembly was
highly concordant with that recently published (Shirasawa
et al., 2017) for the Japanese cherry variety “Satonishiki”
(Figure S1). Moreover, analysis of duplicated regions in the
assembly revealed that P. avium and P. persica share a
very similar duplication pattern (Figure S2), characterized
by seven major triplicated subgenomic regions (Verde
et al., 2013), corresponding to seven paleosets of paralogs
from the putative paleoancestor originally identified in
grapevine (Jaillon et al., 2007).

In total, we predicted 29 487 protein-coding genes and
we assigned 93 850 Gene Ontology (GO) terms to 21 527
of them. The number of predicted genes and general gene
metrics are very similar when compared with the closely
related species P. persica (Table S2) and about 96% of the
predicted genes have a P. persica homolog. Moreover, pre-
dicted genes cover 95.6% of the plant ortholog set of Busco
(Simao et al., 2015), suggesting a high completeness of the
assembly and gene prediction (Table S3). In total, 36.7% of
the genome consists of repetitive sequences, with known
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Table 1 Statistics for the Prunus avium “Big Star*” genome
assembly

Assembly statistics

Number of contigs 21 878
Total length of contigs (bp) 203 410 967
Contig N50 length (bp) 21 521
Mean contig length (bp) 9298
Number of scaffolds 4240
Total length of scaffolds (bp) 272 047 324
Scaffold N50 length (bp) 191 715
Mean scaffold length (bp) 64 162
Longest scaffold length (bp) 1381 054

transposable elements (TEs) accounting for 21.8% of it
(Table S4). The total percentage of the genome composed
by repeats is very similar to that reported for the related
species P. persica (37.1%) (Verde et al., 2013). Long termi-
nal repeat retrotransposons represent almost 15% of the
whole genome with Ty3-gypsy superfamily being the most
represented (8.99%), followed by Ty1-copia (5.66%). DNA
transposons cover 5.7% of the assembly, while an addi-
tional 15% of the assembly is composed of unclassified
repeated sequences related to, in total, 2779 highly diver-
gent and heterogeneous elements.

The Prunus avium genome went through a massive
satellite DNA expansion

The GC content of “Big Star*” short reads showed a bimo-
dal distribution with one peak at 37% and a second, more
pronounced, at 43% (Figure 1a, maroon line). However, by
analyzing the GC content on a dataset of short reads simu-
lated from the “Big Star*” assembly, we obtained a normal
distribution characterized by a single peak at 37% (Fig-
ure 1a, pink line). The same analysis performed on real
and simulated reads of the P. persica reference sample
Lovell resulted in two highly similar distributions with a
single peak at about 38% (Figure 1a), which is consistent
with the P. persica GC content previously reported (Verde
et al., 2013). The inconsistency between the GC content
distributions in real and simulated P. avium reads sug-
gested that the assembly lacks a genomic fraction charac-
terized by a higher GC content than the genome average.
Considering that satellite DNA (satDNA) is often character-
ized by a different GC content with respect to the rest of
the genome, we searched the P. avium real and simulated
reads for the presence of P. avium specific satellite
sequences. We found a considerably higher fraction of
“Big Star*” reads showing similarity with satDNA (13.8%)
if compared with simulated ones (0.6%), suggesting that
only a small fraction of the copies of this satDNA have
been included in the assembly. Thus, the majority of P. av-
ium sequence missing in the de novo assembly is com-
posed of satDNA, which is very difficult to assemble with
short reads due to its tandemly arranged and repetitive

structure. This is in accordance with the high degree of
completeness of the assembly despite being about 50 Mb
shorter than the expected size. We extended the analysis
to a larger dataset of P. avium and P. persica samples and
we observed that P. avium samples are characterized by a
significantly higher satDNA content with respect to P. per-
sica ones (Figure 1b).

Genome-wide effects of domestication on Prunus avium
genetic diversity

To study the effects of cherry domestication on genetic
variation, we resequenced at approximately 30x coverage
22 P. avium plants belonging to three distinct categories
based on their domestication history: eight modern acces-
sions, six landraces and eight individuals sampled from
wild populations (Table S5). In total, we identified
2 037 892 of single nucleotide polymorphisms (SNPs) and
282 290 small INDELs. The average SNP frequency was
one per 293 bp, with 197 025 (9.6%) located within the cod-
ing sequence in the predicted gene models (Table S6).
Wild accessions had a large number of private SNPs com-
pared with modern accessions and landraces, as expected
if a major bottleneck was experienced during domestica-
tion. The identification of 722 581 SNPs (35.5% of the total)
that were exclusive to the wild individuals (Figure 2a) sug-
gests that wild populations of P. avium are a very rich
source of genetic variability that could be used for the
genetic improvement of the cultivated varieties. Another
distinctive feature observed in wild individuals in compar-
ison with domesticated ones was a higher proportion of
the genome in the heterozygous state (Figures S3-Sb).
Using SNP information, we explored the genetic structure
of the resequenced samples with the principal coordinates
analysis. Modern varieties and landraces were not sepa-
rated by the two first coordinates (explaining about 25% of
the total variance) but formed a unique heterogeneous
group (Figure 2b). On the other hand, wild samples were
far apart from both modern varieties and landraces and
were separated in four groups reflecting their geographical
origin. Wild individuals sampled in France (5-436 and
9-465) are the most closely related to the modern/landrace
group and, in fact, admixture analysis revealed gene flow
from these samples to landraces (Figure S6). On the other
hand, wild samples collected in Georgia (Douc_4-2,
Kwar_13-2, Maia_1-3) and Greece (Hayntoul, Katafito1)
formed two well-distinct groups separated on both coordi-
nates.

To obtain a more accurate estimation of population
genetics parameters, we resequenced at low-coverage 74
additional P. avium accessions (25 modern varieties, 24
landraces and 25 wild individuals) (Table S7). The average
nucleotide diversity (n) was significantly higher in wild
plants (3.1 x 1073) than in both modern (2.0 x 10~%) and
landrace ones (2.2 x 107%) (Figure 3a), suggesting the
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Figure 1. Analysis of satellite DNA content.
(a) GC content distribution in P. avium and P. persica real and simulated reads.

(b) Distribution of the percentage of satellite reads calculated in P. avium and P. persica samples. One-sided Wilcoxon rank-sum test P = 6.5e-07.

Figure 2. (a) Venn diagram showing the number of (a)
single nucleotide polymorphisms (SNPs) shared or
not shared between the three domestication cate-
gories. Numbers of SNPs shared are indicated at 722581
the intersections of the circles in the Venn diagram.
(b) Principal components analysis of the SNP data.
Percentage of variance explained by the two first
components is reported in brackets.
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occurrence of a severe bottleneck during early domestica-
tion and a minor one during later stages of breeding. The
presence of two successive bottlenecks is more evident
when looking at genome-wide data for Tajima’s D that was
higher in modern varieties (0.49), intermediate in landraces
(0.16) and lower and close to zero (—0.03) in wild plants
(Figure 3b). As expected, based on the severity of the suc-
cessive bottlenecks, genome-wide linkage disequilibrium
(LD) was higher in domesticated samples compared with
wild ones (Figure 3c), and high genetic differentiation (Fst)
between wild and domesticated cherries was observed
(Figure 3d). The same pattern of nucleotide diversity and
Tajima’s D was observed at the individual chromosome
level, with some notable exceptions, such as chromosome
3, in which the Tajima’s D values are very similar in the
three categories (Figure S7 and Table S8). The distribution
of LD along the single chromosomes (Figure S8) also
reflects the genome-wide pattern, with modern accessions
and landraces generally having higher LD than wild acces-
sions.

In addition to SNPs, we also analyzed large (>1 kb) struc-
tural variants (SVs). We detected 1269 deletions and 8223
insertions with respect to the reference sequence, covering
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PC1 (14.28%)

2.9 and 19.9 Mb of genomic sequence respectively. The
number of SVs detected in each sample is in line with what
was observed for SNPs: it ranged from 2309 in the modern
variety “Summit” to 3331 in the wild sample Hayntou1
(Table S5). Many insertions (77.6%) appear to be due to
the movement of class | retroelements (Table S9) and, in
agreement to what was observed in other plant species
such as poplar (Pinosio et al., 2016) and melon (Sansev-
erino et al., 2015), long terminal repeat Gypsy were the
most active elements.

We searched the set of identified SNPs for variants likely
to have functional consequences and we discovered in
3211 genes that 4069 SNPs and 405 small INDELs intro-
duced premature stop codons, extended the open reading
frame or affected splice sites of predicted genes. As
expected, most of the deleterious SNPs were detected at
low frequency and showed a negative Tajima’s D (Fig-
ure 4). In total, 24 276 non-synonymous SNPs affecting
11 217 different genes were predicted in silico to have a
deleterious effect. Considering that homozygous variants
probably have a functional effect, we analyzed the fre-
quency of homozygous non-synonymous and deleterious
mutations in the different domestication categories and we
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Figure 3. (a) Distribution of nucleotide diversity (r), (b) Tajima’s D and (c) linkage disequilibrium () measured at a genome-wide level in the three domestica-

tion categories (M, modern; L, landrace and W, wild).

(d) Distribution of the population divergence (Fst) measured by comparing modern varieties with wild plants (MW), landraces with wild plants (LW) and modern

varieties with landraces.

(e) Distribution of the number of homozygous non-synonymous mutations divided by the number of homozygous synonymous mutations, and (f) distribution
of the number of homozygous non-synonymous deleterious mutations divided by the number of homozygous neutral non-synonymous mutations in the three
domestication categories. Six measures were significantly different when comparing both modern varieties and landraces to wild individuals (one-sided Wil-

coxon rank-sum test domesticated versus wild: P-value < 0.01).

observed an enrichment of both types of variants in
modern varieties and in landraces when compared with
wild plants (Figure 3e,f).

Local signatures of domestication in Prunus avium

We exploited the reduction of diversity (ROD) signature
and a cross-population composite likelihood ratio test (XP-
CLR) (Chen et al., 2010) to identify selection events that
took place in relation to domestication (i.e. “domestica-
tion” sweeps) and those related to the modern breeding
efforts (i.e. “breeding” sweeps). In total, we identified 11
putative domestication sweeps, encompassing 11.0 Mb of
the P. avium genome, and five breeding sweeps, covering
2.4 Mb. Putative sweeps are highlighted in Figure 5 and
listed in Tables S10 and S11. Notably, we observed that
three breeding sweeps overlapped with domestication
sweeps, suggesting that a subset of genomic regions sub-
jected to selection during domestication may have under-
gone a successive round of artificial selection during
recent breeding programs. XP-CLR scores were generally
lower in domestication sweeps with respect to breeding
sweeps (Figure S9). Three domestication sweeps stand out
for their large size and strong signal (myiia/Tdomesticated > 4):
one is located at the beginning of chromosome 1, one in
the second arm of chromosome 2 and the third in the mid-
dle of chromosome 4. These sweeps are all confirmed by
high levels of population divergence between domesticated

and wild samples (Figure S10). The domestication sweep
on chromosome 2 is the one with the strongest signal (i 14/
Tdomesticated = 4.9). In this region, we also observed an
increase of LD in landraces and a less pronounced increase
of LD in modern varieties while LD levels in wild plants are
comparable with the rest of the genome (Figure S8). Further
to the domestication sweep located on chromosome 4, we
observed a general increase of LD levels and negative val-
ues of Tajima’'s D in both modern varieties and landraces
(Figures S7 and S8), as expected in case of positive selec-
tion for one allele affecting a desired trait. The breeding
sweep with the strongest signal (mjandrace/Tmodern = 2.4) is
located at the beginning of chromosome 2 and overlaps
with a domestication sweep.

We searched for functional CGs in the putative domesti-
cation sweeps, by looking for genes whose function may
be modified by a mutation specifically detected only in
wild or domesticated plants (Table S12). Of the 34 func-
tional CGs identified, the majority (32) were affected by
deleterious mutations detected only in wild plants and thus
classified as gain-of-function mutations in domesticated
ones. In fact, in the present study, genes affected by loss-
of-function mutations are difficult to detect because our
reference genome was built from a modern variety that
underwent selection and thus genes inactivated by loss-of-
function mutations may not have been predicted. In addi-
tion, using the identity by descent information, we
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Figure 4. Allele frequency spectrum. Single nucleo- 0.6
tide polymorphism (SNP)-derived allele frequency
and Tajima’s D (inner plot) calculated at non-syn-
onymous loci (stop gain/loss, deleterious, splicing),
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detected 33 tag CGs (Table S13), of which 26 were linked
to gain-of-function tag SNPs. Moreover, we identified 41
genes that have been reported as CGs of domestication in
previous studies and thus were selected as literature CGs
(Table S14).

DISCUSSION

With the aim of identifying genome-wide signatures of
domestication in sweet cherry, we report here the de novo
assembly of the P. avium cultivar “Big Star*” and an
extensive analysis of genetic diversity across wild plants,
landraces and modern accessions. Analysis of the assem-
bly revealed that the difference in genome size between
P. avium (338 Mbp) and P. persica (265 Mb) could be lar-
gely due to a massive amplification of satDNA that
occurred in P. avium. This hypothesis is also supported by
the fact that we observed high consistency between both
gene metrics and TE-related repeats content between the
two species. Genome-size differences between related spe-
cies due to differences in satDNA content have already
been reported for other plant species (Ambrozova et al.,
2011; Emadzade et al., 2014). The small fraction of recon-
structed satDNA in the “Big Star*” genome was often
localized in centromeric regions of the assembly
(Figure S11). In plants, centromere expansion due to satel-
lite amplification mediated by segmental duplication has
already been reported (Ma and Jackson, 2006). The func-
tional role of satDNA expansion is not completely under-
stood; however, its relevant structural role in vital
functions, such as segregation or preservation of the
genetic material is recently emerging (Garrido-Ramos,
2017).

Genome-wide analysis of the genetic diversity showed
that the domestication of sweet cherry was accompanied
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by two distinct and successive bottlenecks that led to a
decrease in nucleotide diversity across the whole genome,
a severe bottleneck during early domestication leading to
the so-called landraces and a minor one in later stages of
breeding, leading to the currently commercialized modern
cultivars. A similar pattern has been recently reported for
the related species P. persica where a strong loss of
genetic diversity was observed during the domestication
process from wild progenitors (1 =35 x 1073 to lan-
draces (1 = 1.2 x 107%) and a weaker loss of genetic varia-
tion was observed during peach improvement from
landraces to modern cultivars (= 1.0 x 1073) (Li et al.,
2019). However, in cherry the loss of variation in domesti-
cated samples was less marked compared with peach,
where about two-thirds of the genetic diversity have been
lost (Li et al., 2019) suggesting the bottleneck that occurred
in peach was stronger. The presence of two successive
bottlenecks is confirmed by the analysis of genome-wide
Tajima’s D values: a highly positive Tajima’s D in modern
varieties is in accordance with a very recent bottleneck, a
lower but still positive D value for landraces is in accor-
dance with a less recent bottleneck (partial recovery with
population expansion) while the wild samples appear at
equilibrium. LD levels increased in domesticated samples
in comparison with wild ones, presumably because of the
successive bottlenecks. The observed levels of nucleotide
diversity, Tajima's D and LD can be explained by a
decrease in population size occurring during domestication
(Tajima, 1989; Arunyawat et al., 2012).

The analysis of SVs, which in plants are largely due to
TE movement (Lisch, 2013), revealed that, as already
observed in maize (Vitte et al., 2014) and in grape (Zhou
et al., 2019), domestication and breeding bottlenecks do
not appear to have coincided with an increase in
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Figure 5. Nucleotide diversity distribution along the eight cherry pseudomolecules in three domestication categories. Domestication sweeps are highlighted in
light blue, while breeding sweeps are highlighted in pink.
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transposon activity given the progressive decrease in SV
number as we go from wild to landrace and to modern
accessions. This is in contrast with other examples, where
recent amplification of TEs following domestication has
been observed (Naito et al., 2006).

An expected additional consequence of the bottlenecks
experienced during the domestication process is an enrich-
ment in deleterious mutations in domesticated with
respect to wild plants, as already reported in sunflower
(Renaut and Rieseberg, 2015) and grape (Zhou et al., 2017).
In natural populations, deleterious mutations are purged
by negative selection and are expected to be held at low
frequencies. During domestication, this mechanism is
impaired and deleterious mutations may rise in frequency.
Although domesticated samples showed a general reduc-
tion of genetic variability due to artificial selection, the
observed enrichment of homozygous non-synonymous
and more specifically deleterious mutations in modern
varieties and in landraces when compared with wild plants
could be the result of relaxed selection constraints during
domestication.

Artificial selection for desired traits is supposed to lead
to an extreme reduction of genetic diversity in specific
regions because of selective sweeps around the selected
loci (Gaut et al., 2018). The size of the affected region and
the extent of diversity reduction may depend on the mode
of reproduction of the species, on the number of sexual
generations that have occurred after the selection events
and on the mode of action of the selected allele (recessive
versus dominant). Selective sweeps can alter the allele fre-
quency spectra of SNPs located in the proximity of
selected alleles and cause a distorted pattern of genetic
variation (Chen et al., 2010).

We detected 11 putative domestication sweeps and five
breeding sweeps, encompassing, in total, 13.4 Mbp, which
may be due to selection for domestication and breeding-
related traits respectively. The levels of nucleotide diversity
estimated along the genome in modern varieties were
highly concordant with those obtained in seven recently
sequenced Japanese varieties (Shirasawa et al., 2017) (Fig-
ure S12), suggesting that most of the regions under selec-
tion are shared between the two datasets. By comparing
the putative sweeps with those reported in a recent work
in the related species, P. persica (Li et al, 2019), we
observed that six domestication sweeps are overlapping
with those identified in peach, suggesting that genomics
regions under selection are partially shared between the
two species (Tables S10 and S11) and indicating that artifi-
cial selection during domestication may have acted inde-
pendently on the same regions and genes in the two
species. The most notable peaks of loss of diversity based
on size and strength of signal were detected in chromo-
somes 1, 2 and 4. These regions are enriched in genes
affecting traits of agricultural interest such as fruit size,
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fruit firmness and flowering time. The region of chromosome
2, which has the strongest signal, is a well-known QTL hot-
spot of P. avium (Cai et al., 2017), which contains fruit size,
fruit firmness and fruit sweetness QTLs (Zhang et al., 2010;
Rosyara et al., 2013; Campoy et al., 2015; Cai et al., 2017),
as well as a QTLs for flowering time (Castede et al., 2014)
and a candidate fruit size gene associated with domestica-
tion (De Franceschi et al., 2013). The region on chromo-
some 4 has previously been identified as a QTL for fruit
firmness and an expansin gene has been proposed as the
most promising CG of the region (Cai et al., 2019). In addi-
tion, in the corresponding region of the peach genome, a
previous work reported the presence of two distinct
domestication sweeps and a QTL associated with fruit size
(Li et al., 2019). In the region on chromosome 2 where the
strongest breeding sweep was detected, a domestication
sweep was also observed and we observed a progressive
reduction of the nucleotide diversity from wild plants to
modern varieties. In addition, modern varieties exhibit a
negative Tajima’s D in this region, confirming the presence
of a recent selective sweep due to artificial selection.

Among the CGs we identified based on different criteria,
we found the most interesting candidates among those
selected as literature CGs (Table S14). Among them,
PAV_9578900030 is of particular interest because it has
already been reported as CG involved in fruit ripening, and
plant growth and development in three different studies
(Pirona et al., 2013; Alkio et al., 2014; Cai et al., 2019), and
the orthologous peach gene (ppa007577m) is located
within a major QTL controlling maturity date (Pirona et al.,
2013). It codes for a NAC domain-containing protein. In
plants, NACs form one of the largest families of transcrip-
tion factors playing vital roles in plant growth regulation
and development processes, including abiotic stress
responses (Shao et al., 2015). This gene is located in the
large domestication sweep detected on chromosome 4,
just in correspondence to a negative Tajima’s D peak.
Interestingly, this gene showed very high levels of expres-
sion in the fruit tissue of the modern variety “Big Star*”
(Table S14). Another literature CG (PAV_7792g00050) is
located at the beginning of the large domestication sweep
located on chromosome 1. This gene encodes for a pectate
lyase involved in cell wall modification processes and in
the determination of fruit texture (Ogundiwin et al., 2009;
Alkio et al., 2014). In the large domestication sweep on
chromosome 2, we detected five different literature CGs
putatively involved in flowering and cell wall modification
processes. In breeding sweeps, we detected six literature
CGs, five of which overlap with those detected in domesti-
cation sweeps. One of them (PAV_9514g00020) is located
in the largest breeding sweep (chr2:1 255 146-2 454 826)
and encodes for carotenoid cleavage dioxygenases
involved in the determination of fruit texture (Ogundiwin
et al., 2009).
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The CGs we identified by leveraging the novel information
on gene sequence and function obtained in the present
study and information retrieved in public repositories rep-
resent likely targets of the domestication process. They
deserve further investigation in light of a possible genetic
improvement program for sweet cherry.

EXPERIMENTAL PROCEDURES
Study samples

The sweet cherry variety “Big Star*” was selected for de novo
genome assembly and gene annotation. This variety was
obtained by self-crossing of the variety “Lapins” under a
broader P. avium breeding program (Sansavini et al., 1998) and
is therefore expected to exhibit high levels of homozygosity.
The analysis of P. avium diversity was performed, in total, on 98
P. avium individuals belonging to three distinct categories based
on their domestication history: modern varieties, landraces and
wild plants. In total, 22 samples (eight modern, six landraces
and eight wild accessions) were sequenced at high coverage
(>20x) and underwent extensive investigation; here they will be
referred to as “high-coverage” in subsequent sections
(Table S5). Half of the high-coverage wild samples were col-
lected in the Caucasus, i.e. the center of origin of the species.
The remaining 74 samples (25 modern 24 landraces and 25 wild)
were sequenced at lower coverage (approximately 3-4x) and
will be referred to as “low-coverage” (Table S7). Low-coverage
samples belonging to each of the three categories were ana-
lyzed together as a single pool to estimate nucleotide diversity
and Tajima’s D.

DNA extraction, library preparation and sequencing

For DNA sequencing, leaves were ground in liquid nitrogen and
high-molecular-weight genomic DNA was extracted from nuclei as
previously described (Zhang et al, 1995). The protocol was
improved with the addition of polyvinylpyrrolidone both in the
wash (5%) and in the lysis (2%) buffers. For gene prediction, total
RNA was extracted from four different tissues of the variety “Big
Star*” (flowers, leaves, fruit and wood) using the Spectrum Plant
Total RNA kit (Sigma, St. Louis, MO, USA) following the manufac-
turer’s protocol.

For de novo genome assembly, six different lllumina libraries
were generated: three standard paired-end libraries with differ-
ent read lengths and insert sizes, one overlapping paired-end
library 2x 300 bp with a mean insert size of about 350 bp and
two different mate-pair libraries with different read lengths and
insert sizes (Table S1). DNA libraries of “Big Star*” and high-
coverage samples were prepared using lllumina reagents,
according to the manufacturer’s specifications (lllumina Inc., San
Diego, CA, USA). DNA libraries of low-coverage samples were
generated using the ThruPLEX® DNA-seq Kit, according to the
manufacturer’s specifications (Rubicon Genomics, Ann Arbor,
MI, USA). RNA-seq libraries were generated using the TruSeq
RNA-Seq Sample Prep kit according to the manufacturer’s proto-
col (lllumina Inc.). Sequencing was performed at the Istituto di
Genomica Applicata (IGA, Udine, ltaly) facilities using either
HiSeq2000 or MiSeq platforms from lllumina Inc. Images from
the instruments were processed using the manufacturer’s pipe-
line software to generate FAsTa sequence files. Fasta files are
available at the sra (Sequence Read Archive) database under the
accession no. PRINA419491.

Genome de novo assembly and construction of
chromosome pseudomolecules

Adaptor sequences and low-quality 3' ends were removed from
DNA short reads using, respectively, cutapApt (Martin, 2011) and
erNE-FILTER (Del Fabbro et al., 2013). After trimming, only pairs with
both reads longer than 50 bp were retained. The genome was
assembled using ALLPATHs-LG (version 50900), a de novo assembler
based on a de Bruijn graph algorithm (Gnerre et al., 2011), using
the following parameters: HAPLOIDIFY = True, CLOSE_UNIPATH_
GAPS = False. The k-mer Analysis Toolkit v1.0 (Mapleson et al.,
2016) was employed to assess the completeness of the P. avium
assembly by comparing the k-mer spectra of the assembly with
that obtained from the short reads. k-mer hash files were created
with jellyfish (Marcais and Kingsford, 2011), using a k value of 19
and used as input for the KAT comp utility (see Data S1 for
details). In addition, completeness of the assembly was assessed
using Busco v3.0.2 (Simao et al., 2015). Busco was run on a set of
1440 single-copy ortholog genes included in the “Plants set” with
default parameters.

Duplicated regions in the cherry genome and orthologous
regions among species were analyzed using DAGCHAINER (Haas
et al., 2004) with default parameters. Comparative plots were gen-
erated using circos (Krzywinski et al., 2009). Pseudomolecules, as
bona fide reconstruction of chromosome sequences for P. avium,
were obtained using the P. persica v2.0 reference genome (Verde
et al., 2013; Verde et al., 2017) as the synteny proxy. To this scope,
an ad-hoc pipeline was developed to find placement of P. avium
scaffolds on P. persica genomic coordinates. A Bam file of contig
alignments was produced with penom software (http://mtweb.cs.uc
l.ac.uk/mus/www/19genomes/IMR-DENOM/#DENOM). Contiguous
blocks of scaffold alignment were retrieved by parsing contig
alignments along with the scaffolding table using a custom
python script (see Data S1 for details). The genome sequence has
been submitted to the NCBI Genome database (PRJNA419491).

Gene prediction and annotation

Gene prediction was performed using different approaches includ-
ing RNA-seq data, the alignment at both protein and nucleotide
level and de novo prediction. In total, four RNA-seq libraries from
different tissues (flowers, leaves, fruit and wood) sequenced for
the present study, 24 lllumina libraries retrieved from the Short
Read Archive (SRP011083), and four Roche (https://www.roche.
com/) 454 libraries (SRP020000) were used for gene prediction.
Ilumina RNA-seq reads were aligned on the masked reference
genome using TopHAT (Trapnell et al., 2009) v2.0.6 setting the
option -b2-sensitive. Genome-guided transcript reconstruction
was performed using currLinks v2.2.1 (Trapnell et al., 2010) with
default options. Transcripts were reconstructed independently for
each sample and then merged into a reference transcriptome
using Cuffmerge from the currLinks software suite. The recon-
structed transcripts and the 454 sequences were further assem-
bled using pasa (Haas et al, 2008), an eukaryotic genome
annotation tool that exploits spliced alignments of expressed tran-
script sequences to model gene structures automatically. Nucleo-
tide and protein sequences belonging to the genus Prunus were
downloaded from NCBI and aligned to the reference genome
using ExoneraTe (https://www.ebi.ac.uk/about/vertebrate-genomics/
software/exonerate). Highly stringent criteria were used to filter
the alignments: 30% identity and 70% alignment coverage at pro-
tein level, and 50% identity and 70% alignment coverage at
nucleotide level. The Ab-initio gene prediction was performed
using three different programs: augustus (Stanke et al., 2006), sNaP
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(Korf, 2004) and ceneib (Parra et al., 2000) using Arabidopsis
thaliana as the training gene model. Previously collected evidence
was combined using EVIDENCEMODELER (Haas et al., 2008) to obtain the
final gene model. To remove false positives and low-quality predic-
tions, genes coding for proteins <150 amino acids were aligned
against the non-redundant database using an E-value threshold of
1075, Proteins for which no hit was obtained were discarded.
Finally, the gene models were processed with pasa to predict
alternative spliced isoforms and to add the untranslated regions.

The functional annotation of P. avium predicted genes was per-
formed using a similarity search against the non-redundant pro-
tein database (NCBI) using Blastp (Altschul et al., 1997) using an
E-value threshold of 107°. INTErPROSCANS (Jones et al., 2014) was
employed to search against different databases (PrRosITE patterns,
PRINTS, PFAM, PRODOM, SMART, TIGRFAM and PANTHER) to identify con-
served protein domains and functional annotation. Gene Ontology
and KEGG annotations were performed using BLast2GO 2.6.0
(Conesa and Gotz, 2008).

Repeat content in Prunus avium genome

REPEATSCOUT (Price et al., 2005) was used to perform de-novo identi-
fication of repeats in the P. avium assembly. A threshold was set
to remove any repeats present in <20 copies. The putative repeats
were then characterized using the following analysis steps.

i Sequences were searched using tBlastX (Altschul et al., 1997)
against the RepBase database (Bao et al, 2015) with an E-
value significance threshold of 107°.

i Sequences that did not provide significant hits in the previous
step were searched using tBlastX against the nr division of
the GenBank database (Clark et al., 2016). This step allowed
to characterize as TEs additional sequences and to identify
plastidial contaminants as well as sequences sharing similar-
ity with coding regions not related to TE. These were
removed as they were considered members of gene families
and/or pseudogenes.

The remaining sequences were analyzed using the software
TANDEM REPEATS FINDER (Benson, 1999) to identify tandemly
arranged satellite sequences.

The obtained P. avium library was concatenated with the
PRUNUS_PERSICA_TEV2.0 one (Verde et al., 2017) for, in total, 6391
sequences. Sequences <100 bp were considered scarcely informa-
tive for repeat searches aimed at evaluating the repeat abundance
and were removed. The remaining 6245 putative repeats were
clustered based on their similarity using the tool cp-HiT-EsT (Fu
et al., 2012), collapsing all those sharing at least 80% similarity,
and obtaining a library containing 4362 entries. To estimate the
abundance of TE-related sequences in P. avium genome, the
library was used to screen the assembly using the program REPEAT-
MASKER (www.repeatmasker.org) with default parameters.

GC content and satellite DNA analysis

GC content statistics were computed on real and simulated short
read datasets of P. avium and P. persica samples using FastQC
(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc). The analy-
sis on real P. avium data was performed on a subset of four mil-
lion reads randomly selected from the different available libraries
to mitigate possible library-specific biases. The analysis on real
P. persica data was performed on a subset of four million reads
randomly selected from a dataset of the peach sample “Lovell”
(Clone PLov2-2N), retrieved from the Short Read Archive
(SRX150254). The analysis on simulated data for both P. avium
and P. persica was performed using a set of four million 100 bp
long single-end reads simulated, respectively, from the
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“Big Star*” de novo assembly and the P. persica v2.0 reference
genome (Verde et al., 2017) using wgsim (https://github.com/Ih3/
wgsim) with default parameters.

To estimate the abundance of satDNA in P. avium and P. per-
sica genomes, real and simulated reads of the two species were
used as a query for a BLasTN (Altschul et al., 1997) search against
species-specific satellite sequences (accession nos AJ011795.1
and AF461123.1 for P. avium and accession no. X82222.1 for
P. persica) using an E-value threshold of 107%. The two P. avium
satDNAs have the same repeat unit length (166 bp) and a
sequence identity of 91% and thus probably originated from the
expansion of the same satellite element. To localize the satDNA in
the P. avium genome, the two P. avium satellite sequences
AJ011795.1 and AF461123.1 were used as a query for a BLASTN
(Altschul et al, 1997) search against the assembly using an E-
value threshold of 1075, The dataset used for the estimation of
satDNA in short reads was composed by the high-coverage P. av-
ium samples, seven additional P. avium Japanese varieties (Shira-
sawa et al., 2017) and 11 P. persica accessions (Verde et al., 2013).
The difference in satDNA content between P. avium and P. persica
was tested using the non-parametric Wilcoxon rank-sum test.

Short read mapping and variants detection

Adaptor sequences and low-quality 3' ends were removed from
both DNA and RNA short reads using, respectively, cutapapt (Mar-
tin, 2011) and erne-FiLTER (Del Fabbro et al, 2013) with default
parameters. After trimming, pairs with both reads >50 bp were
aligned to the P. avium genome using the short read aligner Bwa
(Li and Durbin, 2009) with default parameters. After alignment,
duplicated sequences were removed using the savtooLs rmdup
utility (Li et al., 2009). The mean individual coverage for each indi-
vidual was calculated by dividing the total number of uniquely
aligned bases by the number of genomic positions covered by at
least one read.

High-coverage samples were used to obtain a set of high-qual-
ity SNPs. SNP calling was performed using the software package
catk version 3.3-0 (McKenna et al, 2010). The catk utilities
RealignerTargetCreator and IndelRealigner were used to define
the intervals in the proximity of indels and to perform the local
realignment of reads spanning small indels respectively. Then,
UnifiedGenotyper was used to call SNPs in each resequenced
sample. Nucleotide differences called by catk were classified as
SNPs if: (i) the position had a coverage ranging between 0.5 and
2.5 times the modal coverage of the sample, (ii) the Phred-scaled
quality score was >50, (iii) the variant allele was present in at least
25% of the reads in each sample, and (iv) the SNP position was
informative (i.e. had adequate coverage and quality) in at least
half of the high-coverage samples.

Low-coverage samples were analyzed to improve frequency
estimation of SNPs detected in high-coverage samples. To this
aim, the alignment BAM files of the low-coverage samples
belonging to each of the three domestication categories were
joined using the samTooLs merge utility (Li et al., 2009) and poly-
morphic positions were called in each pool using the software
package catk (McKenna et al., 2010). For each SNP detected in
high-coverage samples, its frequency was calculated as a
weighted average of the frequency obtained in high- and low-cov-
erage samples for each of the three categories (modern, landrace
and wild).

The detection of SVs was performed in high-coverage samples.
The detection of deletions was performed by combining the
results of the two SV detection tools DELLY (Rausch et al., 2012)
and GASV (Sindi et al., 2009) as previously described (Pinosio
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et al., 2016). Insertions of TEs were detected exploiting the
information carried by read pairs spanning the insertion site as
previously described (Pinosio et al., 2016).

Functional annotation of mutations

To predict their effect on protein sequence, SNPs and small
INDELs were functionally annotated using AnnovArR (Wang et al.,
2010). SNPs were classified as “non-coding,” “coding synony-
mous,” “coding non-synonymous” and “nonsense” (determining
a premature STOP codon or a STOP loss), while small INDELs
were classified as “non-frameshift,” “frameshift” and “nonsense.”
Non-synonymous SNPs were further categorized as “neutral” or
“deleterious” using ProveaN v.1.1.5 (Choi et al., 2012). To perform
this analysis accurately, the ancestral allele corresponding to non-
synonymous SNPs was determined using peach as the outgroup
(see Data S1 for details). A protein sequence homologs search
was performed against the Viridiplantae section (Taxid: 33090) of
the NCBI nr database. Non-synonymous SNPs having a PROVEAN
score below —2.5 were classified as deleterious.

Population genetics statistics

Principal components analysis of the high-coverage samples was
performed using the r package sNPRELATE (Zheng et al., 2012). To
compute genetic parameters on a whole-genome scale, polymor-
phic sites were analyzed in windows of variable size, containing
200 kb of sequence not annotated as repeats. Nucleotide diversity
(n) was calculated in these windows for each of the three cate-
gories (wild, landrace and modern) and for all the domesticated
plants together (i.e. landraces and modern varieties). For each
window, n was computed as the expected heterozygosity per
locus (H) divided by the average number of genotyped positions
in the window in high-coverage samples. H was calculated as fol-
lows

~ n k 2
H:n—1 1—;p,-

where n is the total number of chromosomes in the category, k is
the number of alleles and p; is the frequency of the i-th allele. Taji-
ma’s D and population divergence (Fst) were calculated for each
category using the neutrality.stats method included in the r pack-
age PopGenome (Pfeifer et al., 2014) on the high-quality set of
SNPs detected in high-coverage samples.

LD was computed as the average pairwise * in 100 kb windows
using the Rr function LD of the genetics package (http://cran.uvi
go.es/web/packages/genetics/). Differences in =, Tajima’s D, Fst
and * between domesticated and wild plants were tested using
the non-parametric Wilcoxon rank-sum test.

Identification of selection sweeps and domestication
candidate genes

Genomic regions selected by domestication and breeding were
identified using the combination of two approaches: the ROD
signature and an XP-CLR (Chen et al., 2010). To identify “do-
mestication sweeps” in detail, the Tyia/Tgomesticated ratios were
calculated on 200 kb sliding windows (step 25 kb) and the top
5% of the empirical distribution was selected. XP-CLR was run
to compare domesticated and wild samples with the parameter
“-w1 0.00520020001 -p0 0.95” and windows with the top 5%
XP-CLR scores were selected. Finally, regions identified by ROD
signature overlapping for at least 50% with those identified by
XP-CLR were kept as selective sweep regions. The same

approach has been applied to detect “breeding sweeps” by
comparing modern varieties with landraces. We analyzed the
gene content of the selection regions to identify CGs for domes-
tication. The selection of candidates was performed using three
different approaches described in detail in Data S1. Briefly, (i)
“functional CGs” were obtained by searching for mutations that
are specific to a domestication category and that could affect

gene function, (ii) recessive or dominant “tag CGs"” were
selected in proximity to tag SNPs identified using identity by
descent and genotypic information, and (iii) “literature CGs”

were obtained by searching for genes linked to Prunus domesti-
cation in previous studies.

ACCESSION NUMBERS

Genome assembly and the raw sequence data have been
deposited at NCBI BioProject under accession no.
PRJNA419491. All data that support the findings of this
study are also available from the corresponding author
upon request.
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