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SUMMARY

The Great Himalayan Mountains and their foothills are believed to be the place of origin and development of
many plant species. The genetic basis of adaptation to high plateaus is a fascinating topic that is poorly un-
derstood at the population level. We comprehensively collected and sequenced 377 accessions of Prunus
germplasm along altitude gradients ranging from 2,067 to 4,492 m in the Himalayas. We de novo assembled
three high-quality genomes of Tibetan Prunus species. A comparative analysis of Prunus genomes indicated
a remarkable expansion of the SINE retrotransposons occurred in the genomes of Tibetan species. We
observed genetic differentiation between Tibetan peaches from high and low altitudes and that genes asso-
ciated with light stress signaling, especially UV stress signaling, were enriched in the differentiated regions.
By profiling the metabolomes of Tibetan peach fruit, we determined 379 metabolites had significant genetic
correlations with altitudes and that in particular phenylpropanoids were positively correlated with altitudes.
We identified 62 Tibetan peach-specific SINEs that colocalized with metabolites differentially accumualted in
Tibetan relative to cultivated peach. We demonstrated that two SINEs were inserted in a locus controlling the
accumulation of 3-O-feruloyl quinic acid. SINE1 was specific to Tibetan peach. SINE2 was predominant in
high altitudes and associated with the accumulation of 3-O-feruloyl quinic acid. These genomic and meta-
bolic data for Prunus populations native to the Himalayan region indicate that the expansion of SINE retro-
transposons helped Tibetan Prunus species adapt to the harsh environment of the Himalayan plateau by pro-
moting the accumulation of beneficial metabolites.

INTRODUCTION

The Great Himalayan Mountains and their foothills are believed
to be the centers of origin and genetic diversity for many culti-
vated plant species.* The genetics of adaptation to the extreme
Himalayan climate have been reported for several animal spe-
cies.> " However, for plants, especially perennials, the genetic
basis of adaptation to such conditions is largely unknown. The
low-altitude Himalayas are an optimal agro-climatic zone for
the production of tree species.'®'® Particular primitive Prunus
species were uniquely distributed in this region.'*'®

Prunus L. (Rosaceae) consists of over 200 species that include
economically important fruit crops,'® such as peach (Prunus per-
sica), almond (P. dulcis), plum (P. salicina), apricot (P. armeniaca),
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Mei (P. mume), and sweet cherry (P. avium). Prunus species are
widely distributed in the temperate zone of the Northern Hemi-
sphere and in the subtropical and tropical forests of Asia, Africa,
South America, and Australia.'® Wild peach, plum, apricot, and
Mei (P. mira, P. salicina “Tibet,” P. armeniaca "Tibet,” and
P. mume “Tibet”) were found on the Tibetan Plateau during
long-term field investigations. All cultivated peaches (P. persica
and P. ferganensis) and wild peach species (P. mira,
P. davidiana, P. tangutica, P. mongolica, and P. kansuensis)
belong to the Persica section of the subgenus Amydalus.'”
P. dulcis belongs to the Amygdalus section of the subgenus
Amygdalus.'” Tibetan peach (P. mira) is probably an ancient pro-
genitor of cultivated peach'®'® and is endemic to the middle- to
high-altitude regions of the Himalayas, at approximately 2,000
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to 4,500 m above sea level (a.s.l.).”° The population history and
genetic diversity of Tibetan peach was shaped by the harsh envi-
ronments of the Tibetan Plateau as Tibetan peach colonized the
region and expanded its range.'%?"

Natural selection acting on phenotypes and their plasticity re-
sults in evolution of populations and local adaptation.’?*
Increasing evidence has demonstrated that altitudinal gradients
are an informative environmental factor that can be used to
investigate responses of plants to high-altitude climates.?* For
instance, populations of Arabidopsis thaliana native to different
altitudes in the western Himalayas respond differently to com-
mon garden environments.”®> A comparison of the genomes
from two Eutrema species, one high-altitude species from the
eastern Qinghai-Tibet Plateau and the other from the lowlands,
indicated that genes related to reproduction, DNA damage
repair, and cold tolerance were specifically duplicated in the
high-altitude species.?® Recent work on Tibetan semi-wild wheat
indicated that high-altitude environments can trigger the exten-
sive reshaping of its genome.?’

Plants have evolved multiple metabolic pathways that play vi-
tal roles in their responses to abiotic stress, such as light®® and
low temperature stress.”® A metabolite-based genome-wide as-
sociation study of gingke, a domesticated Tibetan highland
barley, demonstrated that various phenylpropanoids were co-
selected with particular varieties that are more tolerant to UV-B
stress.®° These findings provide evidence for the metabolic basis
of the response to intense light in this species. Physiological and
metabolomic studies of alpine plants have also demonstrated
that adaptation strategies for survival at high altitudes involve
changes in hormone synthesis and signal transduction in Pedl-
cularis punctata and Plantago major in the Himalayan region®'
and in Herpetospermum pedunculosum® and Potentilla saun-
dersiana®® in the northwestern Tibetan Plateau.

The expansion of transposable elements (TEs) was reported to
drive ecological adaptation.>**® For example, the proliferation of
BARE-1 retrotransposons in wild barley grown in dry environments
was correlated with an increase in genome size.*° In apple, a major
burst of retrotransposon activity that occurred approximately 21.0
million years ago (Mya) coincided with the uplift of the Tianshan
Mountains, which is the postulated center of origin of apples.®’
In Crucihimalaya himalaica, a close relative of Arabidopsis that is
ecologically adapted to high altitudes, LTR retrotransposons
proliferated shortly after the dramatic uplift of the Himalayas that
led to climatic change from the Late Pliocene to the Pleistocene.*®

The genetic basis of the adaptation of the Tibetan peach and
Prunus species to the harsh environment of the Himalayas has
remained unexplored. In this study, we generated chromo-
some-scale genomes of the Tibetan Prunus species. Addition-
ally, we performed a comparative genomics and population
analysis of Tibetan peach accessions from a continuous series
of altitudes to investigate the genetic and metabolic basis under-
pinning the adaptation to high altitudes for Tibetan peach.

RESULTS

Collection of Prunus germplasm and survey of their
habitual environments on the Tibetan Plateau

From 2017 to 2019, we conducted a survey of Tibetan Prunus
germplasm around the Himalayan region, including Lhasa
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(3,567-4,492 m a.s.l.), Nyingchi (2,118-3,494 m a.s.l), Xigaz
(3,006-3,806 m a.s.l.), and Shannan (2,744-4,033 m a.s.l.) (Fig-
ure S1; Data S1A). A total of 377 Prunus accessions that included
346 peach accessions (299 P. mira, 44 P. persica, 2
P. ferganensis, and 1 P. davidiana), 22 P. avium accessions, 7
P. armeniaca “Tibet” accessions, 1 P. mume “Tibet” accession,
and 1 P. salicina “Tibet” accession were collected in this study
(Figure S2; Data S1A, S2, and S3). The locations of the sampling
sites in Tibet are shown in Figure 1A (Data S1A).

To analyze environmental characteristics at different altitudes
in the Himalayan region, data on 76 meteorological variables,
including sunshine, temperature, humidity, and atmospheric
pressure-related variables, were collected from different alti-
tudes. The intensity of sunlight was positively correlated with alti-
tude. Atmospheric pressure, temperature, and humidity were
negatively correlated with altitude. In regions located between
4,000 m and 4,800 m a.s.l., the annual duration of sunshine
was as high as 2,900 h (Data S1B). In contrast, in regions located
between 2,300 m and 3,000 m a.s.l., the annual duration of sun-
shine was 1,727 h (Data S1B), which is significantly less.

Pan-genome of Prunus

Three high-quality genomes of Tibetan Prunus species were de
novo assembled. Tibetan peach (P. mira) is the highest quality
genome among the currently available Prunus genomes, with
seven gaps per chromosome on average and thus serves as a
reference genome for Prunus. The assembled genome of Ti-
betan peach is 242.67 Mb with a contig N50 of 12.14 Mb, ac-
counting for 97% of the estimated genome size (Data S1C and
S1D). We also de novo assembled the genomes of P. mume “Ti-
bet” and P. armeniaca “Tibet,” with assembly sizes of 241.72 Mb
and 266.25 Mb, respectively, and contig N50 of 3.35 Mb and
1.75 Mb, respectively (Data S1C). We annotated 27,270,
31,116, and 28,973 gene models for P. mira, P. mume “Tibet,”
and P. armeniaca “Tibet,” respectively (Data S1C).

Seven published high-quality genomes of Prunus species,
including two cultivated peaches (P. persica®® and
P. ferganensis®'), a species closely related to peach (P. dulcis
var. Texas"%), plum (P. salicina var. Zhongli No. 6; https://www.
rosaceae.org/Analysis/9019655), Mei (P. mume®*'), apricot
(P. armeniaca™?), and cherry (P. avium™®) were selected as repre-
sentatives of non-Tibetan Prunus species. Three genome as-
semblies from this study (P. mira, P. mume “Tibet” and
P. armeniaca “Tibet”) and genotype information from
P. salicina “Tibet” based on DNA sequencing were used as rep-
resentatives of Tibetan Prunus species. In addition, two repre-
sentative Rosaceae species (Fragaria vesca™ and Rubus occi-
dentalis*®) and Vitis vinifera®® were also used. A phylogenetic
tree based on the single-copy genes shared by these species
showed that the wild Tibetan accessions and cultivars of four
Prunus species formed four separate sister pairs, namely
P. mira versus P. persica and P. ferganensis, P. salicina “Tibet”
versus P. salicina, P. armeniaca “Tibet” versus P. armeniaca,
and P. mume “Tibet” versus P. mume (Figure 1B; Data S4). Mo-
lecular dating based on fossils*’™*° showed that the sampled
Prunus species diverged approximately 27.6 Mya (Figure 1B)
and thus the divergence of Prunus species coincided with the
rapid elevation of the Himalayas from 1,000 m to 2,300 m.*°
The peach lineage diverged from almond (P. dulcis) during the
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Miocene (approximately 11.3 Mya; Figure 1B). Cultivated peach
(P. persica) diverged from Tibetan peach (P. mira) approximately
9.2 Mya (Figure 1B).

We performed pan-genome analyses using the above-
mentioned 10 high-quality Prunus genomes. The Prunus pan-
genome that we constructed was 350.95 Mb and contained
29,017 protein-coding genes. A total of 12,239 core gene fam-
ilies shared by ten Prunus genomes were identified (Figure 2A;
Data S1E). The gene families that were absent from at least
one species of peach, plum, Mei, apricot, and cherry were
defined as dispensable gene families (Figure 2A; Data S1E).
The genomes of the Tibetan and cultivated Prunus species
were comparatively analyzed (Figure 2B and S3; Data S1F).
Regarding the presence/absence variation (PAV), we identified
6,434 insertions longer than 50 bp in Tibetan peach relative to
cultivated peach that were 9.33 Mb in length and accounted
for 6.5% of the Tibetan peach genome. We found a total of
199 genes in genomic regions that are specific to the Tibetan
peach (Data S1G and S1H). These genes mainly contribute to
DNA repair, response to DNA damage stimulus, response to
UV-C, and response to fungus. A comparison of DNA methyl-
ation levels in Tibetan peach and cultivated peach indicated
that these genomes contained 5,728 differentially methylated
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Figure 1. Locations and phylogeny of Pru-
nus germplasm collected on the Tibetan
Plateau

(A) Geographic distribution of the Tibetan Prunus
accessions collected in this study. Accessions are
represented with different colored dots that indi-
cate different species categories. The altitudes of
different sites in the region are indicated with
different colors.

(B) Maximum likelihood (ML) tree and estimated
divergence times of the Tibetan and cultivated
Prunus taxa. The ML tree was inferred from a ma-
trix comprising 2,589 shared single-copy genes.
Bootstrap values are indicated along the branches.
The divergence times at the nodes were estimated
using three fossil calibrations indicated with solid
black dots. Median age estimates and 95% highest
posterior densities (Ma) are shown for each node.
Q and P represent the Quaternary Period and the
Pliocene Epoch, respectively. Pictures of the fruits
(from top to bottom) from Tibetan peach, Tibetan
plum, Tibetan apricot, Tibetan Mei, and Tibetan
cherry are shown at the right. See also Figures S1
and S2, Data S1A, S1B, S2, S3, and S4.

P. armeniaca ‘Tibet’

regions (DMRs) and that these DMRs
tended to co-exist with PAVs. The Spear-
man’s rank correlation coefficient be-
tween the number of DMRs and the length
of the PAVs within each one Mb window
was 0.56 (p value = 1.63 x 10729 Fig-
ure 2B; Data S1F). Remarkably, 67.65%
of the sequences that were present in Ti-
betan peach and absent in cultivated
peach were TEs, mainly DNA-EnSpm
(22.85%) and LTR-Gypsy TEs (6.91%;
Data S1l). We found that the proportion
of short interspersed nuclear elements (SINEs) in the P. mira-
specific regions was 0.30% (Data S1l). Conversely, we found a
much lower proportion of SINEs in the P. persica-specific re-
gions (0.01%; Data S1l).

P. mume ‘Tibet’

P. avium

Expansion of SINE retrotransposons in Tibetan Prunus
genomes
We compared the types and contents of TEs found in Tibetan
species to cultivated species because TEs were enriched in re-
gions containing PAVs in these species. We compared three
pairs of species that included peach, Mei, and apricot species.
The SINE-type TE content was remarkably higher in the Tibetan
genomes (0.55%, 0.69%, and 0.42% of the genomes for Tibetan
peach, Tibetan Mei, and Tibetan apricot, respectively) relative to
the corresponding cultivated genomes (0.20%, 0.42%, and
0.06% of the genomes for cultivated peach, Mei, and apricot,
respectively) (Data S1J). In contrast, for other types of TEs, we
did not observe significant differences in the overall content in
Tibetan species relative to the repsective cultivated species
(Data S1J).

Members of the SINE family were classified into canonical
SINEs and noncanonical SINEs based on their conserved do-
mains. Tibetan peach maintained a high content of noncanonical
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Figure 2. Comparative genomic analysis of Prunus species

(A) Numbers of core and dispensable gene families in representative Prunus
species. Peach (P. mira, P. persica, and P. ferganensis), plum (P. salicina), Mei
(P. mume “Tibet” and P. mume), cherry (P. avium), and apricot (P. armeniaca
“Tibet” and P. armeniaca) were used as representative Prunus catagories.
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SINEs (Data S1K). Indeed, the noncanonical SINEs in Tibetan
peach expanded 11.64-fold relative to almond, a species closely
related to peach, and 2.76-fold relative to cultivated peach (Fig-
ure 3A; Data STK-S1M).

The 2,218 noncanonical SINE insertions were unevenly distrib-
uted throughout the Tibetan peach genome (Figure 2B; Data
S1K). There were three hotspots on chromosome 1, chromo-
some 3, and chromosome 6 (Figure 2B; Data S1K). The CG
methylation levels in 2-kb regions that flanked noncanonical
SINEs were substantially decreased in Tibetan peach relative
to cultivated peach (Figure 3B; Data ST1N). We estimated the ef-
fects of noncanonical SINE insertions on gene expression within
10-kb regions and found that there was a dramatic increase in
the expression of genes around 2-kb distance from the insertion
sites of the noncanonical SINEs relative to the other TEs (Fig-
ure 3C; Data S10).

Genetic differentiation of Tibetan peach populations at
high and low altitudes

Atotal of 388 accessions, including 304 Tibetan peaches, 56 culti-
vated peaches, 8 wild peach accessions (2 P. kansuensis, 4
P. davidiana, 1 P. tangutica, and 1 P. mongolica), 15 P. dulcis
and 5 P. ledebouriana accessions, were used in a population ana-
lyses (Data S1A). A total of 21,350,006 SNPs were identified in this
population (Data S1P). A SNP-based phylogenetic tree indicated
an ancient phylogenetic status for Tibetan peaches that is consis-
tent with their wild habitats (Figure 4; Data S5). The cultivated
peach population had 1.55-fold more putative deleterious muta-
tions relative to Tibetan peach (Figures S4A and S4B; Data S1Q).

Based on the principal component analyses (PCAs) of
genome-wide SNPs, the Tibetan peach accessions were divided
into two groups separated by 3,500 m (Figure 5A; Data S1R). A
pool of 66 Tibetan peach accessions collected from relatively
high altitudes (3,800-4,492 m a.s.l.) and a pool of 67 Tibetan
peach accessions collected from relatively low altitudes
(2,067-3,200 m a.s.l.) were used to detect signals associated
with the adaptation to high altitudes (Data S1A).

The levels of genetic divergence between the high- and low-
altitude populations across the genome were uneven (Figure 5B;
Data S1S). We identified genomic regions that were highly diver-
gent at both the single-base level (Fst > 0.18) and the haplotype
level (hapFLK > 1.39; Figure S4C and Data S1S). On the basis of
this pairwise comparison, we concluded that a total of 9.02 Mb of
genomic regions containing 1,368 genes probably contributed to
the adaptation to the high-altitude environment (Data S1T). The
significantly divergent genes were enriched in functions associ-
ated with the regulation of response to stimuli, especially the re-
sponses to light and radiation, signal transduction, pollen-pistil
recognition, stomatal opening, and metabolic processes of ami-
noglycans (Figure 5C; Data S1U). Furthermore, 2.77 Mb of
genomic regions that harbored 394 genes with both significantly
high genetic divergence (Fst > 0.18) and extended haplotype

(B) Landscape of presence/absence variation (PAV) and differential methyl-
ation between Tibetan peach and cultivated peach. The PAV indicates specific
regions that are present in Tibetan peach and absent from cultivated peach.
The lines in the center of the circle indicate pairs of homologous genes
on different chromosomes of Tibetan peach. See also Figure S3 and Data
S1E-S1l.
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Figure 3. SINE expansion in Tibetan peach

(A) Expansion of noncanonical SINEs in Tibetan peach (P. mira) realtive to
almond (P. dulcis) and cultivated peach (P. persica). A ML phylogenetic tree
containing Tibetan peach, cultivated peach, and almond is shown (left).

(B) Distribution of DNA methylation levels in SINE elements in Tibetan and
cultivated peach. Average CG methylation levels were calculated in 10 in-
tervals in the SINE region and in 100 intervals in the regions that were located
10 kb upstream and downstream of the SINE region.

(C) Influence of noncanonical SINEs and other TE insertions on the expression
of nearby genes in Tibetan peach (P. mira) relative to cultivated peach
(P. persica). The 10-kb regions flanking noncanonical SINEs and background
TEs were divided into 50 equally long bins. The data are represented as mean +
SD. See also Data S1K-S10.

homozygosity (XP-EHH > 1.39) were expected to be under pos-
itive selection in the high-altitude population relative to the low-
altitude population (Figure 5B; Data S1V).

Remarkable genotypic divergence was observed on genes
encoding the light signaling regulator FAR1/FHY3 between Ti-
betan peaches and cultivated peaches (Figure S4D; Data
S1W). When we compared the DNA methylation levels of these
genes, we found significant CHG-type hypomethylation in the
gene bodies of members of the FAR1/FHY3 gene family in Ti-
betan peach relative to cultivated peach (Figure S4E; Data
S1X). We also found selection signals in the gene encoding
theUV light receptor UVRS8 in the high-altitude population (Data
S1V). Moreover, the population-based environment-genotype
association analysis revealed associations between annual sun-
shine duration and several UV-response related genes including
genes that encode a UV-B-induced protein (Pmira5g018050), a
RING-type E3 ubiquitin transferase (Pmira5g005820), and the
DNA repair endonuclease UVH1 (Pmira5g016550) (Figures
S4F-S4J; Data S1Y). Presumably, these genes help the high-alti-
tude Tibetan peach to achieve full UV-B tolerance.®’*? Mean-
while, comparative genomic analysis revealed that positively
selected genes in Tibetan peach were enriched in DNA repair,
response to DNA damage stimulus, and negative regulation of
programmed cell death (Data S1Z). These data provide genetic
evidence that the high light intensity and, in particular, the high
fluence rate of UV light on the Tibetan Plateau helped to fix ge-
netic changes in the high-altitude population.

Genetic basis of changes in metabolite levels in high
altitudes

Metabolites were investigated because genes related to the
response to light stress and UV-B radiation were differentiated
between high- and low-altitude populations. Tibetan peaches
produce fruit with wide variations in color, flavor, and other traits
influenced by metabolism (Figure S1B; Data S1A). We quantified
the levels of 1,768 metabolites in fruit from 319 accessions,
including 275 Tibetan peach accessions and 44 cultivated peach
accessions (Data S1AA). The PCA result based on the levels of
1,768 metabolites in the Tibetan peach population indicated
that the metabolite constitutions of the fruit were largely
congruent with the classification of ecotypes based on altitude
(Figure S5A; Data S1AB).

A particular metabolite was proposed to facilitate adaptation
to high altitude if variation in the levels of the metabolite was
mostly determined by genetics and if the metabolite was signif-
icantly correlated with altitude. We partitioned the variation of
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Figure 4. Phylogeny of Tibetan peach, cultivated peach, and closely
related species

The maximum likelihood phylogenetic tree was constructed using 388 ac-
cessions of peach and closely related species. Bootstrap values are shown
along the nodes. The number of accessions in each clade is indicated in pa-
rentheses. See also Figures S1 and S4 and Data S1P, S1Q, and S5.

each metabolite into contributions from genetic and environ-
mental components by estimating heritability and polygenic
score for each accession (Figure 6A and S5B). Calculating a
polygenic score (i.e., a breeding value) involves aggregating
the estimated effects of genome-wide variants to predict the
contribution of an individual’s genome to a phenotypic trait.
First, a set of 1,697 metabolites with variations that were domi-
nated by genetic components (h? > 0.1) were selected (Data
S1AA). Then, the correlation between the polygenic score of
each metabolite and the altitude was evaluated by fitting a linear
model. A total of 379 metabolites that yielded r® values > 0.25
and p values < 0.05 from the linear regression analysis were
defined as metabolites that might contribute to the long-term
response to high altitudes (Figure 6A; Data S1AA). The levels of
361 of these metabolites—including 67 annotated metabo-
lites—were significantly correlated with altitude (the absolute
value of Spearman’s rank correlation coefficient, |r| > 0.3; Fig-
ure 6A; Data S1AA). Among the remaining 1,389 metabolites,
313 showed a significant correlation with altitude (absolute value
of Spearman’s rank correlation coefficient, || > 0.3), but their
heritabilities were less (Data S1AA). Thus, we defined fluctua-
tions in the levels of these metabolites as short-term responses
to high altitude that promoted metabolic acclimation and proper
development (Figure 6A; Data S1AA).

Phenylpropanoids and particular organic acids were overrep-
resented among these 379 high-altitude adaptation-related me-
tabolites that accumulated to significantly higher levels at high
altitudes relative to low altitudes. These metabolites included
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neohesperidin, hesperidin, 3-O-feruloyl quinic acid, chlorogenic
acid, and shikimic acid (Data S1AA). In contrast, particular
organic acids, lipids, and terpenes accumulated to significantly
higher levels at low altitudes relative to high altitudes. These me-
tabolites included rosmarinic acid, punicic acid, and roseoside
(Data S1AA).

A set of 510,989 high-quality SNPs from 275 diverse Tibetan
peach accessions was used in a metabolic GWAS (MGWAS) to
determine the genetic basis underlying the metabolic variation.
mGWAS association signals for the 379 high-altitude related me-
tabolites were identified (Data S1AC). A total of 337 loci were de-
tected for 150 metabolites based on the genome-wide signifi-
cance threshold (Data S1AD). Among the hotspots for
metabolites associated with high altitude, a region around 19
Mb on chromosome 3 was significantly divergent in the high-alti-
tude and low-altitude Tibetan peach populations (Figures S6A
and S6B; Data S1AE). This region is responsible for the variability
in the levels of six quinic acid-related metabolites, including
chlorogenic acid, neochlorogenic acid, coumarylglucaric acid,
3-O-feruloyl quinic acid, 6,7-dihydroxycoumarin 7-O-quinic
acid, and 1-O-caffeoyl quinic acid (Figures 6B and S6C-S6G;
Data S1AF-AG).

SINE insertions related to the accumulation of
phenylpropanoids in high-altitude Tibetan peach
Regarding the increased proportion of SINE elements in the Ti-
betan peach genome relative to the cultivated peach genome,
we identified 2,218 Tibetan peach-specific SINEs (Data S1AH).
Atotal of 1,461 metabolites accumulated to different levels in Ti-
betan peach accessions relative to cultivated peach accessions
(Data S1AA). Furthermore, we found that 62 Tibetan peach-spe-
cific SINEs co-localized with the mGWAS hits underlying the
variation in the levels of 53 differentially accumulated metabo-
lites (Figures S5C and S7A; Data S1Al). There was a 16 to 19
Mb region on chromosome 3 that was a remarkable hotspot
for both SINE insertions and mGWAS loci associated with the
accumulation of phenylpropanoids and flavonoids (Figure 7A).

Based on the genome sequencing data, we detected a Tibetan
peach-specific SINE1 insertion that was 2.3 kb upstream of
Pmira3906670, which encodes a NAC transcription factor and
contributed to the variation in the accumulation of 3-O-feruloyl
quinic acid (Figures 7B and S7B; Data S1AJ and S6). We detected
another SINE2 insertion that predominanted in high-altitude Ti-
betan peaches and was 1.5 kb upstream of Pmira3g006670 (Fig-
ure 7B). Independent PCR-based experiments were performed
to validate the SINE insertions. The SINE1 insertion was absent
from all 16 of the cultivated peach accessions and was present
in 15 of the 16 Tibetan peach accessions that were tested (Fig-
ures 7C, 7D, and S7C). Next, we used a PCR-based assay to sur-
vey the frequency of SINE2 insertions in 51 high-altitude Tibetan
peaches and 29 low-altitude Tibetan peaches. Consistent with
the genomic sequencing data analysis, we found that genotypes
with SINE2 insertions were predominantly from the high-altitude
Tibetan peach population (76.47%; Figures 7E, 7F, and S7D). In
contrast, we found that the predominant genotype in low-altitude
Tibetan peach population lacked this particular SINE insertion
(68.97%; Figures 7E, 7F, and S7D).

The expression level of this candidate gene was significantly
higher in the Tibetan peaches that harbor this SINE2 insertion
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Figure 5. Comparison of high-altitude and the low-altitude Tibetan peach populations

(A) Principal component analysis (PCA) of SNPs from 304 Tibetan peach accessions. The altitudes of the different accessions are indicated with different colors.
Blue circles include Tibetan peach accessions mostly from regions > 3,500 m. Red circles include Tibetan peach accessions mostly from regions <3,500 m.
(B) Distribution of genetic differentiation (Fst) and cross-population extended heterozygosity haplotype (XP-EHH) across the genomes of the high-altitude and
low-altitude populations. A total of 66 Tibetan peach accessions collected from > 3,800 m were treated as the high-altitude population. A total of 67 Tibetan
peach accessions collected from < 3,200 m were treated as the low-altitude population. Fst and XP-EHH were calculated in 50-kb sliding windows with 10-kb
steps. The regions above the dashed line in the Fst value distribution are in the 5% right tail of the empirical distribution (Fst is 0.18). The region above the dashed
line in the distribution of XP-EHH corresponds to the 5% right tail of the empirical distribution (XP-EHH is 1.39).

(C) Gene Ontology (GO) enrichment analysis of genes in regions that were significantly differentiated in high-altitude relative to low-altitude Tibetan peach
populations. Statistically significant enrichment was determined using the Fisher’s exact test. p values are indicated. See also Figure S4 and Data STR-S1Y.

relative to the Tibetan peaches that lack this SINE2 insertion (Fig-
ure 7G; Data S1AK). Moreover, the Tibetan peach accessions
that harbor this SINE2 insertion accumulated significantly higher
levels of 3-O-feruloyl quinic acid than Tibetan peach accessions
that lacked this insertion (Figure 7H; Data S1AL). These results
provide evidence that SINE retrotransposon polymorphism ex-
isted between high- and low-altitude peaches and probably
affected the expression of nearby genes which can regulate
the accumulation of phenylpropanoids.

DISCUSSION

Many plants are native to the region of Tibet and its southern
and southeastern mountains. To the best of our knowledge,
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this is the first report on the collection and genetic analysis of
a large natural population of plants that is continuously distrib-
uted across a broad range of altitudes on the Himalayan
plateau. We de novo assembled high-quality genomes of
Tibetan Prunus species and sequenced 377 accessions of Pru-
nus germplasm. This dataset provides a rare gene bank for
adaptation genomics and will contribute to the identification
of adaptive loci that affect the levels of fruit metabolites. We
found that SINE retrotransposons expanded in Tibetan Prunus
species, and Tibetan peach-specific SINEs co-localized with
altitude-associated metabolites, in the particular case of
phenylpropanoids.

A survey of the meteorological variables in the Himalayan re-
gion showed significant correlations between light, temperature,
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(B) Distribution of GWAS mapping loci for the 379 altitude-related metabolites on chromosome 3 (left) and a Manhattan plot of the mGWAS for chlorogenic acid

(right). See also Figures S5 and S6 and Data S1AA and STAC-S1AG.

humidity, atmospheric pressure, and altitude. UV stress-related
genes and metabolites were significantly differentiated in high-
altitude relative to low-altitude populations, consistent with the
dramatic increases in light intensity that occur as altitude in-
creases. Genes associated with cold tolerance were not as
differentiated as genes associated with responses to light. These
data are probably explained by the fact that we studied plants
growing from 2,067 to 4,492 m in the Himalayas. The average
annual temperature at these altitudes ranges from —2°C to
8°C. Cultivated peach is a temperate perennial species that
can tolerate these temperatures.'>** Our metabolite analysis
provides compelling evidence that the high levels of phenylpro-
panoids and flavonoids that are associated with high altitudes
may contribute to UV stress tolerance in Tibetan peach. Similar
findings were reported previously for Arabidopsis and rice.>>°°
The loci controlling levels of quinic acid harbored natural selec-
tion signatures. Therefore, quinic acids are probably crucial me-
tabolites for the adaptation of Tibetan peach to high-altitude
conditions.

We found that SINE-type TEs expanded in Tibetan peach and
that their expansion probably plays an important role in the
adaptation to high-plateau environments from genomic and
population perspectives. Our data indicate that SINE insertions
into genes that promote the accumulation of phenylpropanoids
may be one of the adaptive mechanisms used to cope with UV
light stress. Compared with cultivated peach, several integra-
tions of noncanonical SINEs into loci associated with species-
specific metabolites were detected in Tibetan peach. Further
divergence of a noncanonical SINE insertion in high-altitude rela-
tive to low-altitude Tibetan peach populations was also found.
Thus, extensive insertion of SINEs in the genome of Tibetan
peach may have driven its adaptation to stressful environments
on the high plateau. Consistent with this interpretation, stress-
induced activation of SINEs may play a prominent role in the
genomic evolution of wheat.”” We speculate that SINE

retrotransposons were activated during the diversification of
Prunus species and that SINE retrotransposons contributed to
the adaptation of Prunus species to changing environments
throughout history. We estimate that the native distribution of Ti-
betan peaches and other Prunus species at altitudes ranging
from 2,000 to 4,500 m in the Himalayas occurred during the Hi-
malayan uplift approximately 15-23 Mya.”° This estimate is
also consistent with the time frame of Prunus diversification
based on molecular dating (Figure 1B). Taken together, the
data provide evidence that the activation of retrotransposons
contributes to the adaptation of plants to high plateau environ-
ments. Future characterization of genes and metabolites
affected by these retrotransposons offers a promising approach
both for increasing our understanding of the mechanisms that
contribute to adaptation to high altitudes and for the genetic
improvement of crops by breeding.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
e RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
e EXPERIMENTAL MODEL AND SUBJECT DETAILS
e METHOD DETAILS
O Materials collection and sequencing
O De novo assembly of three Prunus genomes
O Repeat element and protein-coding gene annotation
for three Prunus genomes
O Phylogenetic tree construction and estimation of the
divergence times of Prunus species
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(B) Diagram of three SINE insertions around the candidate gene for controlling variation in 3-O-feruloyl quinic acid levels.
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(D) Genotype frequency of the SINE1 insertions in cultivated and Tibetan peach.

(E) Experimental validation of SINE2 insertion polymorphisms in high-altitude and low-altitude Tibetan peach.

(F) Genotype frequency of the SINE2 insertion in high-altitude and low-altitude Tibetan peach.
(G) Boxplot of relative expression of Pmira3g006670 in Tibetan peaches with and without the SINE2 insertion. Relative expression was quantified using gRT-PCR.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Qiang Xu
(xugiang@mail.hzau.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability

Genome assembly data for P. mira (v.2), P. mira (v.1), P. mume ‘Tibet’, and P. armeniaca ‘Tibet’, RNA-seq data for genome annota-
tion, whole-genome sequencing data for the Prunus accessions, and RNA-seq and WGBS data for Tibetan peach and cultivated
peach have been deposited at NCBI (https://www.ncbi.nlm.nih.gov/) and the National Genomics Data Center (China National Center
for Bioinformation, https://bigd.big.ac.cn/), and are publicly available as of the date of publication. Accession numbers are listed in
the key resources table. Original metabolomics data for Tibetan peach and cultivated peach have been deposited in figshare (https://
figshare.com/) and are publicly available as of the date of publication. The DOl is listed in the key resources table. All original code
used in the analysis of methylome has been deposited at figshare and is publicly available as of the date of publication. The DOI is
listed in the key resources table. Any additional information required to reanalyze the data reported in this work paper is available from
the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

No experimental models typical in the life sciences were used in this study.
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METHOD DETAILS

Materials collection and sequencing

The 321 samples (289 P. mira, one P. davidiana, 22 P. avium, seven P. armeniaca ‘Tibet’, one P. mume ‘Tibet’, and one P. salicina
‘Tibet’) used in this study were collected in the wild from 2017 to 2019 in the Lhasa, Nyingchi, Xigaz and Shannan regions of Tibet.
Two P. ferganensis accessions were collected from Xinjiang Province, China. In addition, 44 P. persica accessions and ten P. mira
accessions were collected at the Qinghai-Tibet Plateau Fruit Tree Scientific Observation Test Station in Lhasa. Among the 346 peach
accessions, P. persica and P. ferganensis accessions belong to landraces, and the others are wild germplasm. In our field germplasm
investigation, we sampled individuals that provided diversity based on the phenotypes of flowers, fruits and leaves. Individuals with
similar phenotypes to the individuals that were already sampled were excluded from our collection. The localities of the harvest sites,
identities, and characters of the P. mira accessions were provided in details (Data S1A), including five, four, and four indices for fruit
(weight, length, width, shape, and soluble solid content), nutlets (length, width, thickness, and weight), and tree resistance (shriveled
leaves, gummosis, perforations, and scabs), respectively.

Total genomic DNA for each of the accessions was extracted from leaves using the CTAB method.''® 0.3g of leaves ground with
liquid nitrogen were transfered to a centrifuge tube with CTAB lytic solution and incubated in a water bath at 65°C for 2 h. After that,
equal volume of phenol-chloroform-isoamyl alcohol (25:24:1) was added, mixed, and centrifuged for 10 min at 12,000 rpm at room
temperature. Then supernatant was transfered to another centrifuge tube, and added an equal volume of chloroform-isoamyl alcohol
(24:1). After mixing, it was centrifuged for 10 min at 12,000 rpm at room temperature. The supernatant was transfered to a centrifuge
tube, mixed with 3/4 volume of isopropanol, and incubated at —20°C for preciptation. After centrifugation at 12,000 rpm for 10 min,
the pellet was washed twice with 75% ethanol. Finally, the pellet was dissolved with RNase and ddH,O at 37°C for 15 min. The DNA-
seq was performed on the lllumina NovaSeq 6000 platform with an average depth of 30-fold genome coverage (Data S1A). In addi-
tion, the DNA-seq data from seven wild peach accessions (two P. kansuensis, three P. davidiana, one P. tangutica and one
P. mongolica), 15 P. dulcis and five P. ledebouriana from a previously published study'® were collected for population analysis.

The fruit from P. mira used in the transcriptome analysis were collected from 11 different altitudes (2,676 m, 2,855 m, 2,987 m,
2,989 m, 3,144 m, 3,584 m, 3,759 m, 3,806 m, 3,866 m, 3,937 m, and 4,396 m) in Tibet (Data S1AM). Three biological replicates
were used for transcriptomic analysis. Total RNA was extracted using the RNAprep Pure Plant Kit (DP441, TIANGEN Biotech).
RNA-seq was conducted on the lllumina NovaSeq 6000 platform, and 150-bp paired-end reads were generated (Data S1AM).
The transcriptome data from the fruit produced by P. persica from a previously published study''® were also used for transcriptome
analysis.

The leaves from the two P. mira species used in the methylome analysis were collected from the wild in Tibet. The leaves from the
single P. persica species used in the methylome analysis were collected at Huazhong Agricultural University, Wuhan, China. Total
genomic DNA was extracted from leaves using a modified CTAB DNA extraction protocol. BS-seq library construction and
sequencing utilized two biological replicates per sample. Libraries were sequenced on the lllumina NovaSeq 6000 platform (Data
S1AN).

De novo assembly of three Prunus genomes

For P. mira, 54.62 Gb of PacBio data (216.08 x genome coverage), 25.36 Gb of HiC data (101.44 x genome coverage), 78.05 Gb of
10 x data (312.20 x genome coverage), and 13.50 Gb of lllumina data (54.00 x genome coverage) were used (Data S1D). We first
used the FALCON pipeline®® to assemble the PacBio reads into contigs. The primary contigs were then polished using the Quiver
software®® by aligning PacBio reads. The Pilon software®® was used to perform the error correction with lllumina reads. The corrected
contigs were then linked to scaffolds using the fragScaff software®' with 10 x Genomics reads. Finally, the Lachesis software® was
used to cluster, order and orient the scaffolds with the Hi-C library. This assembled result was defined as version 1 for P. mira and was
used in the subsequent analyses (Data S1C).

For P. mume ‘Tibet’ and P. armeniaca ‘Tibet’, 33.05 and 22.67 Gb of Nanopore data (113.18 and 83.65 x genome coverage,
respectively), 36.02 and 30.98 Gb of HiC data (123.36 and 114.32 x genome coverage, respectively), and 12.16 and 28.84 Gb of
lllumina data (41.64 and 106.42 x genome coverage, respectively) were used (Data S1D). In addition, 15.32 Gb of ultralong reads
(61.28 x genome coverage) were generated for P. mira to further improve the continuity of the genome (Data S1D).

Raw Nanopore reads were filtered for quality at q7 for all of the species. The filtered reads were used for de novo assembly. To
obtain the best assembly results, several assembly methods that have been described previously were used.''” For P. mira, the
longest 45 x reads were first chosen and assembled using Nextdenovo (https://github.com/Nextomics/NextDenovo). This assembly
result was defined as version 2 for P. mira (Data S1C). For P. mume ‘Tibet’, the best assembly results were obtained using Necat.®®
For P. armeniaca ‘Tibet’, the raw reads were corrected using Canu.®* The corrected reads were assembled using SMARTdenovo.®®

The error correction of contigs was performed using Racon®® and was iterated three times based on Nanopore reads, followed by
two rounds of polishing using NextPolish®” with lllumina short reads. With the Hi-C library, the error-corrected contigs were anchored
to eight superscaffolds using the 3D-DNA pipeline®® and juicer.®® The completeness of the assembled genomes was evaluated using
the BUSCO software.”® After variation detection with the lllumina sequencing data using the BWA”" and SAMtools’? software, the
homologous SNP rate was used as an estimate of the error rate of the genome assembly.
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Repeat element and protein-coding gene annotation for three Prunus genomes

Miniature inverted-repeat transposable elements (MITEs) were detected by scanning the genome using MITE-Hunter”® with the pa-
rameters ‘-P 1 -S 12345678’. Long terminal repeat (LTR) libraries were constructed using LTRharvest”* and LTR_FINDER"® and in-
tegrated using LTR_retriever.”® The LTR insertion time was calculated using a substitution rate of 7.7E-9 nucleotides per site per year
and a generation time of 10 years. The classical SINE library was downloaded from the SINEbase database. The SINE elements were
identified using SINE-Finder.”” Canonical SINEs are distinguished by several structural characteristics.””"'® The structure of canon-
ical SINEs include a 5’ targeted site duplication (TSD) region containing 40 nucleotides followed by an A motif (RVTGG), a spacer of
25-50 nucleotides, and a box B motif (GTTCRA). The B box motif is followed by a spacer of 20-500 nucleotides, six adenines and a 3’
TSD region of 40 nucleotides. The SINE elements in three Prunus genomes were clustered as either canonical SINE elements with
classical conserved module constitutions or noncanonical SINE elements with novel sequences. The noncanonical SINE elements
were validated by manually checking the presence of reads mapped to the genome using IGV.”® The remaining genome sequences
were used to build a de novo TE library using the RepeatModeler software.”® The TE library was used to identify repeat sequences in
particular genomes using RepeatMasker®° (Data S1J).

Gene models were annotated based on ab initio gene predictions, homology searches, and RNA-seq. For ab initio gene predic-
tions, AUGUSTUS®' and GlimmerHMM?®? were employed uisng default parameters. The protein databases were constructed by inte-
grating the amino acid sequences from the Rosaceae databases. Homology searching was then conducted using the exonerate
alignment tool.®® In addition, RNA-seq reads were generated from a mixture of tissues (Data S1AM). The trinity software®* was utilized
to perform genome-guided and de novo transcript assembly. The PASA software®® was used to update the protein-coding gene an-
notations by incorporating PASA alignment evidence, correcting exon boundaries, adding UTRs, and modeling alternative splicing
based on the PASA alignment assembilies. All of the gene structures predicted using the aforementioned methods were combined
using the EVM software.®®

Phylogenetic tree construction and estimation of the divergence times of Prunus species

Genomic data from 12 representative Rosaceace species were collected. These species included P. mira, P. persica,*®
P. ferganensis,®’ P. dulcis,"® P. mume ‘Tibetan’, P. mume,”" P. salicina (https://www.rosaceae.org/Analysis/9019655),
P. armeniaca ‘Tibetan’, P. armeniaca,*? P. avium,*® Fragaria vesca,** Rubus occidentalis.* Vitis vinifera*® was used as an outgroup.
A total of 2,589 single-copy genes shared by these 13 species were identified using the OrthoFinder software.®” For each of these
genes, the coding region sequences were separately aligned using the MUSCLE software.®® The aligned amino acid sequences were
converted into the corresponding CDS sequences and then concatenated (Data S4). The sequence information for P. salicina ‘Ti-
betan’ was retrieved using resequencing data from P. salicina ‘Tibetan’. The maximum likelihood (ML) tree was produced with grape
as the outgroup using the substitution model GTR+G+| in the RAXML software.®® A total of 500 rapid bootstrap inferences were
performed.

To estimate the evolutionary timescale, we employed the MCMCTree program from the PAML software®® based on three fossil-
based age constraints, including one fossil of P. persica found in Kunming®” (approximately 2.6 Mya), one fossil of Rubus”® (approx-
imately 41.3 Mya), and the divergence between grape and Rosaceae”® (approximately 131-107 Mya). Divergence time dating was
performed using the Prunus phylogenetic tree with the following parameters: burn-in of 5,000,000 iterations, sample frequency of
5,000, and the MCMC process performed 20,000 times.

Comparative genomic analyses of Prunus

Ten representative Prunus species were selected for comparative genomic analyses, including P. mira, P. persica, P. ferganensis,
P. dulcis, P. mume ‘Tibetan’, P. mume, P. salicina, P. armeniaca ‘Tibetan’, P. armeniaca, P. avium. Pairwise comparisons (P.mira
versus each of the other species for the construction of the Prunus pan-genome; P. mira versus P. persica, P. mume ‘Tibetan’ versus
P. mume, and P. armeniaca ‘Tibetan’ versus P. armeniaca for comparative genomic analysis between Tibetan and cultivated Prunus
species) of genomic sequences were performed using LASTZ®" with the parameters ‘—notransition-step = 20-ambiguous = iupac—
nogapped-format = rdotplot’ and the nucmer program in the MUMmer software®® with the parameters ‘-maxgap = 500-mincluster =
100 -q -r'. The alignment results were further filtered to retain one-to-one alignment regions using the delta-filter program in the
Mummer package. Information on genomic differences was obtained using the show-diff program in the Mummer package. We iden-
tified genes in Tibetan peach-specific sequences by identifying collinear blocks between Tibetan peach and cultivated peach ge-
nomes. To avoid interference from incomplete genomic annotation, we aligned these Tibetan peach-specific genes with the
P. persica genome using BLAST®® and identity threshold of 95% and coverage threshold of 100%. The unaligned sequence
(>500 bp) was extracted. Redundancy was removed using CD-HIT** and BLAST. The nonredundant novel sequences were added
to the genomic sequences of the Prunus pan-genome. The annotated genes in these sequences were added to the total genes of the
Prunus pan-genome.

SNPs, indels, and PAVs that were identified with high confidence were further filtered and validated with resequencing data. The
PAVs identified were verified using the PacBio data from P. mira and the lllumina data from P. mira and P. persica. To avoid interfer-
ence from repetitive sequences, only the uniquely mapped reads were retained for the verification of PAVs. The criteria for the pres-
ence of a genomic region were that the coverage was greater than 90% and that the average depth of coverage of the sequencing
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data was greater than 5 x . In contrast, genomic regions with greater than 90% of the sequences not covered by sequencing reads
were considered to be absent. Then, PAVs containing less than 50 bp were filtered out. Circos®® was employed to display the features
between genomes.

Genes were clustered using OrthoFinder with default parameters. A gene family was considered to be a core gene family if it was
shared by all species. A gene family was considered to be variable if the members of the gene family were absent from at least one of
the species. To identify core gene families in Prunus, we first clustered the amino acid sequences encoded by a total 312,605 genes in
the ten Prunus species (25,678 genes in P. mira; 26,873 genes in P. persica; 54,862 genes in P. ferganensis; 27,042 genes in P. dulcis
var. Texas; 27,481 genes in P. salicina var. Zhongli No.6; 31,116 genes in P. mume ‘Tibet’; 29,705 genes in P. mume; 28,973 genes in
P. armeniaca ‘Tibet’; 30,436 genes in P. armeniaca; and 30,439 genes in P. avium) and obtained 28,404 clusters of homologous
genes. The 12,239 clusters contained at least one gene from all of these Prunus genomes was defined as the core gene families.

For each of the single-copy orthologous genes shared by these Prunus genomes, multiple amino acid sequence alignments were
performed using MUSCLE. The alignment was then converted to the corresponding CDS alignment. The selection pressures expe-
rienced by Prunus were estimated using the codeml program from the PAML software. The free-ratio branch model (model = 2,
NSsites = 0) was used to estimate different dN/dS ratios for each branch. The one-ratio branch model (model = 0, NSsites = 0)
was used to estimate the identical dN/dS ratio for all of the branches. Based on the likelihood ratio test (LRT), positively selected
genes were identified according to the chi-square test (p < 0.05, Data S1Z). The enrichment analysis for the positively selected genes
was performed using agriGO®® against the background of the corresponding whole genome.

The gene family members in each genome were identified using the HMMER software®” on the basis of the domain profiles of 58
transcription factor families collected in the PlantTFDB database. The domains of the proteins encoded by the members of FAR1/
FHY3 gene family were manually checked using the CD-Search.”®

Methylome analyses

The high-quality reads from the WGBS of the Tibetan peach and cultivated peach were separately mapped to the Tibetan peach
genome using the bismark program from the Bismark software.®® Only the uniquely mapped reads were retained. The duplications
caused by PCR amplifications were removed using the deduplicate_bismark program from the Bismark software. The DNA methyl-
ation ratios for each cytosine were calculated and extracted using the bismark_methylation_extractor program from the Bismark
software and in-house scripts.

Differentially methylated regions (DMRs) between Tibetan peach and cultivated peach were identified using the methylIKit pack-
age'® in R which used a sliding-window approach with 10,000-bp windows sliding in 5,000-bp steps. For differential methylation,
the criteria for significance were that the difference in methylation levels between Tibetan peach and cultivated peach was greater
than 0.25 and that the P value from the significance test (Fisher’s exact test) and the FDR from multiple-testing were both less than
0.01. Then, the adjacent differentially methylated windows were merged to get the final differentially methylated regions.

To measure the DNA methylation pattern over the 10-kb upstream regions, 10-kb downstream regions, and the TE regions, the
average DNA methylation levels in CG, CHG, and CHH contexts in 100-bp bins in the flanking regions and in 10 equally long bins
in the TE regions were calculated.

Phylogenetic analyses of Prunus populations
A total of 304 Tibetan peach accessions (299 from this study), 56 cultivated peaches (46 from this study), two P. kansuensis, four
P. davidiana (one from this study), one P. tangutica, one P. mongolica, 15 P. dulcis and five P. ledebouriana were used for population
analyses (Data S1A). For each of these accessions, the high-quality paired-end reads were mapped to the P. mira genome using the
BWA software. Reduplication was performed using the MarkDuplicates command from the GATK software.'®' SNP calling was con-
ducted using the HaplotypeCaller command from the GATK software. The genotype files for each accession were combined and
transformed using the CombineGVCFs package and the GenotypeGVCFs command from the GATK software, respectively. The
SNP data were filtered with the following parameters: QD < 2.0 || FS > 60.0 || SOR > 3.0 || MQ < 40.0 || MQRankSum < —12.5 || Read-
PosRankSum < —8.0, and biallelic sites were retained.

Principal component analysis based on the total SNPs was conducted with default settings using the GCTA software.'°” The SNPs
at fourfold degenerate sites were used to construct a maximum likelihood phylogenetic tree using the RAXML software and a
neighbor-joining phylogenetic tree using the PHYLIP software'®® for peach population (Data S5), Mei accessions (Data S2), and
apricot accessions (Data S3).

Identification of deleterious mutations in Tibetan and cultivated peach accessions

Genomic sequences of the Tibetan peach genome were identified by quantifying rejected substitution, which is a natural measure of
constraint reflecting the strength of past purifying selection on an element. Comparative genomic analysis was conducted for the 11
species in the Fabids clade, including Tibetan peach, cultivated peach, apple,''® strawberry’* (Fragaria vesca), jujube'?° (Ziziohus
jujuba), marijuana'?' (Cannabis sativa), cucumber'?? (Cucumis sativus), soybean'?® (Glycine max), common bean'?* (Phaseolus vul-
garis), alfalfa’®® (Medicago truncatula), and red clover'*® (Trifolium pratense). Ten runs of pairwise alignments were performed by
aligning particular genome sequences to the Tibetan peach genome sequence using the LASTZ software. An 11-way multiple
sequence alignment was generated using the roast command in the MULTIZ software.'* A phylogenetic model for the 11 species
was constructed from fourfold degenerate sites using the phyFit program in the PHAST software.'%> Based on the multiple sequence

e6 Current Biology 37, 3848-3860.e1-e8, September 13, 2021



Current Biology ¢? CellP’ress

alignments and the estimated phylogenetic model, P values using the likelihood ratio test for conservation or acceleration (conser-
vation scores) of individual sites were computed using the phyloP program from the PHAST software. Based on the results of phyloP,
genomic sites of Tibetan peach with a score above zero were defined as conserved.

The sequencing data from 15 P. dulcis accessions were used as an outgroup to predict the ancestral and derived alleles at the
polymorphic sites in the Tibetan and cultivated peach accessions. For each biallelic site, the allelic state was defined as ancestral
if 14 to 15 P. dulcis accessions had the same homozygous genotype (namely, homozygous reference or homozygous alternative).
For each Tibetan and cultivated peach accession, the variant effect of each SNP was predicted using the SnpEff software.'%® The
PROVEAN software'®” was used to predict the functional effect of nonsynonymous amino acid substitutions against the nr database
at NCBI. For the genomic sites of Tibetan peach that are conserved in multiple species, an amino acid substitution was predicted to
be deleterious if the score was < —2.5 and tolerated if the score was >—2.5.

The numbers of derived deleterious alleles present in each of the Tibetan and cultivated peach accessions were counted to identify
the homozygous deleterious mutations, the heterozygous deleterious mutations, and the total deleterious mutations. The homozy-
gous deleterious mutations were estimated as the number of derived deleterious alleles existing in the homozygous state. The het-
erozygous deleterious mutations were estimated as the number of derived deleterious alleles existing in the heterozygous state. The
total deleterious mutations were estimated as the number of derived deleterious alleles existing in an accession (2 x homozygous
deleterious mutations + heterozygous deleterious mutations).

Detection of selection signatures for high-altitude adaptation
The Fst and XP-EHH statistics were employed to identify genomic differentiation at the single-nucleotide and haplotype levels be-
tween the 66 Tibetan peaches from the relatively high altitudes (> 3,800 m a.s.l.) and the 67 Tibetan peaches from the relatively low
altitudes (< 3,200 m a.s.l.). A sliding-window approach (50-kb windows sliding in 10-kb steps) was applied to the genome-wide SNPs
to quantify genetic differentiation (Fs1) using the VCFtools software.'%® The haplotype phasing of the high-altitude accessions and
low-altitude accessions was conducted separately using the fastPHASE program'® and the extended haplotype homozygosity
across populations (XP-EHH) values, which were calculated between high-altitude and low-altitude populations using the REHH
package''? in R. In addition, the haplotype differentiation between the two populations (hapFLK) was calculated using the hapFLK
program''" with 15 clusters and 10 EM runs.

To search for footprints of selection, regions with significantly high Fst values (in the 5% right tail of the empirical distribution of Fst
values) and significantly different XP-EHH values (in the 5% right tail and the 5% left tail of the empirical distribution of XP-EHH values)
were considered to be under selection.

Metabolomics profiling and analyses

All chemicals used in this study were of analytical reagent grade. Gradient-grade methanol, acetonitrile and acetic acid were pur-
chased from Merck Company, Germany. The water used in this study was deionized twice using a Milli-Q water purification system
(Millipore, Bedford, MA). Standards were purchased from ANPEL (Shanghai, China), BioBioPha Co., Ltd., and Sigma-Aldrich (USA).

The freeze-dried fruits were powdered using a mixer mill (MM 400, Retsch) containing zirconia beads for 1.5 min at 30 Hz. One
hundred mg of powder was weighed and extracted overnight at 4°C with 1.0 mL of 70% aqueous methanol. Following centrifugation
at 10,000 x g for 10 min, the extracts were filtered (SCAA-104, 0.22 um pore size; ANPEL, Shanghai, China) before LC-MS analysis.

The sample extracts were analyzed using an LC-ESI-MS/MS system (HPLC, Shim-pack UFLC SHIMADZU CBM30A system; MS,
Applied Biosystems 6500 Q TRAP). The analytical conditions were as follows: HPLC: column, Waters ACQUITY UPLC HSS T3 C18
(1.8 um, 2.1 mm x 100 mm); solvent system, water (0.04% acetic acid): acetonitrile (0.04% acetic acid); gradient program, 100:0 V/V
at 0 min, 5:95 V/V at 10.0 min, 5:95 V/V at 11.0 min, 95:5 V/V at 11.1 min, 95:5 V/V at 15.0 min; flow rate, 0.4 mL/min; temperature,
40°C; and injection volume, 5 ul. The effluent was alternatively connected to an ESI-triple quadrupole-linear ion trap (Q TRAP)-MS
system. LIT and triple quadrupole (QQQ) scans were acquired on a triple quadrupole-linear ion trap mass spectrometer (Q TRAP)
using an API 6500 Q TRAP LC/MS/MS system equipped with an ESI Turbo lon-Spray interface operated in positive ion mode and
controlled by the Analyst 1.6.2 software (ABSciex).

A total of 1,768 metabolites with high repeatability were used in our study. The mean values obtained for the two biological rep-
licates were log-transformed before subsequent analysis. Based on the levels of 1,768 metabolites in 275 Tibetan peaches, principal
component analysis was separately performed with default parameters using FactoMineR"'? and factoextra (http://www.sthda.com/
english/rpkgs/factoextra) in R (Data S1AB).

mGWAS analysis

Atotal of 275 Tibetan peach accessions were used in the mGWAS. The SNPs with minor allele frequencies above 0.05 and maximum
missing rates below 0.1 were filtered using the VCFtools software. A kinship matrix was generated with the A.mat function from the
rrBLUP package.''® The first two principal components from the PCA of 275 accessions were used as covariances to account for the
population structure in the mMGWAS. The LMM model was used to perform the association analysis using the FaST-LMM software."'*
The genome-wide significance threshold was determined using a Bonferroni correction to adjust all 510,989 SNPs. In addition to the
metabolite based GWAS, five environmental factors (altitude, annual mean air pressure, annual average temperature, annual sun-
shine h, and annual average water vapor pressure) were used as phenotypes to conduct the association analyses.
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High-altitude adaptation-related metabolites in the Tibetan peach population

To partition the variation of each metabolite into contributions from genetic and environmental sources, we estimated the polygenic
score for each accession using the state matrix as the covariance structure and the rrBLUP package''® in R. For each metabolite, the
regression fit between the breeding values and the altitude was performed. The P values for the permutation tests were calculated
using the Imp function in the ImPerm package (https://github.com/mtorchiano/ImPerm) of R. Metabolites with adjusted r? values
greater than 0.25 and P values less than 0.05 were retained.

Next, for each metabolite, the narrow-sense heritability (h?) was calculated as the proportion of the genetic variance of the total
phenotypic variance (i.e., the sum of the genetic variance and the error variance). Metabolites that accumulated in the Tibetan peach
population with h? values greater than 0.1 were retained.

For each metabolite, a Spearman’s rank correlation coefficient between altitude and metabolite content was calculated.

Identification of Tibetan peach-specific SINEs

Candidate Tibetan peach-specific SINEs were preliminary identified from the Tibetan peach-specific regions by genomic comparion
of Tibetan and cultivated peach. Then the candidate SINEs were confirmed by presence or absence analysis between the Tibetan
peach population and the cultivated peach population using genome re-sequencing data. A SINE element was considered as present
in an individual if the coverage of the region was greater than 90% and the average depth of the coverage was greater than 5 x . A
SINE element was considered as absent in an individual if the coverage of the region was less than 40% and the average depth of the
coverage was less than 5 x . Then, at the population level, a SINE was defined as Tibetan peach-specific if the SINE element was
present in greater than 90% of the Tibetan peach accessions and absent from 90% of the cultivated peach accessions.

Experimental validation for SINE insertions
The primer pairs for validation of the insertion of SINE1 (chr3: 16623756-16624715), SINE2 (chr3: 16623030-16623781), and SINE3
(chr3: 16582770-16584091) were separately designed (Data S1AO). PCR-based experiments were conducted in 50-ul reaction vol-
umes containing 25 pl of 2 x Phanta Max Buffer (Vazyme Biotech), 1 ul of dNTP Mix (10 mM each) (Vazyme Biotech), 1 ul of Phanta
Max Super-Fidelity DNA Polymerase (Vazyme Biotech), 100 ng of genome template, and 2 pl of each forward and reverse primer. The
amplification was conducted at 95°C for 5 min followed by 34 cycles of 15 s at 95°C, 30 s at 58°C, 58°C and 56°C for SINE1, SINE2
and SINE3, respectively, and 40 s, 120 s and 75 s at 72°C for SINE1, SINE2 and SINE3, respectively, and finally 5 min at 72°C.
Agarose gel electrophoresis was performed to separate the PCR products, and Sanger sequencing of longer and shorter PCR prod-
ucts with target length was performed to confirm the SINE insertions. After confirmation, agarose gel electrophoresis of the PCR
product was conducted to investigate whether SINE insertions occurred in the tested peach accessions.

The neighbor joining (NJ) tree of the candidate gene Pmira3g006670 was constructed with the amino acid sequences of 96 NAC
genes from Arabidopsis thaliana and Pmira3g006670 with 1,000 bootstraps using the PHYLIP software (Data S6).

QUANTIFICATION AND STATISTICAL ANALYSIS

Details of the statistics applied are provided in the figures and the corresponding legends. Statistical analyses were performed in R
3.6.2.7°" We used the Fisher’s exact test to conduct the Gene Ontology enrichment analysis of the target genes relative to the back-
ground of the entire genome using the agriGO program.®® The P values from the tests mentioned above were adjusted using the FDR
correction (BH method) for multiple testing. The filtering criteria were p < 0.05 and FDR < 0.05. Statistically significant differences
were determined using the Student’s t test. Correlations were quantified by calculating Spearman’s rank correlation coefficients.
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https://github.com/mtorchiano/lmPerm

	Genomic basis of high-altitude adaptation in Tibetan Prunus fruit trees
	Introduction
	Results
	Collection of Prunus germplasm and survey of their habitual environments on the Tibetan Plateau
	Pan-genome of Prunus
	Expansion of SINE retrotransposons in Tibetan Prunus genomes
	Genetic differentiation of Tibetan peach populations at high and low altitudes
	Genetic basis of changes in metabolite levels in high altitudes
	SINE insertions related to the accumulation of phenylpropanoids in high-altitude Tibetan peach

	Discussion
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Method details
	Materials collection and sequencing
	De novo assembly of three Prunus genomes
	Repeat element and protein-coding gene annotation for three Prunus genomes
	Phylogenetic tree construction and estimation of the divergence times of Prunus species
	Comparative genomic analyses of Prunus
	Methylome analyses
	Phylogenetic analyses of Prunus populations
	Identification of deleterious mutations in Tibetan and cultivated peach accessions
	Detection of selection signatures for high-altitude adaptation
	Metabolomics profiling and analyses
	mGWAS analysis
	High-altitude adaptation-related metabolites in the Tibetan peach population
	Identification of Tibetan peach-specific SINEs
	Experimental validation for SINE insertions

	Quantification and statistical analysis



