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Pangenome obtained by long-read
sequencing of 11 genomes reveal
hidden functional structural variants in pigs

Yi-Fan Jiang,1,7 Sheng Wang,2,7 Chong-Long Wang,3,7 Ru-Hai Xu,4,7 Wen-Wen Wang,5 Yao Jiang,1,3

Ming-Shan Wang,2 Li Jiang,1 Li-He Dai,4 Jie-Ru Wang,3 Xiao-Hong Chu,4 Yong-Qing Zeng,5 Ling-Zhao Fang,6

Dong-Dong Wu,2 Qin Zhang,5 and Xiang-Dong Ding1,8,*

SUMMARY

Long-read sequencing (LRS) facilitates both the genome assembly and the discov-
ery of structural variants (SVs). Here, we built a graph-based pig pangenome by
incorporating 11 LRS genomes with an average of 94.01% BUSCO completeness
score, revealing 206-Mb novel sequences. We discovered 183,352 nonredundant
SVs (63% novel), representing 12.12% of the reference genome. By genotyping
SVs in an additional 196 short-read sequencing samples, we identified thousands
of population stratified SVs. Particularly, we detected 7,568 Tibetan specific SVs,
some of which demonstrate significant population differentiation between Ti-
betan and low-altitude pigs, which might be associated with the high-altitude
hypoxia adaptation in Tibetan pigs. Further integrating functional genomic
data, the most promising candidate genes within the SVs that might contribute
to the high-altitude hypoxia adaptation were discovered. Overall, our study
generates a benchmark pangenome resource for illustrating the important
roles of SVs in adaptive evolution, domestication, and genetic improvement of
agronomic traits in pigs.

INTRODUCTION

Pigs (Sus scrofa) are not only one of the most important livestock species because of their enormous food

supply but also important model animals in many areas of biomedical research because of their high

anatomical, pathological, and physiological similarity to humans.1,2 Long-term local adaptation and artifi-

cial selection have resulted in a variety of breeds with abundant phenotypes in pigs around the world, e.g.,

body size, fertility, growth, resistance to disease, high-altitude hypoxia adaptation, and cold or hot climate

adaptation. This provides a valuable resource for understanding the genetic basis of complex phenotypes,

domestication and adaptive evolution in animals as well as in humans.

A single reference genome from one individual is not enough to represent the genomic diversity of all

breeds within a species.3,4 Hence, the concept of the pangenome is proposed, which incorporates the

nonredundant collection of DNA sequences in a species.5,6 Although the current pig reference genome

(Sscrofa11.1) has greatly facilitated genetic and genomic studies in pigs,7 it was highly limited because it

is a single Duroc individual, which might result in the inability to identify many important variants because

of the distinct genetic backgrounds of different breeds, such as Chinese and European pigs.8 Pangenomic

analysis has been proposed to improve the mapping rate of sequences, variant discovery, and genetic as-

sociations of both disease and economic traits.4,9,10 In plants, pangenomic analysis has greatly facilitated

improvements in various crops, including rice, tomato and soybean, by uncovering numerous

associations between agronomic traits and presence-absence variations (PAVs) in specific genes.11,12 In

goats, compared to the ARS1 reference genomes,13 a total of 38.3 Mb of new sequences were detected

by de novo assembly of nine genomes using short-read sequencing (SRS) technology. In pigs, a previous

pangenome analysis based on 12 SRS de novo assemblies revealed a total of 72.5 Mb nonredundant

sequences that were missing in the Sscrofa11.1 reference genome.10 However, these pangenomes in an-

imals were highly limited in terms of both small population size and sequence technology. In addition,

structural variants (SVs), as an important part of the pansequence,14 were not fully investigated, partly
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because of the limitation of the SRS technology, hindering their further applications in association with

complex traits and adaptive evolution.

SVs are defined as genomic variants over 50 bp in length,15 including deletions (DELs), duplications (DUPs),

insertions (INSs), inversions (INVs), translocations and complexes or nested variants thereof.16 They often

contribute to greater nucleotide variation than single nucleotide variants (SNVs).17 Numerous studies have

implicated SVs in human diseases,18,19 e.g., autism, cancer, and high-altitude hypoxia adaptation in the

Tibetan population and body weight adaptation.20–22 A comprehensive set of SVs has been identified to

be associated with key phenotypic traits in diverse plants and animals, including kernel weight in maize,23

fruit shape, fruit flavor, flowering, and fertility in tomato,24 production in soybean,9 fruit maturity and shape

in peach,25 the dominance of a white or patch coat in European domestic pigs,26 white coat color in sheep27

and water buffalo,28 color sidedness in cattle.29 However, these studies have only deciphered a small set of

SVs that contribute to complex traits in plants and animals because SVs have not been fully and accurately

discovered, particularly in animals, owing to the limitations of BeadChip or SRS.30 Compared to SRS,

long-read sequencing (LRS) allows us to detect SVs more accurately and comprehensively, particularly

for complex SVs, and has the advantage of directly sequencing naked DNA with read lengths averaging

approximately 10 kb and up to more than 1 Mb.31

In this study, by combining LRS and SRS technologies, we sequenced whole-genomes for eight Chinese

domestic pigs, one European domestic pig and one European wild pig. First, we constructed a pig pange-

nome reference using the ten de novo assemblies together with a published Bama miniature (Bamamini)

genome assembly. Second, we built an atlas of SVs in pigs and genotyped additional 196 pigs with SRS

data to explore the SV spectrum on a population scale. Finally, to explore the contribution of SVs to

complex phenotypic traits, we detected candidate SVs that are associated with high-altitude adaptation

in Tibetan pigs. In summary, we offered the community a valuable pangenome resource of genomic

variants in pigs, particularly for SVs, and provided novel biological insights into the roles of these variants

in phenotypes and adaptation.

RESULTS

De novo assembly of ten representative pig genomes

Local Chinese pigs can be divided into six categories, including the North China Type, South China Type,

Central China Type, Lower Changjiang River Basin Type, Southwest Type, and PlateauType.32 At least one

sample is selected for all these types. Moreover, one European commercial pig and a European wild boar

were also collected. Finally, we sequenced the genomes of 10 distinct pig breeds, including eight

geographically distributed local breeds in China (Anqingliubai, Jinhua, Laiwu, Meishan, Min, Rongchang,

Tibetan, and Wuzhishan) and two originating from Europe (European wild and Yorkshire) using Nanopore

PromethION sequencing technology (Figures 1A and 1B). On average, we obtained 7.95 M reads with a

median read length of 28.08 kb (mean = 20.96 kb) and a coverage of 55.22-fold per sample (Figure 1B;

Table 1). After error correction and genome assembly, we generated 910 contigs with an average contig

N50 length of 32.48 mega-base pairs (Mb) per sample, resulting in an average genome size of 2.40

giga-base pairs (Gbp) (Figure 1B; Table 2). These assembled genomes attained an average of 94.01%

(ranging from 92% to 94.7%) BUSCO completeness score (Figure S1), suggesting that they are potentially

in high quality.

Pangenome of eleven de novo pig genome assemblies

By integrating our 10 newly generated de novo pig assemblies and an published assembly from Bama

miniature breed using the minigraph toolkit,33 we constructed a pig pangenome graph, which consisted

of 552,018 segments (referred to as nodes) and 664,789 links (referred to as edges), containing

2,705,225,506 total bases (Figure 1C). With the incremental integration of Anqingliubai, Bamamini, Euro-

pean wild, Jinhua, Laiwu, Meishan, Min, Rongchang, Tibetan, Wuzhishan and Yorkshire assemblies, we

added 44,814, 19,059, 15,428, 21,820, 20,316, 17,624, 16,311, 15,806, 14,224, 21,489, and 14,192 nonrefer-

ence nodes (221,083 in total), respectively, spanning 43.19, 17.76, 12.07, 19.50, 18.75, 18.92, 14.43, 16.11,

9.20, 21.03, and 14.49 Mb (206 Mb in total), respectively. Tibetan nonreference nodes were short on

average compared with other assemblies (Figure 1D). Following a previous study,34 we colored nodes of

the pangenome graph and obtained 99.99% accuracy of mapping as indicated by an F1 score. Approxi-

mately 77.29% of the pangenome sequence (157,534 nodes with a cumulative length of 2.09 Gb) was

core (present in all assemblies), 15.77% of the sequence (241,658 nodes with a cumulative length of
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426.71 Mb) was variable (present in more than one assembly but not all assemblies), and the remaining

6.94% of the sequence (152,825 nodes with a cumulative length of 187.71 Mb) was private (present in

only one assembly) (Figure 1C). Most of the nonreference nodes and sequences were private to a single

assembly (73.51% of all the nonreference sequence lengths, 151.79 Mb), followed by the sequence shared

across all assemblies (0.95%, 1.97 Mb) (Figure S2). The mean length of the nodes of the core sequence

(21.07 kb and 13.27 kb for nonreference nodes and all nodes, respectively) was significantly longer than

that of the codes in the private (1.03 kb and 1.23 kb for nonreference nodes and all nodes, respectively)

or variable sequences (0.74 kb) whether for nonreference nodes or all pangenome nodes (Figure 1E). A to-

tal of 241,263 bubbles were identified in the graph-base pig pangenome. There were 728 nonreference no-

des in the bubbles across the fixed gaps in the current pig reference genome (Sscrofa11.1). For example,

the gap18 presented in s81414 node across with the nonreference node s445965 (a simple bubble), and the

gap4 presented in s37294 node across with the nonreference nodes of s473270 and s555154 (Figure 1F) (a

more complex bubble). Moreover, we found a total of 395 gaps (76%) in the reference genome that can be

partially or fully closed (Table S1).

We compared the mappability between Sscrofa11.1 and the new reference pangenome based on publicly

available deep SRS genomes (Table S2). A total of 24 samples were randomly selected and separately
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Figure 1. Overview of samples and datasets

(A) Geographic distribution of the samples used in our study across Eurasia. The sequence data of Bamaminiature were downloaded from public databases.

(B) Left panel: SNP-based phylogenetic tree based on Illumina sequencing of the 10 sequenced pig genomes. Middle panel: Sequence N50 of the ONT

reads for each sample. Right panel: Contig N50 for each sample.

(C) The pangenome size changes with the added assembly.

(D) The length of nonreference nodes for each assembly added.

(E) The length of core, private and variable nodes for all pangenome nodes and nonreference nodes. The Wilcoxon rank-sum test was used for significance

test, *** indicates p-value %0.001 and **** indicates p value % 0.0001.

(F) Subgraphs of gap18 (Chr3:59,594,615-59,594,715, 100 bp) and gap4 (Chr1:214,753,360-214,753,460, 100 bp) in the reference genome Sscrofa11.1.

Reference nodes are colored in green, whereas the nonreference nodes are colored in blue. Gap18 and gap4 are represented in s81414 and s37294

respectively.

(G) Improvement in mappability using the pangenome. Comparison of the mapping ratio of 24 resequencing datasets using the pangenome constructed in

this study by LRS (panONT) and the pig reference genome Sscrofa11.1 (Sus11). **** indicates p value % 0.0001 with two-tailed paired t test.

ll
OPEN ACCESS

iScience 26, 106119, March 17, 2023 3

iScience
Article



mapped to Sscrofa11.1 and the new reference pangenome for comparison. The average mapping rate of

the 24 samples to the new reference pangenome was increased by 0.17% compared that to Sscrofa11.1

(99.65% versus 99.48%, respectively; p <0.0001, two-tailed paired t test) (Figure 1G), which showed that

the reference pangenome has higher power in subsequent variant calling analysis.

Discovery of SVs

According to a previous study,35 we employed a read-mapping-based approach to call SVs from Oxford

Nanopore Technologies (ONT) sequencing long reads, yielding an average mapping rate of 96.09% to

the pig reference genome Sscrofa11.1 (from 89.42% to 98.00% across individuals) using NGMLR (Table 1).

For each LRS dataset, we detected SVs with lengths greater than 50 bp, including INSs, DELs, INVs and

DUPs, using Sniffles.35 On average, we observed 67,225 SVs (ranging from 32,893 to 83,489) in each

genome, covering 96.83 Mb (ranging from 26.43 Mb to 120.35 Mb). DELs and INSs accounted for most

of the SVs, and each sample contained on average 48.64% DELs, 1.79% DUPs, 48.37% INSs and 1.21%

INVs (Table S3). With respect to the SV length, each sample contained an average of 43.21%, 26.95%,

15.17% and 14.67% for DELs, DUPs, INSs and INVs, respectively, of the total base pairs (bp) of SVs

(Table S3). Although the number of INVs and DUPs was low, these SVs contributed substantially to the total

length of SVs because of their large size.

As illustrated in Figure 2A, we classified all identified SVs of the 11 de novo assembled pig genomes into

three categories: shared SVs (present in all samples), polymorphic SVs (present in more than one sample

but not all samples) or singleton SVs (breed-specific SVs, only present in one sample) (Figures 2A–2C).

Among these individuals, relatively few SVs were detected in Bamamini, Yorkshire, and European wild

pigs. The low number of SVs detected in Yorkshire and European wild pigs was likely because of their close

relationship with the reference genome Sscrofa11.1 that was derived from aDuroc pig. The low sequencing

depth of 13X for Bamamini led to fewer detected SVs. In addition, Figure 2A further demonstrates that poly-

morphic SVs dominated all the variants, whereas 5,780 shared SVs only contributed a lowproportion (3.15%)

of all identified SVs. Singleton SVs also had a low contribution in each breed. We obtained 5,075 (6.80%),

1,255 (3.82%), 6,070 (12.64%), 5,253 (6.90%), 4,393 (6.29%), 4,810 (6.45%), 4,453 (6.35%), 6,298 (7.84%),

7,032 (8.90%), 8,876 (10.63%) and 4,171 (8.26%) singleton SVs for Anqingliubai, Bamamini, European wild,

Jinhua, Laiwu, Meishan, Min, Rongchang, Tibetan, Wuzhishan, and Yorkshire pigs, respectively (Figure 2A).

A total of 183,352 nonredundant SVs were obtained after merging SVs across the 11 individuals, including

76,792 DELs (41.88%), 5,236 DUPs (2.86%), 98,480 INSs (53.71%), and 2,844 INVs (1.55%) (Figures 2D, 2E, and

S3). Nearly 38% of the SVs were singletons, among which DUPs had a higher proportion than other types

(Figure 2B). The frequencies of these four SV types decreased sharply with the increase of their length. Me-

dian lengths of 265 bp and 285 bp were observed for INSs and DELs, respectively, which were significantly

shorter than DUPs and INVs with median lengths of 2,774 bp and 4,394 bp, respectively (Figure 2D). The

results clearly showed two peaks at sizes of �300 bp and �8 kilobases (kb) for both INSs and DELs

Table 1. Long-read sample information for SV discovery

Sample Source Sex Seq Num N50 Len Mean Len Mean Depth Coverage (%) Mapping Ratio (%)

Anqingliubai This study M 6,416,566 36,465 27,120 62.83 98.35 97.34

EuropeanWild This study M 10,831,444 20,186 14,086 53.62 98.43 95.38

Jinhua This study F 5,698,043 36,517 26,539 54.14 97.83 97.06

Laiwu This study M 6,939,893 27,189 21,857 52.62 98.29 93.01

Meishan This study M 6,335,778 29,151 24,693 57.03 98.16 97.89

Min This study M 7,385,966 25,296 20,479 55.55 98.23 97.76

Rongchang This study M 6,370,478 30,677 24,116 55.2 98.14 96.99

Tibetan This study M 13,021,069 24,159 11,574 51.16 98.22 89.42

Wuzhishan This study M 10,443,802 23,255 15,731 58.34 98.22 96.75

Yorkshire This study M 6,049,845 27,896 23,441 51.66 98.44 98.00

Bamamini SRR9851973 M 1,871,364 25,057 20,288 13.85 96.61 97.35

A summary of the samples used in this study. ‘‘Source’’ denotes whether the genome was generated in this study or by other studies. ‘‘N50 Len’’ represents the

N50 length.
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(Figures 2D and S4). Further results showed that most SVs of �300 bp were short interspersed nuclear el-

ements (SINEs) for DELs, and a high number of SVs of �300 bp were SINEs or long interspersed nuclear

elements (LINEs) for INSs. The peak at approximately 8 kb corresponded to LINEs, particularly for DELs.

Similar results have been reported in humans, with peaks at �300 bp, corresponding to SINEs and

LINEs, and 6 kb, corresponding to LINEs.4,21 In total, nonredundant SVs covered 299.56 Mb, representing

approximately 12.12% of the pig reference genome (Sscrofa11.1), and these included 116.09Mb, 94.31Mb,

49.98 Mb and 39.19 Mb of DELs, DUPs, INSs, and INVs, respectively (Figures 2C and S3).

Here, we compared our long-read SV discovery callsets to previously reported SV callsets based on Illumina

SRS data obtained from 11 previous studies (Figure S5; Table S4). We found that only 14.7% of base pairs

overlapped between these two datasets, whereas 80.66% of SV base pairs (63% of SV numbers) discovered

in this study were novel, highlighting the increased sensitivity of LRS for SV detection compared to SRS. To

better understand and investigate the potential functions of these SVs, we conducted gene structure and

epigenetic annotations. Nearly 53.25% of the SVs overlapped with repetitive elements (required at least half

of an SV overlapped with a repetitive element), and most of the SV regions (55.27%) contained repetitive

elements (Figure S6A). Most of these elements were LINEs (30.65%), followed by SINEs (15.41%) (Table S5).

The transposable elements (TEs) characteristics of INS sequence were focused because the sequence of

INSs was novel for reference genome. We found that 57.94% bases of INS sequence were masked, and

LINEs sequencescontributed themost (96.11%).Moreover, thedivergenceanalysis for all classifiedTEs families

was performed. The recently active TEs weremainly concernedwith LINE/L1, LTR/REVL, LTR/REVK, LTR/REV1,

DNA/hAT-Tip100 families (Figures S6B and S6C). Next, we systematically evaluated the effect of SVs on

the function of genomic features. The results showed that most of the SVs were located in intergenic

(40.63%) or intronic (41.49%) regions (Figure 2E). Only 0.96% of SVs were coding sequence variants,

and 8.68% of SVs spanned multiple genes (Figure 2E). Finally, to explore the relationship between these

SVs and regulatory elements, we used chromatin states predicted by ChromHMM.36 In general, we observed

that SVs were enriched in repressed regions and depleted from active chromatin regions (Figure 2F).

Population structure of Chinese and European pigs based on SVs

DELs or INSs can be used as genetic markers to explore the population structure. As shown in Figure 3A,

PC1 of DELs or INSs showed clear separation between Chinese pigs and European pigs, whereas PC2

showed separation between breeds, in agreement with the clustering result from SNPs (Figure S8). The

breed clustering based on DUPs and INVs was not as clear as DELs or INSs, perhaps because of their small

numbers. In admixture analysis, Chinese and European pigs showed two distant ancestral lineages when

K = 2, and gene flows existed between the two groups. Next, Meishan pigs separated a lineage repre-

sented by Eastern Chinese (ECN) pigs when K = 3. Anqingliubai pigs were a severe mixture of Chinese

and European lineages (Figures 3B and S7).

Based on singleton SVs identified in ONT samples, we explored breed-specific SVs and observed several

outliers of interest (Figure 4A). Specifically, Meishan pigs are known for their excellent reproduction and

disease resistance ability, we found some SVs with high frequencies in Meishan pigs might be related to

their high reproduction trait. For example, we found an intronic deletion in TEX11, a gene belongs testis

Table 2. Basic statistics of the assembly

Assembly Contig Number Contig N50 Genome Size (bp)

Anqingliubai 923 41,403,868 2,431,005,403

EuropeanWild 1,023 28,389,353 2,405,396,245

Jinhua 831 35,656,463 2,397,491,931

Laiwu 959 31,833,351 2,347,999,432

Meishan 889 29,048,242 2,375,004,806

Min 1,028 35,544,885 2,411,955,771

Rongchang 979 35,927,340 2,410,787,528

Tibetan 467 28,944,720 2,447,452,149

Yorkshire 946 29,608,198 2,391,390,410

Wuzhishan 1,057 28,456,181 2,388,962,303
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expressed (TEX) gene family, which plays an important role in spermatogenesis and male fertility,37 with a

frequency of 0.64 in Meishan pigs (Figure 4A). Other genes such as TBC1D8 and TPST1 related to fertility

were also with a frequency of 0.75 and 0.21, respectively, in Meishan pigs.38,39 In addition, there was a high-

frequency deletion (0.73) in the intron of IL18RAP in Meishan, which mediates high-affinity IL-18 binding

and plays an important role in immunity by regulating the function of neutrophils.40 These SVs may be

important candidate variants for high reproductive performance and disease resistance in Meishan pigs

by regulating their target genes.

For the LRS samples, the numbers of SVs in the nonoverlapping 1-Mb window were counted across the

entire genome for each individual and then plotted in Figure 4B. The results clearly showed that SVs

tend to be enriched at the start and end of chromosomes, consistent with findings in previous studies.4,24

Of interest, a 43-Mb SV hotspot on the X chromosome (44Mb–87Mb) was detected in most of Chinese pigs

(Figure 4C). Therefore, we further performed a comprehensive comparison of SVs between European and

A B

C D

FE

Figure 2. SV characterization of the eleven samples

(A) The number of SVs for each category per sample. Shared SVs were identified in all samples, and singleton SVs were

identified in only one sample. The remaining SVs identified in more than one but not all samples were polymorphic.

(B) Proportion of SV classes in each type.

(C) The number of nonredundant SVs changes with the sample added.

(D) Length distribution of the SVs of each type.

(E) Proportion of SVs for each type and functional SV after VEP annotation. The inner ring shows the percentages of

merged SVs for each SV type. INSs, DELs, DUPs and INVs are colored red, blue, green and purple, respectively. The outer

ring shows the proportion of SVs inducing potential effects after VEP annotation.

(F) Fold enrichment for structural variants intersected with the chromatin state.
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Chinese pigs. In total, 113,058 SVs were only present in the Chinese pig population (refer to as Chinese-

specific SVs, CSSVs) (Figure S3), including the 43-Mb SV hotspot on the X chromosome. Of interest, we

found that this hotspot could be divided into two clusters. The first was a 13-Mb region in ChrX: 44–

57 Mb that include 852 SVs and covering 53 genes mostly present in the Bamamini and Wuzhishan ge-

nomes. The second cluster a 30-Mb region in ChrX: 57–87 Mb that include 2,405 SVs and 84 genes present

in Chinese pigs except for the Laiwu pigs (Figure 4B). However, no significant pathways were enriched for

these genes. By genotyping additional 196 samples, we found a high frequency SV region on ChrX:44-

57 Mb in Southern Chinese (SCN) pigs. The high-frequency Chinese-specific SVs were at ChrX:57-87 Mb

(Figure 4D). PheWAS analysis revealed that most of the genes affected by the SCN-specific SVs were signif-

icantly associated with male baldness in humans (Table S6), suggesting that these genes may be related to

the specific hair growth of southern Chinese pigs to adapt to the local hot environments in South China.

Tibetan pig specific SVs associated with high-altitude adaptation

We identified a total of 7,568 SVs specific to Tibetan pigs (TPSSVs) using LRS data (Table S7). The analysis of

TPSSVs with previously reported quantitative trait loci (QTLs, www.qtldb.org) showed that these SVs were

A

B

Figure 3. Population structure of the 196 samples

(A) PCA structure for each type of SV. The color and shape of each point represent the breed and regional information per

sample. See Table S2 for more details.

(B) Admixture analysis based on DELs.
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significantly enriched for traits related to fatness and blood parameters, such as the creatinine level, hapto-

globin concentration, creatine kinase level and HDL cholesterol (Figures 5A and 5B; Table S8). In addition,

other terms including hemoglobin, red blood cell count, hematocrit and mean corpuscular hemoglobin

concentration, which were reported to be closely related to high-altitude adaptation,41,42 were also en-

riched, even insignificant (p-value threshold: 0.05) after accounting for multiple false positive correction

(Table S8). Furthermore, 2,508 genes associated with TPSSVs (TPSSVGs) were significantly enriched in eight

pathways, including neuron functions (‘axon guidance’ and ‘long-term depression’), disease and immune

response (‘arrhythmogenic right ventricular cardiomyopathy’ and ‘human papillomavirus infection’), and

tissue and organ morphogenesis and angiogenesis (‘focal adhesion’, ‘ECM-receptor interaction’, ‘regula-

tion of actin cytoskeleton’, and ‘PI3K-Akt signaling pathway’) (Figure 5C; Table S9). As reported previously,

angiogenesis involved coordinated changes in endothelial cells (ECs) and the actin cytoskeleton.43,44 Focal

adhesion is essential to heart valve morphogenesis and blood vessel morphogenesis.45 Extracellular matrix

(ECM) scaffolding influences angiogenesis and capillary integrity, and specific endothelial cell ECM recep-

tors are critical for vascular morphogenetic changes during wound repair and high-altitude adaptation.46

Notably, the PI3K-Akt signaling pathway is reportedly associated with cardiovascular function and plays a

vital role in erythropoiesis,47 which can regulate the expression of hypoxia-induced factor-1a and then

A D

B C

Figure 4. Breed and region-specific variation

(A) Left panel: The breed-specific SVs for each population. Right panel: The region-specific SVs for each population. ECN: Eastern Chinese, EUD: European

domestic, EW: European wild, NCN: Northern Chinese, SCN: Southern Chinese, SWCN: South West Chinese. See Table S2 for more details.

(B) The genome-wide SV frequency distribution in 1-Mbp non-overlapping windows for the 11 pigs. Circos from the outside (from A to K) to the inside present

Anqingliubai, Bamamini, European wild, Jinhua, Laiwu, Meishan, Min, Rongchang, Tibetan, Wuzhishan and Yorkshire, respectively.

(C) The density of SVs per Mb on the X chromosome (averaged by the total number of SVs on the X chromosome) for each sample. The top and right panels

reveal the number of SVs of each type. Nonredundant SVs represent a collection of merged SVs across all individuals. Chinese-specific SVs (CSSVs), defined

as SVs, appear only in the Chinese pig group.

(D) The frequency of Southern Chinese specific (SCN-specific) and Chinese-specific SVs on the X chromosome.
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further regulate the expression of downstream proteins related to angiogenesis, including erythropoietin

and vascular endothelial growth factor.48 In addition, the GO enrichment analysis revealed that these

genes were enriched in GTPase binding and small GTPase-mediated signal transduction. GTPase activity

has been observed in Tibetan-specific SVs in humans,20 which is needed for the activation of hypoxia-induc-

ible factor 149. We further collected 868 previously reported candidate genes (pHAAGs) for high-altitude

adaptation in pigs (Table S10) and 2,260 differentially expressed genes (DEGs) between high-altitude

and low-altitude pigs in a previous RNA-seq study50 (Table S10). We found that 127 and 298 of the 2,508

TPSSVGs overlapped with pHAAGs and DEGs, respectively, among which 28 genes were covered by

both TPSSVGs and pHAAGs (Figure 5D).

Furthermore, we analyzed 120 publicly available SRS datasets, consisting of 22 Tibetan pigs and 98 Chinese

lowland pigs (Table S2), to identify SVs and perform selective sweeps. Our results showed that 3,141 out of

the 7,568 TPSSVs, including 1,907 DELs, 1,202 INSs, 7 DUPs and 25 INVs, could be supported by at least one

NGS sample (Tables S6 and S10). Among the Tibetan-specific SVs identified from SRS data, 157 SVs (top 5%

of the 3,141 SVs) with the highest divergence between the highland and lowland populations were associ-

ated with 72 genes (Figure 5E; Table S11), and two of these genes (SEMA5A and SOD1) overlapped with

both TPSSVGs and pHAAGs. In addition, a total of 12 candidate genes (ADAMTS12, ATP6V0A1, EPHA2,

HIPK2, NAV2, PDGFRA, REV1, SEMA5A, SGCD, SLC44A5, SOD1 and TRPC5) were identified according

to the function of genes and relevant literature reports (Table S12).

A 124-bp DEL on Chromosome 13 (13:195,324,807-195,324,931, Fst: 0.391) in the upstream of the antioxi-

dant superoxide dismutase 1 (SOD1) gene exhibited SV allele frequencies of 22.7% in Tibetan but null in

low-altitude pigs. This DEL overlapped with the H3K27ac peak regions (13:195,322,800-195,325,600), an in-

dicator of the chromatin state of an active enhancer in the liver51 (Figure 6A). In addition, positive selection

A B

C

ED

Figure 5. Candidate SVs of high-altitude adaptation

(A) QTL enrichment analysis of Tibetan-specific SVs (TPSSVs).

(B) Significantly enriched QTLs for blood parameters.

(C) KEGG pathway enrichment analysis of 2,508 genes located within 5 kb upstream or downstream of the TPSSVs.

(D) Overlap among three gene sets. TPSSVGs refer to Tibetan-specific SV-associated genes, pHAAGs are candidate

genes for high-altitude adaptation reported in the literature, and DEGs are the differentially expressed genes identified

by Tang.

(E) Manhattan plot of the Fst statistics (Tibetan versus low-altitude pigs) of 3,141 SVs for TPSSVs in the NGS population

supported by at least one sample. The dotted line indicates the threshold defining the top 5% (Vst = 0.299).
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signature was also observed in SNPs surrounding this SV (Figure 6A), which confirmed that SOD1was under

positive selection for high-altitude adaptation.52,53 The SOD1 gene encodes Fancc and Cu/Zn superoxide

dismutase, which plays a vital role in antioxidant and anti-radiationmechanisms.54 It is relevant to the eryth-

rocyte cell number and hemoglobin content in mice, peripheral blood erythrocytes are decreased in

Fancc�/�Sod1�/�mice.55 Superoxide dismutase enzymes play a very important role in NO bioavailability,

and NO-induced vascular relaxation is related to the regulation of blood pressure.56 The content of

SOD1 is higher in organs with high metabolic activity, such as the liver and kidney, and in erythrocytes.57,58

The overexpression of SOD1 could decrease oxidative stress and protect against vascular dysfunction.59,60

Compared with low-altitude pigs, high expression of SOD1 was observed in the liver and spleen of

Tibetan pigs (Figure 6B), which suggested that SOD1 is an important candidate gene related to high-alti-

tude hypoxia adaptation. Further pheWAS based on the GWAS atlas (https://atlas.ctglab.nl/PheWAS)

A

B C

D

Figure 6. SVs of SOD1

(A) A 124-bp DEL upstream of SOD1. The upper panel shows the Hi-C map surrounding SOD1. The black arrow indicates

the position of the DEL. The bottom distribution shows the 5-kb regions upstream and downstream of this SV and the Fst

statistic (Tibetan versus low-altitude pigs) of SNPs in this region, as demonstrated in the left (gray) and right coordinate

axes (blue), respectively.

(B) The gene expression value of SOD1 in corresponding tissues.

(C) pheWAS plot for SOD1.

(D) Analysis of the DEL using gel electrophoresis.
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showed that SOD1 was significantly associated with the mean corpuscular hemoglobin concentration

(p value: 0.00157) (Figure 6C and Table S13). Another divergent SV was a 1477-bp DEL on Chromosome

16 (16:72,750,546-72,752,023, Fst: 0.377) in the intronic region of semaphorin 5A (SEMA5A), which

exhibited allele frequencies of 0.523 and 0.115 in Tibetan pigs and low-altitude pigs, respectively. This

DEL overlapped with the ATAC-seq and H3K27me3 peak regions,51 suggest that it may play a regulatory

role. In addition, a significant selection signal was also found in the SNPs surrounding this DEL (Fig-

ure S8A). The SEMA5A gene promotes angiogenesis by increasing endothelial cell proliferation andmigra-

tion and decreasing apoptosis.61 Lower expression of SEMA5A in the kidneys of Tibetan pigs could reduce

the incidence of cancer.62 In addition, we also take the other two of the 12 candidate gene as examples for

detailed description (Table S12). A 371-bp DEL on Chromosome 3 (3: 54,164,916-54,165,287) in the intron

region of REV1 showed allele frequencies of 0.273 and 0.031 in Tibetan and low-altitude pigs, respectively

(Figure S8B). REV1 responds to ultraviolet (UV) light and is indispensable for translesion synthesis.63 A selec-

tive sweep of this DEL was also observed between high- and low-altitude pigs (Fst: 0.318). Furthermore,

this SV was overlapped with the peak regions of ATAC-seq, H3K4me1 and H3K27ac and chromatin states

of an active enhancer,51which suggest that this SV may play an important role in resistance to UV radiation

in high-altitude Tibetan pigs. A 115-bpDEL onChromosome 16 (16:66,780,487-66,780,602, Fst: 0.564) in the

intronic region of sarcoglycan delta (SGCD) showed allele frequencies of 0.386 and 0.011 in Tibetan and low-

altitude pigs, respectively (Figure S8C). Knockout of SGCDgene in domestic pigs will lead to themyocardial

tissue degeneration, systolic dysfunction, and sudden death,64 which indicated that SGCD gene plays vital

role in cardiovascular system and is an important candidate gene for high altitude adaptation.

DISCUSSION

Over the last few years, the reference genome has shown marked improvements in terms of the complete-

ness and annotation of the genome with the rapid development of sequencing technology, e.g., LRS tech-

nology, Iso-Seq technology and Hi-C technology, which has resulted in fewer gaps in the reference

genome and more novel genes or transcripts for genome annotation.65–67 Furthermore, we can obtain a

telomere-to-telomere (T2T) assembly without a gap in the chromosome or even the whole genome using

PacBio high-fidelity (HiFi) LRS technology.68–70 For pangenome analysis, three general approaches have

been developed, including comparative de novo assembly, iterative assembly and graph-based pange-

nome assembly.12 The comparative de novo assembly was using the whole genome comparison of de

novo assembling genomes with annotations, which required the individual genome must be assembled.

The iterative assembly was to extract the unmapped reads for assembly and then updating the reference

genome which can incorporate large samples. Graph-based pangenome assembly is the most recently

developed approach and has shown rapid development,33,71 using a graph representing all of the genomic

diversity and will facilitate population comparison and annotation without liftover between different breed

reference genomes. Here, we used the graph-based assembly to generate a pangenome of 11 pig breeds.

We explored novel sequences with a total length of 206-Mb in the pangenome which are absent in the pig

reference genome Sscrofa11.1, and the total length of the novel sequences is markedly longer than that

(72.5 Mb) reported in the pig pangenome study of Tian et al.,10 which may be mainly because of the

different assembly methods, sequencing technologies and breeds involved in the studies. Not only were

high quality assembled genomes base on LRS sequencing used, but also the most recently developed

approach of graph-based pangenome was used in this study. The graphic pangenomes could represent

all of the genomic diversity and display genome variation through the bubble. However, only SRS-based

and an iterative assembly approach were used in the study of Tian et al.,10 which is a linear pangenome

and is not a good indicator of the variants in a species, especially in complex regions of the genome. More-

over, the differences in number of breeds, pangenome construction strategies and criteria for filtering in

pangenome analysis could lead to differences in pangenome sequence even for the same species. In

different human pangenome studies, the total length of novel sequences varied from 0.16 Mb to

14.2 Mb per individual and from 0.33 Mb to 296 Mb per study.72

For novel SV detection, LRS also outperformed SRS in terms of sensitivity and accuracy, particularly for the

detection of large and complex SVs and non-CNV SVs.4,31,66,73 Here, we found that LRS yielded more novel

SVs: SVs with 331-Mb novel base pairs were identified in 11 LRS genomes in this study, whereas only 129-Mb

novel SVs were identified by SRS in evenmore samples in published datasets (Figure S5). These results indi-

cate that more novel SVs can be identified with LRS technology. There are three methods for SVs detection

of LRS, including the approach of de novo assembly detection, graph-pan based and reads mapping. The

de novo assembly approach of SVs detection requires the assembled genomes with high quality to reduce
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the errors in variants discovery. The graph-based approach of SVs detection is developed with the rise of

graphs based pangenome, which is in rapid development, and has not been thoroughly evaluated in real-

world data at large scale.74 It is worth mentioning that the genotype of variants (heterozygous or homozy-

gous) cannot be determined using either the pangenome graph or the de novo assembly because the ge-

nomes we assembled were not haplotype-resolved. In addition, the graph-based and de novo assembly

approaches are more intended to resolve complex SVs. Here, we focus on simple SVs (DELs, DUPs,

INSs, and INVs), so the reads mapping method was applied as used in other studies.22,75

Furthermore, following in other studies,75–77we applied agraph-basedSVgenotyper Paragraph78 togenotype

long-read SV callsets in a large population of samples with SRS data. Although Paragraph achieves higher

accuracy than other genotyping methods, it only works in INSs, DELs and INVs. For DUPs, it did not work

well (Figure S9). Here, we also found that there was no significant correlation between sequencing

depth and themissing rate of genotyping (p value = 0.2414). After filtering, only 61.9% of SVs were successfully

genotyped, of which 79.22% were DELs, 51.19% were INSs, 5.63% were DUPs and 23.14% were INVs were

retained, which may lead to the preference of subsequent population analysis. Therefore, better

genotyping tools need to be developed. SVs were enriched at both ends of a chromosome, which is

consistentwithother studies4 (Figure4B)because telomeresandsubtelomeric regionsareprone tomutation.79

In particular, an SV hotspot region (44 Mb–87 Mb, Sscrofa11.1) was identified on the X chromosome all

Chinese pigs except the Laiwu pig, as reported by Zhao et al.,80 who identified a 35-Mb (65–100 Mb,

Sscrofa10.2) SV hotspot on the X chromosome among pigs of Chinese origin. Of interest, this hotpot

regionwas also located in the low-recombination region reportedbyAi et al.8 and the surroundingcentromeric

region after alignment to the same Sscrofa11.1 reference genome. Centromeric DNA comprises

satellite repeat DNAs and transposable elements,81 which makes this region an easy hotspot of SVs.79 Large

introgressions could also result in SV hotspots as reported in tomato genomes.24 The absence of the hotpot

on the X chromosome of the Laiwu pigmay be because this region of this Laiwu pig was introgressed from Eu-

ropean pigs, since it was close to other Laiwu pigs in the autosome-based phylogenetic trees but separated

fromother Laiwupigs andclosed toEuropeanpigs in theChromosomeXbasedphylogenetic tree (FigureS10).

Takinghigh-altitudehypoxia adaptation as anexample,we investigated the rolesof SVs underlying this pheno-

type.High-altitudehypoxia adaptation is a complexprocess under long-term selection involvingmany typesof

genomic variants, including SNPs and SVs.20 Many candidate genes related to high-altitude adaptation have

been identified, and two of the most famous genes are EPAS1 and EGLN1 in humans.42,82 In addition, a Ti-

betan-enriched SV with a 3.4-kb DEL located 80 kb downstream of EPAS1 has been reported.83 In this study,

7,568 Tibetan pig-specific SVs were identified, which are associated with 2,508 genes enriched in eight

KEGG pathways that play a vital role in high-altitude hypoxia adaptation. By combining multiomics data,

LRS for SV identification, SRS for population validation, RNA-seq for differential expression analysis and pub-

lished functional annotation of pig genome, several key candidate SVs affecting the SOD1, SEMA5A, REV1 and

SGCD genes related to high-altitude adaptation were successfully identified in this study. We speculate these

SVs alter the corresponding gene expression by affecting regulatory elements.21,84 However, more research is

needed to examine the function and mechanism of these SVs in pigs.

Limitations of the study

We sequenced and assembled the genomes of ten diverse pigs using nanopore sequencing technology.

However, they were not assembled to the chromosome level or T2T level, there may be some errors in the

complex region of the genome, and SVs in a long lengthmight bemissed. In addition, part of the SVs (espe-

cially for DUPs and INVs) will be filtered when using Paragraph for the genotyping of SVs in the NGS pop-

ulation and these filtered SVs cannot be analyzed in the population scale. Additionally, it is a heavy work to

verify the causal relationship between the candidate SVs and phenotypes as transgenic animals (CRISPR/

Cas-based protocol85) are required. In addition to genomic variation, epigenetic variation is also one of the

reasons for high-altitude hypoxic adaptation.
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d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal work (Sus scrofa, pig) was approved by the Institutional Animal Care and Use Committee

(IACUC), China Agricultural University. One female and nine male individuals from ten diverse breeds

(two originating in Europe and eight originating in China) (Figure 1A) were chosen for sequencing in this

study (Anqingliubai, European wild, Jinhua, Laiwu, Meishan, Min, Rongchang, Tibetan, Wuzhishan and

Yorkshire) (Table 1). In addition, one Bama miniature (Bamamini) individual was obtained from a published

source.86

METHOD DETAILS

Data generation

To obtain LRS data, high-quality genomic DNA was isolated from peripheral blood samples obtained from

the pigs. The libraries were constructed and then sequenced on the Nanopore PromethION platform

following Oxford Nanopore Technologies (ONT) standard operating procedures. Each individual was

sequenced to a coverage depth of 50X, and base calling was performed using Guppy (version: 1.5) with

the default parameters.

For short-read DNA sequencing, genomic DNA was prepared using the Illumina Nextera DNA Library

Preparation Kit, and the DNA samples were sequenced on the Illumina NovaSeq platform with an insert

size of 350 bp, which resulted in 150-bp paired-end reads with an average coverage of 50X for each sample.

In addition, we aggregated public short-read whole-genome sequencing (WGS) datasets of 196 pigs

obtained in previous studies, which included 120 Chinese pigs and 76 non-Chinese pigs and exhibited

an average depth of 14X (ranging from 4X to 25X).

Pangenome construction

The de novo genomes were assembled using the following steps: 1) Correcting and trimming the raw

sequencing reads using Canu (version: 1.5).91 First, longer seed reads were selected with the settings ‘ge-

nomeSize = 2500000000’ and ‘corOutCoverage = 60’, and overlapping raw reads were then detected using

a highly sensitive overlapper MHAP algorithm. Second, error correction was performed using the option

‘correctedErrorRate = 0.1’. Third, using the default parameters, the error-corrected reads were trimmed

with unsupported bases and hairpin adapters to obtain their longest supported range. 2) Construction

of a draft assembly using wtdbg2 (version 2.5).103 First, this program generates a draft assembly using

the command ‘wtdbg2-i Longest*.correctedReads.fasta-t 30-fo wtdbg-p 19-AS 2-L 5000’. A consensus as-

sembly was then obtained with the command ‘wtpoa-cns-t 30-i wtdbg.ctg.lay.gz-fo wtdbg.ctg.lay.fa’. 3)

Polishing the draft assembly to obtain the final assembly using Racon and Pilon. The first round of polishing

was performed using the Racon (version: 1.4.6)97 algorithm with ONT data. The second polishing was con-

ducted with a Pilon algorithm (version: 1.22)96 using Illumina data with the parameters ‘–mindepth 10–

changes–threads 4--fix bases’.

Subsequently, BUSCO (version 3.1.0)89 was used to evaluate the gene completion of the assembly using the

odb9 Mammalia ortholog dataset, which benchmarked 4104 universal single-copy orthologous genes.

The Minigraph toolkit (version: 0.10-r356)33 was then used to construct the Sus scrofa reference pange-

nome by integrating the Sscrofa11.1 pig reference genome, ten de novo genomes obtained in this study

and one Bamamini de novo genome described by Zhang.86 The pangenome was visualized with GfaViz

(version: 1.0.0).95 And the bubbles were called using gfatools bubble (version 0.4-r165). All the nodes

that were not in the Duroc-based pig reference genome (Sscrofa11.1) are referred to nonreference nodes.

We colored the nodes that aligned each assembly back to the pangenome graph separately to determine

the support of each node according to Crysnanto et al.’s research.34 The output pangenome of the rGFA

format was then converted to a FASTA file using gfatools (version 0.4-r165).
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Gap-filling of the reference genome

A GFA procedure was used for closing gaps in the pig reference genome (Sscrofa11.1) following the pre-

vious study.104 A region consisting of continuous N in the Sscrofa11.1 was defined as a gap and merging

gaps that are less than 500 bp apart, there are 519 gaps existed on the Sscrofa11.1 reference genome.

The gfa.pl script (https://github.com/WGLab/uniline) was used to estimate the gap-filling ability of each

assembly.

Reads mapping and SV detection

For long-read ONT sequencing data, SVs were identified based on read-mapping SV detection methods.

First, the mapping software NGMLR (version: 0.2.7)35 with the parameter ‘‘–presets ont’’ was used to align

the reads to the pig reference genome Sscrofa11.17. Subsequently, Sniffles (version 1.0.11)35 was imple-

mented to call SVs from the bam file of each individual with the parameter ‘‘-s 10-L 50’’,which required

each variant to have at least ten reads of support and a length of at least 50 bp. Then, SVs with lengths

greater than 2 Mb for DUPs and INVs, with lengths of more than 1 Mb for INSs and DELs, or located on

the Y chromosome, mitochondria or nonchromosome were removed. Finally, individual SVs were merged

using SURVIVOR (version 1.0.6).100

For the NGS short-read Illumina data, the reads were mapped to the pig reference genome Sscrofa11.17

using BWA (Burrows-Wheeler Aligner, version: 0.7.17-r1188)90 with the command ‘bwamen-M-R’. The SAM

file was then converted to a bam file using SAMtools (version 1.9).99 The sorting and marking of potential

PCR duplicates were then performed with Picard SortSam and Picard MarkDuplicates (http://

broadinstitute.github.io/picard/). Indel realignment was performed usingGATK (version 3.7)94 with the var-

iants from the dbSNP database (Build ID: 150). Then, Paragraph (v2.4a)78 was used to genotype the SVs in

these samples with the maximum permitted read count set to 20 times the mean sample depth. Bcftools

(v1.10.2)87 was used to combine the genotypes of all samples. All the missing genotypes were replaced

by (./.). We removed variants with a missing rate R50% of samples to obtain high-quality sets.

Comparison with published SV callsets

We collected SV callsets from eleven published studies identified from SRS data, including hundreds of pig

genomes across diverse breeds26,80,105–113 (Table S3). Their bed files were then liftover into Sscrofa11.1 if

they were called against Sscrofa10.2. Subsequently, a nonredundant SV callset was generated using bed-

tools merge (version: 2.30.0).88 Compared with these published sets, the coincident base pair was counted.

Annotation of SVs and gene enrichment analysis

For repeat annotation, repeats were identified by incorporating the repeat database of the Ssrofa11.1

reference genome (ftp://hgdownload.soe.ucsc.edu/goldenPath/susScr11/database/rmsk.txt.gz) and

were summarized into ten categories: SINEs, LINEs, long terminal repeat (LTR) elements, rolling circles

(RCs), DNA repeat elements, RNA repeats, satellite repeats, simple repeats, low-complexity repeats and

unknown repeats. The novel sequence of INSs were masked by RepeatMasker (version: 4.1.4)98 with the

known Dfam (version: 3.6) and Repbase (version: 10/26/2018) library. The Kimura 2-parameter divergence

value of each families or subfamily of TEs was calculated using the calcDivergenceFromAlign.pl utility pack-

aged in RepeatMasker. The ages of each families were then calculated according to the formula T = K/2r114,

of which r is the average nucleotide substitution. Here, we assumed a substitution rate of 2.2 3 10�9

substitutions/site/year for pigs.115,116

For the functional annotation, Variant Effect Predictor102 (VEP; http://asia.ensembl.org/info/docs/tools/

vep/index.html; ensembl release 100) was used, and the upstream and downstream distances were both

5 kbp.

For the chromatin state annotation, the regioneR package of R was used to perform overlap enrichment

analysis of SVs versus chromatin states36 with 1000 permutation tests.

Functional enrichment analysis and pathway analysis of the specific related genes were performed using

g:Profile.93
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Overlap and enrichment of quantitative trait loci in specific SVs

The pig QTL database was downloaded from the Animal QTL database (release 40; https://www.

animalgenome.org/cgi-bin/QTLdb/SS/index), which includes 30,170 pig QTLs for 688 different pig traits.

These 688 traits were divided into 30 types, including meat and carcass traits, health traits, external traits,

production traits and reproduction traits. ClusterProfiler92 was used for enrichment analysis of quantitative

trait loci overlapping with specific SVs. Here, a base pair overlap of more than 1 bp was considered to indi-

cate overlap. The statistics were significant if the Benjamini-Hochberg-corrected p value <0.05.

Natural selective sweep of SNPs around the focus SVs

After generating the bam file using the same protocol for data processing as that described for NGS

data, GATK HaplotypeCaller was used for SNP calling to generate the gVCF file for each sample,

and CombineGVCFs and GenotypeGVCFs were then used for genotyping the SNPs. After filtering

using VariantFiltration with ‘‘QD < 2.0 || MQ < 40.0 || FS > 60.0 || MQRankSum < �12.5 ||

ReadPosRankSum < �8.0 || SOR >3.0’’ and then removing the SNPs with MAF<0.01 or missing rate greater

than 0.2, a total of 36,561,094 autosomal SNPs were retained for the following analysis.

To further detect selective sweeps around the candidate SVs in Tibetan pigs, Weir and Cockerham’s Fst

was calculated based on the SNP data of the NGS population comprising 22 high-altitude Tibetan pigs

and 98 low-altitude pigs using VCFtools (version 0.1.16).101

SV validation by polymerase chain reaction (PCR)

Three important candidate SVs for high-altitude adaptation were selected for PCR validation. Primer Pre-

mier5 was used for primer design, and a 100-bp sequence at the SV breakpoints was extended as the PCR

target. Agarose gel electrophoresis was used to visualize the PCR products. The primers used in this study

are listed in Table S14.

QUANTIFICATION AND STATISTICAL ANALYSIS

Details of the statistical tests applied, including the statistical methods, number of replicates, mean and

error bar details and significances are indicated in the relevant figure legends.

ADDITIONAL RESOURCES

This study does not include additional resources.
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