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The genome of the pear (Pyrus bretschneideri Rehd.)
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The draft genome of the pear (Pyrus bretschneideri) using a combination of BAC-by-BAC and next-generation sequencing is

reported. A 512.0-Mb sequence corresponding to 97.1% of the estimated genome size of this highly heterozygous species is

assembled with 1943 coverage. High-density genetic maps comprising 2005 SNPmarkers anchored 75.5% of the sequence

to all 17 chromosomes. The pear genome encodes 42,812 protein-coding genes, and of these, ~28.5% encode multiple

isoforms. Repetitive sequences of 271.9 Mb in length, accounting for 53.1% of the pear genome, are identified. Simulation

of eudicots to the ancestor of Rosaceae has reconstructed nine ancestral chromosomes. Pear and apple diverged from each

other ~5.4–21.5 million years ago, and a recent whole-genome duplication (WGD) event must have occurred 30–45 MYA

prior to their divergence, but following divergence from strawberry. When compared with the apple genome sequence,

size differences between the apple and pear genomes are confirmed mainly due to the presence of repetitive sequences

predominantly contributed by transposable elements (TEs), while genic regions are similar in both species. Genes critical

for self-incompatibility, lignified stone cells (a unique feature of pear fruit), sorbitol metabolism, and volatile compounds

of fruit have also been identified. Multiple candidate SFB genes appear as tandem repeats in the S-locus region of pear; while

lignin synthesis-related gene family expansion and highly expressed gene families of HCT, C39H, and CCOMT contribute to

high accumulation of both G-lignin and S-lignin. Moreover, alpha-linolenic acid metabolism is a key pathway for aroma in

pear fruit.

[Supplemental material is available for this article.]

Pear, the third most important temperate fruit species after grape

and apple, belongs to the subfamily Pomoideae in the family

Rosaceae. The majority of cultivated pears are functional diploids

(2n = 34). As a popular fruit in theworldmarket, pear haswidespread

cultivation on six continents, with major production in China, the

United States, Italy, Argentina, and Spain (Supplemental Fig. 1).

Pears are among the oldest of theworld’s fruit crops,with>3000yr of

cultivation history (Lombard and Westwood 1987), likely originat-

ing during the Tertiary period (65–55million years ago [MYA]) in the

mountainous regions of southwestern China and, from there,

spreading on to both the East and West (Rubtsov 1944; Zeven and

Zhukovsky 1975). Central Asia and eastern China are identified as

two subcenters of genetic diversity for pear (Vavilov 1951). The Pyrus

genus is genetically diverse with thousands of cultivars, but it can be

divided into two major groups, Occidental pears (European pears)

and Oriental pears (Asiatic pears). At least 22 primary species are

well-recognized in Pyrus; however, only a few species, including

Pyrus bretschneideri, Pyrus pyrifolia, Pyrus ussuriensis, Pyrus sinkian-

gensis, and Pyrus communis, have been utilized for fruit production.
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Herein, we report on a high-quality draft genome sequence of

the diploid P. bretschneideri Rehd. cv. ‘Dangshansuli’ (also known as

‘Suli’), the most important commercial Asiatic pear cultivar grown

in the world (>4 million tons per year), having >500 yr of culti-

vated history in China. Pear is highly heterozygous due to self-

incompatibility and interspecies compatibility. The genome is

known to have an abundance of repetitive DNA sequences. In this

study, a novel combination of BAC-by-BAC (bacterial artificial

chromosome) strategy, with Illumina sequencing technology, is

used for the first time for de novo assembly of a highly hetero-

zygous genome of this size with highly repetitive DNA sequences.

This has demonstrated that a complex plant genome sequence

can be assembled and characterized using these technologies

without the availability of a physical reference. Additionally, we

also report on primary factors contributing to genome size dif-

ferences between pear and apple, both belonging to the subfamily

Pomoideae; chromosomal evolution of Rosaceae; and genes

controlling valuable traits of pear, including self-incompatibility,

lignified stone cells in flesh of fruit (unique to pear), sugar, and

aroma.

Results and Discussion

Sequencing a highly heterozygous genome

The pear cultivar ‘Suli’ was first sequenced using a whole-genome

shotgun (WGS) approach, but the quality of the assembled ge-

nome was poor. Analysis of 17-mer sequences revealed high levels

of heterozygosity in the genome and a 1%–2% sequence di-

vergence between alleles (Supplemental Fig. 2). To overcome this,

a BAC-by-BAC strategy was used instead to sequence and assemble

the pear genome. A total of 38,304 BACs was selected for se-

quencing, representing 7.63 genome equivalents. Two paired-end

libraries with insert sizes of 250 bp and 500 bp, respectively, were

constructed for each BAC, and sequenced at a combined 863

coverage using Illumina HiSeq 2000 (Supplemental Table 1). Each

BAC was assembled individually prior to attempting whole-

genome assembly. In addition, WGS mate-pair libraries of 2 kb,

5 kb, 10 kb, 20 kb, and 40 kb were constructed and sequenced at

243 coverage to build super-scaffolds; moreover, paired-end librar-

ies of 180, 500, and 800 bpwere constructed and sequenced at 833

coverage to fill in gaps (Supplemental Table 2). All BAC sequences

were pooled for overlap-layout-consensus (OLC) assembly, iden-

tical sequences were merged, and redundant bases were filtered

out from overlapping lengths. The resulting contigs were as-

sembled into scaffolds by WGS paired-

end reads of large-insert libraries (2–40

kb), and gaps were filled with WGS

paired-end reads of small-insert libraries

(180–800 bp).

The quality of the assembly was

assessed by aligning scaffolds to five fully

assembled BAC sequences. The coverage

ratios of BAC1, BAC2, BAC4, and BAC5

were >98%with good synteny of scaffolds

(Supplemental Table 3; Supplemental Fig.

3), while the coverage ratio of BAC3 was

90% as it had a 12K fragment that did not

align to scaffold 227.0. This was attrib-

uted to differences between the two

haplotypes. One haplotype was assem-

bled in the final scaffold, but BAC3

belonged to an unassembled haplotype, even though both have

been assembled in the BAC-to-BAC assembly step (Supplemental

Fig. 4).

The assembled pear genome consists of 2103 scaffolds with

N50 at 540.8 kb, totaling 512.0 Mb with 1943 coverage, close to

the estimated size of 527Mb (Table 1). Among2005 SNPmarkers in

the genetic map, 100% of the SNPs are anchored to 796 scaffolds,

386.7 Mb, representing ;75.5% of the assembled genome (Sup-

plemental Fig. 5).

Heterozygozity features of the pear genome

A total of 3,402,159 reliable SNPs were identified in ‘Suli.’ By use of

the same filtering standard, 333,443,735 reliable genome bases

were identified; thus, the frequency of SNPs in this genome was

;1.02%. Heterozygosity of pear was higher than that of other

plants, such as papaya (0.06%) (Ming et al. 2008), pigeonpea

(0.067%) (Varshney et al. 2012), black cottonwood (0.26%) (Tuskan

et al. 2006), and date palm (0.46%) (Al-Dous et al. 2011), but

heterozygosity was lower than that of grape (7%) ( Jaillon et al.

2007). The distribution profile of SNPs showed that 87.1% of SNPs

were within 50 bp of each other, and nearly 50% were within <10

bp from an adjacent SNP (Supplemental Fig. 6). In contrast to

frequency of SNPs within the whole genome, genes had lower

frequencies of SNPs, 0.84%, along with 0.70% for coding sequence

(CDS), 0.95% for introns, and 0.90% for UTRs. It was assumed that

the frequency of SNPs in CDS was attributed to its conserved

protein-coding function. A total of 26,249 genes had SNPs (Sup-

plemental Fig. 7). Of those, 13,794 genes had SNPs of <1%, and

4346 genes had SNPs of >2%. These genes were enriched in major

functional categories, including protein kinase, disease resistance

protein, cell division protein, ion transfer, and transcription fac-

tor. Genes with significantly high frequencies (>20%) of SNPs

belonged to those with basic functions, including membrane, cell

wall, cell division, and methylation, among others (Supplemental

Fig. 8). Due to presence of SNPs, 1300 genes changed from coding

for amino acids to stop codons (nonsense mutations), and 500

genes changed from stop codons to other amino acids; these genes

were enriched for biological function, including cell division,

protein kinase, and WD40 protein.

Influence of repetitive sequences on genome size variation

A combination of structure-based analysis and homology-based

comparisons identified 271.9Mb repetitive sequences, accounting

for 53.1% of the current assembly of the pear genome (Supple-

Table 1. Summary of genome assembly features and annotation of the pear (Pyrus
bretschneideri Rehd.) genome sequence

Unit of
assembly

Proportion/
unit type No. Size % assembly

N50
(kb)

Longest
(Mb)

Contigs All 25,312 501.3 Mb 97.9 35.7 0.3
Scaffolds All 2,103 512.0 Mb 100 540.8 4.1

Anchored 796 386.7 Mb 75.5 698.0 4.1
Genes Total 42,812 118.8 Mb 23.2

Exon 202,169 50.2 Mb 9.8
Intron 159,357 61.2 Mb 11.9

ncRNA miRNA 297 37,168 bp 0.01
tRNA 1,148 86,791 bp 0.02
rRNA 697 228,388 bp 0.04
snRNA 395 45,301 bp 0.01

Repetitive
sequences

271.9 Mb 53.1
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mental Table 4). The most abundant transposon families were

gypsy and copia, contributing for 25.5% and 16.9% of the genome,

respectively (Supplemental Table 5). Long terminal repeat (LTR)

retrotransposons exhibited family-specific, nonuniform distribu-

tions along chromosomes. Copia-like elements were spread along

the whole chromosome, including gene-rich euchromatic regions,

whereas gypsy-like elements were overrepresented in gene-poor

heterochromatic regions (Fig. 1, Supplemental Fig. 9). The most

abundant DNA transposable elements (TEs) were PIF/Harbinger and

hAT-Ac elements, representing 2.7% and 2.1% of nuclear DNA, re-

spectively (Supplemental Table 5). Although widely dispersed

throughout the genome, transposon-related sequences were most

abundant in centromeric regions (Fig. 1; Supplemental Fig. 9).

Structural searches identified 645 reliable intact TEs and 19

Solo-LTRs in pear (Supplemental Table 6). These intact elements

masked 34.0% of the assembly, accounting for;70.0% of the total

repeats. Of 299 intact LTR retrotransposons, 144 belonged to the

copia superfamily and 31 to the gypsy superfamily. Low numbers of

intact gypsy elements did not suggest that gypsy elements were

relatively rare as large numbers of gypsy RT domains were detected.

By searching flanking sequences of DDE and RT domains, 10 intact

hAT, eight PIF/Harbinger, two CACTA, 38 LINEs, and 288 MITE

elements (yielding 221 exemplars) were found (Supplemental

Table 7). A partial reason for detecting relatively few intact TEs

(357, excluding MITEs) was due to incomplete sequencing of

individual BACs, thus leaving gaps in the assembly (especially

in terminal repeats). This suggested that an element could not

be deemed intact by any of the structure-based search algorithms

used. However, these methods yielded ;3000 intact TEs in a

;500-MbWGS assembly of the genome of the grass species Setaria

italica (Bennetzen et al. 2012). Thus, it was likely that the pear

genome yielded few intact elements in this current analysis either

due to abundance of elements that were structurally rearranged or

due to presence of more than a single copy of elements of the same

families on any given BAC. This could be attributed to yield of high

copy numbers of many families and/or insertion preferences dur-

ing clustering, as noted forHelitrons inmaize (Yang and Bennetzen

2009).

Of a total of 603.9Mb assembled data of the apple genome, an

estimated 362.3 Mb repetitive sequences has been reported

(Velasco et al. 2010). However, the nonrepeat region of apple and

pear is of almost equal size (241.6 Mb for apple and 240.2 Mb for

pear). Thus, the difference in repetitive sequences of assembled

sequences of apple and pear is 90 Mb, mainly consisting of two

forms of TEs, gypsy and LINE (Fig. 2). Additionally, a large portion

of unassembled sequences in apple has been deemed as repetitive

sequences (Velasco et al. 2010). Assembly of highly repetitive se-

quences is a major limitation for de novo sequencing of a hetero-

zygous genome, such as pear, using WGS and next-generation se-

quencing technologies (Birney 2010). This is particularly true for

TE families that have undergone recent amplifications. The BAC-by-

BAC approach used in this study has ensured a relatively accurate

assembly of TEs in the pear genome as TEs in different BACs would

have rare effects during assembly of these BACs, although assembly

of fully intact elementswill be rare eitherwhenTEs contain terminal

repeats (e.g., LTR retrotransposons) or whenmore than a single copy

of the same TE is found in a specific BAC. Based on these findings,

observed genome size differences between apple and pear are

mainly due to repetitive sequences predominantly contributed by

TEs, while genic regions are similar in both species.

LTRs with complete structures in pear are predicted to esti-

mate insertion time via distances between 59 and 39 solo-LTRs.

These findings indicate that pear has a high LTR expansion rate,

wherein a recent twofold increase in LTR numbers must have oc-

curred, compared with that of other sequenced plant species (The

Arabidopsis Genome Initiative 2000; Ming et al. 2008; Shulaev

et al. 2010; Velasco et al. 2010). This suggests that the pear genome

is in continuous expansion (Supplemental Fig. 10). However, these

results may also be influenced by the method of assembly.

Gene annotation and transcriptome sequence analysis

By combining ab initio gene prediction and protein alignment

prediction, 42,767 protein-coding genes were annotated. Com-

parisons of transcriptome sequences to gene models using Illu-

mina RNA-seq sequences provided empirical support for these

predictions. This gene prediction approach proved highly effec-

tive, as 23,843 (55.7%) hybrid gene models were supported by

25,365 (93.9% of 27,008 transcripts with complete open reading

frames [ORFs]) transcript-based sequences (Supplemental Fig. 11).

After integrating and then adding novel transcriptome-based

genes, a total of 58,596 transcripts constituted 42,812 gene loci,

among which 12,217 (28.5%) genes encoded multiple isoforms.

Thus, gene prediction based on whole-genome assembly in pear

was credible. On average, gene models consisted of transcript

lengths of 2776 bp, coding lengths of 1172 bp, and means of 4.7

exons per gene, both similar to those observed in apple (Velasco

et al. 2010) and Arabidopsis (The Arabidopsis Genome Initiative

2000). A total of 89.5% of genemodels hadmatches in at least one

of the public protein databases. These findings also confirmed

completeness of the pear genome sequence coverage. In addition,

297 microRNAs (miRNAs), 1148 transfer RNAs (tRNAs), 697 ribo-

somal RNAs (rRNAs), and 395 small nuclear RNAs (snRNA) were

identified in the pear genome (Table 1).

The number of genes found in pear is similar to that found in

other sequenced plants of equivalent genome size but is much

lower than that of the closely related apple genome (Velasco et al.

2010). The pear genome has been sequenced using a BAC-by-BAC

approach, resolving problems of assembling a heterozygous ge-

nome. In contrast, the apple genome has been sequenced using

a WGS approach, wherein some alleles may have been annotated

as individual genes. This is demonstrated by alignment of a single

unique chromosome region to two overlapping scaffolds in apple

(Supplemental Fig. 12). The assembly of two scaffolds for a single

genomic region resulted in overestimation of the assembled ge-

nome and gene numbers in apple. After filtering out of overlapping

genes in apple chromosomes, the gene number in apple dropped

from either 61,334 (based on NCBI) or 57,386 (based on the pub-

lished report; Velasco et al. 2010) down to 45,293. This indicates

that the numbers of genes in apple and pear are almost equal.

The average gene density in pear is one gene per 12 kb, with

genes being more abundant in subtelomeric regions (Fig. 1; Sup-

plemental Fig. 9), as previously observed in other sequenced plant

genomes. Gene elements in pear, including lengths of miRNAs,

distribution of CDS, and exons and introns, are normally distrib-

uted compared with those of five other plant species, including

apple (Malus3 domestica) (Velasco et al. 2010), strawberry (Fragaria

vesca) (Shulaev et al. 2010), Arabidopsis (Arabidopsis thaliana) (The

Arabidopsis Genome Initiative 2000), grape (Vitis vinifera) ( Jaillon

et al. 2007), and black cottonwood (Populus trichocarpa) (Tuskan

et al. 2006) (Supplemental Fig. 13). Moreover, the pear genome

maintains higher numbers of genes for transport and catalysis

within the ‘molecular function’ gene ontology (GO) category; for

cellular process, protein metabolism, and biological regulation

Wu et al.
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Figure 1. Distribution of basic genomic elements of pear. (A) Chromosome karyotype. Colored segments are in accordance with the Rosaceous
ancestor. (B) Gene density. The rate of sites within gene region per 100 kb ranges from a minimum of 0 to a maximum of 0.8, illustrated by red line. (C )
DNA transposon element (TE) density. The rate of sites within the DNA TE region per 100 kb ranges from 0 to 0.65, illustrated by blue line. (D) Retro-
transposon element (RT TE) density. The rate of sites within the RT TE regions ranges from 0 to 1, illustrated by purple. (E ) SNP density. The rate of SNP per
100 kb ranges from 0 to 0.03, illustrated by green. (F ) GC content. The rate of GC content ranges from 0.25 to 0.45, illustrated by black. Circos (Krzywinski
et al. 2009) (http://circos.ca) was used for constructing this diagram.

 Cold Spring Harbor Laboratory Press on August 9, 2022 - Published by genome.cshlp.orgDownloaded from 

http://circos.ca
http://genome.cshlp.org/
http://www.cshlpress.com


within the ‘biological processes’ GO category; and for cell, in-

tracellular, and membrane within the ‘cellular component’ GO

category (Supplemental Fig. 14).

Whole-genome duplication and divergence of Pyrus

A total of 13,372 pairs of paralogous genes in pear are aligned in

870 blocks (seven or more gene pairs per block). A fourfold de-

generate site transversion (4dTv) of these blockswas calculated and

was corrected by HKY. From the distribution of 4dTv (Figure 3), it

can be concluded that there are two significant groups of blocks,

suggestive of whole-genome duplication (WGD) events in pear,

including a recent event with 4dTv of;0.08 and an ancient event

with 4dTv of;0.5. BothWGD events are shared by apple and pear,

but strawberry does not share the recent WGD event. Distribution

of 4dTv values suggests that divergence between pear and apple

must have occurred after the recent WGD event. To estimate the

time of occurrence of these two duplication events, a total of

16,335 paralogous gene pairs within 5593 gene families with

substitutions per synonymous site (Ks) values lower than two are

selected. Based on Ks values in pear, the main peak ranges from

0.15–0.3, while the secondary peak ranges from 1.5 to 1.8, similar

to that found in apple (Supplemental Fig. 15A,B). As in apple, the

recent WGD in pear must have occurred at 30–45 MYA (Velasco

et al. 2010), while the ancient WGD must have resulted from

an acknowledged paleohexaploidization event that took place

;140 MYA (Fawcett et al. 2009). The divergence time of eight se-

quenced plant species (The Arabidopsis Genome Initiative 2000;

Khurana and Gaikwad 2005; Tuskan et al. 2006; Jaillon et al. 2007;

Ming et al. 2008; Shulaev et al. 2010; Velasco et al. 2010), in-

cluding pear, apple, strawberry, papaya, grape, black cottonwood

(poplar), Arabidopsis, and rice, has been estimated according to

known ranges of divergence time and the phylogenetic tree (Sup-

plemental Fig. 16A). It is estimated that pear and apple must have

diverged from each other;5.4–21.5MYA (Supplemental Fig. 16B).

Evolution of chromosomes in Rosaceae

Collinearity analysis between pear and two sequenced rosaceous

species, apple and strawberry, has revealed that pear and apple

share similar chromosome structures as well as organization

(Supplemental Fig. 17A,B). All 17 chromosomes of pear displayed

good homology with corresponding chromosomes of apple (Sup-

plemental Fig. 17A). Based on self-collinearity of pear (Fig. 1A;

Supplemental Fig. 17B), it is easy to identify good syntenic chro-

mosome pairs in pear, such as LG3 and LG11, LG5 and LG10, LG9

and LG17, and LG13 and LG16, as well as rearrangement of

chromosomes as identified in the apple genome (Velasco et al.

2010). Most collinear regions between pear and strawberry reveal

that one chromosome in strawberry corresponds to two chromo-

somes in pear (Supplemental Fig. 17C, 1,2). For example, LG1 in

strawberry corresponds to Chr2 and Chr15 in pear, and similarly

LG2 to Chr5 and Chr10, LG3 to Chr3 and Chr11, LG4 to Chr13

and Chr16, as well as LG5 to Chr6 and Chr14, respectively. It ap-

pears that LG2, LG3, LG5, and LG6 of strawberry are formed by

fragmentation and recombination of ancestral chromosomes (Fig.

4). In this study, ancestral chromosomes of paleohexaploid eudi-

cots have been reconstructed to the ancestor of Rosaceae by col-

linearity between strawberry and grape genomes (Supplemental

Fig. 17D). Using relationships of strawberry and Rosaceae and

those of strawberry and eudicots, a simulated process of eudicots to

Rosaceae has been developed. Results have revealed that triplica-

tion of seven ancestral chromosomes of eudicots may have un-

dergone additional rearrangements, yielding nine ancestral chro-

mosomes of Rosaceae (Fig. 4).

Disease resistance–related genes

A total of 396 nucleotide-binding site (NBS)–containing R genes

were identified in pear (Supplemental Table 10). This was similar to

that found in soybean (Glycine max; 392) and in poplar (402), and

;39.9% and 74.0% of that found in apple (992) and in rice (Oryza

sativa) (535), respectively, but higher than that detected in Eurosids

II, including both cacao (Theobroma cacao) (253) and Arabidopsis

(178). However, the observed twofold difference of numbers of

Figure 2. Comparisons between apple and pear for repetitive ele-
ments. The major repeats in apple and pear revealed that genome size
differences of apple and pear were mainly attributed to repeat sequences.

Figure 3. Distribution of fourfold degenerate site (4dTv) distances of
duplicate gene pairs in pear, apple, and strawberry. A total of 1085
synteny blocks in pear (726 in apple and 262 in strawberry) are selected
to calculate 4dTv values. The distribution of 4dTv values in pear (in blue)
and those of apple (in red) are similar, while those of strawberry (in black)
are different, with a single peak around 0.65, suggesting that there is no
recent whole-genome duplication (WGD) in strawberry. (Green groups)
Synteny blocks (557) between pear and apple, revealing that these
groups are closer to the y-axis, and suggesting a more recent divergence
event must have occurred between pear and apple.
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R genes between pear and apple might have been overestimated.

Furthermore, pear CC-NBS–LRR genes outnumbered TIR–NBS–

LRRs, which were similar to that observed in both grape and poplar,

but in contrast to that found in apple, soybean, and Arabidopsis. In

addition to NBS genes, the pear genome contained 403 LRR-kinase

genes and 11 additional CC-LRR-Kinase genes, which is higher

than that found in both apple (320) and poplar (269).

When the R paralogous genes were mapped along pear

pseudomolecules, they were found to be nonrandomly distributed

across all 17 chromosomes (Supplemental Fig. 18). More than 30%

of R genes were clustered in groups (Supplemental Fig. 19), and

clusters were most abundant on chromosomes 2, 5, and 11 (Sup-

plemental Fig. 20). Enrichment of R genes in these corresponding

genomic regions indicated that resistance gene evolution might

Figure 4. The evolutionary scenario of nine chromosomes of the Rosaceae ancestor. Pear and apple have the same chromosome karyotypes and same
chromosomal evolution mode. The Pyreae tribe went through a recent WGD. The Amygdaleae tribe, such as strawberry in the Rosoideae subfamily, has
no recent WGD but has chromosome fragmentation and recombination from nine to seven. It is estimated that the ancestor of Rosaceae had nine
chromosomes. To demonstrate the evolutionary process from the eudicot ancestor to the Rosaceae ancestor, strawberry was compared with grape.
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involve tandem duplication and divergence of linked gene fami-

lies, similar to those found in other known plant genomes.

S-locus comparisons in gametophytic self-incompatible species

Pear exhibits typical gametophytic self-incompatibility (GSI)

controlled by an apparently single multi-allelic locus (the S-locus)

(de Nettancourt 1997) containing at least two linked genes: one is

a pistil S-determinant, known as S-RNase gene (Ushijima et al.

2003), and the other is a pollen S-determinant, proposed as an

S-haplotype-specific F-box (SFB) protein and identified in Prunus

species (Zhang et al. 2007;Wu et al. 2009). However, candidates for

SFB genes controlling pollen self-incompatibility in pear have

remained unclear until now. Based on the assembled sequence of

the pear genome, the S-locus is anchored close to the end region of

3.7 M–4.6 M of LG17, which is consistent with its location along

the genetic map of pear (Yamamoto et al. 2007). Altogether six

candidate SFB genes within the S-locus are predicted and show

high frequencies of amino acid polymorphisms, ranging from

61.7% to 76.1%. As the scaffold containing S-RNase genes in pear

is unanchored, an accurate estimation of the physical distance

between S-RNase genes and the six candidate SFB genes cannot

be made (Supplemental Table 11). Comparisons of the S-locus

region (1000 kb) for pear, apple, strawberry, and potato show that

there are relativelymoderate levels of synteny in this region (Fig. 5),

and few common genes, except for S-RNase and SFB genes, are

present in different plant species. Gene trafficking and rearrange-

ments are active in this region. These findings indicate that the

evolution of the S-locus region must have occurred following di-

vergence of Rosaceae.

Unlike apple and strawberry, the six candidate SFB genes are

present as tandem repeats in pear. Thus, we propose that this

unique characteristic of pear may be the result of gene duplica-

tion, thereby suggesting that a different mechanism for pollen

self-incompatibilitymay be involved. Another interesting finding is

the detection of highly repetitive sequences in S-locus regions of

pear, apple, and potato, but not in strawberry, which exhibits self-

compatibility (Fig. 5). Suppression of

recombination at the S-locus region

may be related to presence of many

repetitive sequences in pear. The func-

tion of repetitive sequences in GSI re-

quires further studies. Moreover, dif-

ferent repetitive sequences may play

a role in the evolution of the S-locus, as

reported in Brassica species (Fujimoto

et al. 2006).

Biological processes underlying

fruit quality

Stone cells

Stone or grit cells, present in flesh of

fruit, are important features of fruit

quality in pear, but they are rare in

other fruits. Lignin is the primary

component of stone cells in pear fruit

(Tao et al. 2009), and its synthesis has

direct influence on formation and

content of stone cells, ultimately

influencing quality of pear fruit. By

annotating the ligninbiosynthesis pathway, it is revealed that lignin

metabolism related genes inpearhave similar levels of abundance to

those found in apple and poplar, where lignin is involved in wood

formation (Supplemental Table 12). Following phylogenetic analy-

sis, 66 lignin synthesis-related gene families in pear show expan-

sion, with pear exhibiting a greater demand for lignin synthesis.

Predicted functions of transcription factors (TFs) involved in the

lignin pathway have identified that gene numbers of NAC and LIM

families (Supplemental Table 8), reported to be related to lignin

synthesis (Kawaoka et al. 2000; Zhong et al. 2006), were more than

those found in strawberry, grape, and papaya. These two forms of

TFs may be involved in lignin formation in pear fruit.

To further pursue genomic analysis of lignin in pear fruit,

RNA-seq data from three stages of fruit development (S422, early

development; S627, middle development; and S830, near ripen-

ing) have been analyzed (Fig. 6). Genes involved in lignin syn-

thesis are highly expressed in the first two stages, almost 10-fold

higher than those detected at or near ripening. Expression levels of

genes encoding hydroxycinnamoyl transferases (HCT) are high at

early stages of fruit development. HCT genes are known to pro-

mote lignin synthesis (Hoffmann et al. 2004), as companions to

highly expressed genes encoding p-coumaroyl-shikimate/quinate

39-hydroxylases (C39H) and caffeoyl-CoA O-methyltransferase

(CCOMT), leading to high levels of conversion of p-coumaroyl-

CoA (PCC) into caffeoyl-CoA (CFC) and feruloyl-CoA (FC) and

resulting in accumulation of both G-lignin and S-lignin. These

findings support the hypothesis that there are higher levels of

G-lignin and S-lignin, but not of P-lignin, in pear stone cells.

Meanwhile, none of the caffeic acid 3-O-methyltransferase (COMT)

genes are expressed at all three stages of fruit development, sug-

gesting that the rate limiting step for synthesis of lignin in pear

fruit is that of conversion of CFC into FC (Fig. 6).

Sugar

The composition and content of sugar has an important influence

on fruit quality and flavor. Instead of sucrose, which is common in

nonrosacaeous species, sorbitol is a major photosynthetic product

Figure 5. Genes and repeat sequences surrounding candidate S-RNase genes in pear, apple, strawberry,
and potato. The dashed line with dot endpoints connects candidate SFB genes of pear and apple that share
the highest sequence identity (which are shown in Supplemental Table 10). (Gray arrow) Genes supported
by experimental evidence. The vertex of the triangles is the 39 orientation of the particular gene: (red)
candidate S-RNase gene; (purple) candidate SFB gene; (blue) other genes in the neighboring regions;
(green) repeat sequence.
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Figure 6. (A) The phenylpropanoid biosynthesis pathway in pear that influences the conformation of stone cells in fruit. (Red box) Genes that had
detectable expression; (light red shaded ovals) important intermediate compounds in lignin pathway; (green text and arrows) pathways with minor
expression; (blue boxes) three important end-product compounds in pear fruit; and green-boxed compound cannot be detected. (B) Transcript ratio
distribution of all enzymes related to lignin. Three stages of fruit development (S422, early development; S627, middle development; and S830, near
ripening) were assessed. The ratio of S422 and S627 is shown along the x-axis, and the ratio of S830 and S627 is shown along the y-axis. For points,
different colors correspond to different enzymes, while different shapes correspond to different conditions of false-discovery rate (FDR) values. Abbre-
viations of genes involved in phenylpropanoid biosynthesis pathway are as follows: LP, L-phenylalanine; CAN, cinnamic acid; PCA, P-coumaric acid; CA,
caffeic acid; FA, ferulic acid; 5HA, 5-hydroxyferulate acid; SA, sinapic acid; CNC, cinnamoyl-CoA; PCC, p-coumaroyl-CoA; CFC, caffeoyl-CoA; FC, feruloyl-
CoA; 5HC, 5-hydroxyferuloyl-CoA; SC, sinapoyl-CoA; PCouA, p-coumar aldehyde; CafA, caffeyl aldehyde; ConA, conifer aldehyde; 5HydA, 5-hydroxyconifer
aldehyde; SinA, sinapoyl aldehyde; PCAlc, p-coumaryl alcohol; CFAlc, caffeyl alcohol; CNAlc, coniferyl alcohol; 5HydAlc, 5-hydroxyconiferyl alcohol;
SinAlc, sinapyl alcohol; PHL, p-hydroxyphenyl lignin; GL, guaiacyl lignin; 5GL, 5-hydroxy-guaiacyl lignin; SL, syringyl lignin; PAL, phenylalanine ammonia-
lyase; C4H, trans-cinnamate 4-monooxygenase; 4CL, 4-coumarate-CoA ligase; HCT, shikimate O-hydroxycinnamoyltransferase; C39H, coumaroylquinate
39-monooxygenase; COMT, caffeic acid 3-O-methyltransferase; CCOMT, caffeoyl-CoA O-methyltransferase; F5H, ferulate-5-hydroxylase; CCR, cinnamoyl-
CoA reductase; CAD, cinnamyl-alcohol dehydrogenase; and POD, peroxidase.
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and phloem-translocated component in rosaceous fruit crops. A

comparison of sorbitol metabolism–related genes in different spe-

cies has revealed that the three gene families of sorbitol transport

(SOT), sorbitol dehydrogenase (SDH), and sorbitol-6-phosphate

dehydrogenase (S6PDH) in pear are higher than those in nonrosa-

ceous species but are similar to those found in apple and strawberry

(Supplemental Table 13; Supplemental Fig. 21). This indicates that

duplication of the whole sorbitol metabolism pathway may have

occurred to promote species fitness (van Hoek and Hogeweg 2009).

Gene families of S6PDH, SDH, and SOT have been expanded

in both the pear and apple genomes, and all three gene families

belong to the Maloideae-specific clade (Supplemental Table 13).

Despite the close relationship between pear and apple, notable

differences can still be found in the number of S6PDH genes, four

members in pear compared with 11 members in apple (Fig. 7). In

addition, the four S6PDH genes in pear are clustered into two

clusters on chromosomes 5 and 2; however, in apple, there is only

a single cluster located on chromosome 10, with others scattered

on different chromosomes and scaffolds. These findings demon-

strate that S6PDH gene-expansion in apple or S6PDH gene-con-

traction in pear must have occurred following their divergence

from a common ancestor. Moreover, transcriptome data indicate

that all four S6PDH genes are expressed in fruit, thus indicating

that sorbitol could also be resynthesized from monosaccharides,

especially during later stages of fruit development. A total of 15

SDH genes in pear are transcribed and clustered onto two homol-

ogous chromosomes, 1 and 7, along the same orientation. These

are cross-paired on the phylogenetic tree (Supplemental Fig. 22),

indicating that SDH genes must have expanded mainly through

WGD. Whereas, 15 SDH genes in apple are more scattered and

oriented in different directions (Supplemental Fig. 23), suggesting

that potential transposition events must have occurred. In addi-

tion, presence of pear-specific and apple-specific SOT genes in the

phylogenetic tree (Supplemental Fig. 24) suggests that SOT genes

have continued to expand following their divergence from the

common Rosaceae ancestor.

Volatiles

Aroma is another important trait of pear fruit quality. Volatile

compounds aremainly derived from themetabolism of fatty acids,

amino acids, and carbohydrates (Schwab et al. 2008). When we

compared all genes involved in three likely pathways of different

plant genomes, we have found that lipoxygenase (LOX) and al-

cohol dehydrogenase (ADH), both involved in the alpha-linolenic

acid metabolism pathway, have higher numbers of genes in both

pear and apple (Supplemental Table 14). Further RNA-seq data

(Supplemental Fig. 25) have provided evidence that a third of LOX

homologous genes are highly expressed during fruit development,

Figure 7. Phylogenetic relationships, distribution patterns, and transcriptional expression of S6PDH genes. The phylogenetic tree was constructed using
themaximum likelihoodmethodwithMega5.0 software (Tamura et al. 2011). Heatmaps of expressionpatternswere drawnusingCluster 3.0 (deHoon et al.
2004) alongwith expression levels (fragments per kilobase permillionmapped reads [FPKM]) of each of the S6PDH genes. Different colors have been used for
different species. S422, S627, and S830 are three different stages of development. Dotted lines between circles correspond to deleted non-S6PDH genes.
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reaching peak levels at the intermediate stage. Meanwhile, ex-

pression levels of ADH increased along with alcohol formation

during fruit development. Therefore the metabolism of alpha-

linolenic acid is likely to be important for aroma formation in pear.

The release of volatiles is another important aspect for per-

ception of smell and flavor. The numbers of beta glucosidase ho-

mologous genes, which catalyze the release of aroma volatiles from

glucose indicans, are high in both pear (101) and apple (158)

(Supplemental Table 14). As not all 101 beta glucosidase genes

have clustered with known beta glucosidase, there may be novel

functional genes affecting aroma that are yet to be determined.

Moreover, RNA-seq data (Supplemental Fig. 25) have revealed that

only 20% of beta glucosidase homologous genes are expressed in

pear fruit, and their expression levels have declined during fruit

development. This has indicated that low aroma, perceived by

sensory evaluation in pear, may be attributed to presence of more

volatiles in bound status that are not released.

Conclusions

The sequenced pear genome will expedite basic research and crop

improvement of this fruit crop. Advances in next-generation se-

quencing technologies have allowed genome sequencing to be-

come accessible for crop plants; however, most perennial plant

genomes are heterozygous, and assembling a heterozygous ge-

nome using WGS sequences is challenging and often results in

inaccurate genome assembly. To overcome this limitation, a BAC-

by-BAC approach is used in combination with the high-through-

put sequencing technology to limit cost while ensuring the quality

of the assembled genome. The BAC-by-BAC approach is labor-in-

tensive, and for this project, a total of 76,608 Illumina sequencing

libraries have been constructed, two libraries for each of the 38,304

BACs. The high quality of this genome is demonstrated by accurate

annotation of genes and correction of 16,041 misannotated genes

and redundant scaffolds in the apple draft genome using theWGS

strategy. As for the nine ancestral chromosomes reported in apple,

we infer that these nine chromosomes not only are the origin of

the Pyreae tribe but also serve as the ancestors of thewhole Rosaceae

family.

The sequence of the pear genome provides an invaluable new

resource for biological research of Pyrus. In this study, the pear

genome and related transcriptome analysis have provided insights

into mechanisms underlying important biological processes, in-

cluding stone cell formation, sugar accumulation, and aroma for-

mation and release. Availability of nearly all pear gene sequences

should benefit researchers working on fruit quality, developmental

controls, and disease resistance by enabling genome-wide func-

tional studies and accelerating identification of gene–trait associ-

ations. In addition, further genome-wide comparative studies will

provide insight and advance our knowledge on the genome evo-

lution of Rosaceae. The high collinearity between pear and apple,

combined with strawberry, provides more opportunity to reveal

significant microsynteny, and the availability of the genome se-

quence will enable continued comparative genomics studies

among species that will shed new light on gene family evolution.

Methods

Genome sequencing

A BAC-to-BAC strategy combined with WGS sequencing was

employed in assembly of the genome sequence of pear. And we

used Illumina Hiseq 2000 to sequencing the genome.

For BAC libraries construction, HindIII and BamHI were used

to generate partially digested insert DNA, and these were ligated

into appropriate sites of the vector pSMART (Lucigen). Ligations

were transformed into phage-resistant Escherichia coli EPI-300 host

cells. On average, insert sizes in these BAC libraries ranged between

80 kb and 180 kb. For BAC clone DNA isolation, following cul-

turing single colony in LB medium with antibiotics and growing

16–20 h at 37°C, DNAwas extracted and digested with NotI, Then,

pulsed-field gel electrophoresis was used to separate transformed

DNA from E. coli. The quality and quantity of BAC DNA were

checked using an UV-VIS spectrometer along with gel electro-

phoresis runs of random samples. Usually, at least 0.75 mg BAC

DNA was necessary for a single library preparation.

For BAC sequencing library construction, an Agilent Bravo

Automated Liquid Handling Platform (Agilent) and an Agilent

BenchCel Microplate Handler (Agilent) were used. Initially, the

Adaptive Focused Acoustics (AFA) DNA fragmentation system

(Covaris) was used to fractionate DNA samples based on insert sizes.

For the automated batch processing capability, 96-microTUBE

plates (Covaris) were used as sample vessels. Then, T4 DNA poly-

merase (Illumina) and E. coli DNA polymerase I Klenow fragment

(Illumina) were used to convert overhangs resulting from frag-

mentation into blunt ends. To ligate index adapters (Supple-

mental Table 16), having single ‘T’ base overhangs at 39 ends of

DNA fragments, the polymerase activity of Klenow fragment was

used to add ‘A’ bases to 39 ends of blunt DNA fragments. Following

ligation, DNA samples with different index adapters were pooled

together, according to the sample’s position on the plate. Then,

unligated index adapters were removed along an electrophoresis

gel, and DNA segments of particular sizes were selected. Sub-

sequently, index primers (Supplemental Table 16) were ligated to

DNA segments, and PCR was used to selectively enrich those DNA

fragments having index adapters and index primers on both ends

and also to amplify the amount of DNA in the library. Then, gel

electrophoresis was used to remove unligated index primers and to

select DNA segments based on size. Finally, quality-control tests

were conducted using Agilent 2100 Bioanalyzer (Agilent) and

StepOnePlus Real-Time PCR System (ABI). Prior to sequencing, 23

96-well plates were pooled into a single lane (i.e., 2208 samples/

lane), resulting in an average throughput of ;100.8 M reads/lane

(assuming a read length of 100 bp, adding up to;10G reads/lane).

After sequencing, contamination from E. coli reads (;6%) were

filtered out in raw data of each BAC prior to assembly.

For WGS sequencing library construction, a Illumina geno-

mic DNA library construction protocol was used, and a total of 10

paired-end ormate-pair libraries, spanning sizes of 180 bp to 40 kb,

were constructed (Supplemental Table 2). Most reads generated

frommate-pair libraries (insert size$ 2000 bp) were in the order of

49 bp, whereas the corresponding length of paired-end libraries

(ranging from 180 to 800 bp) was 100 bp.

For transcriptome sequencing, fruit samples at 15 d, 80 d, and

145 d after flowering (DAF) were used. RNA sequencing libraries

were constructed using an Illumina standard mRNA-Seq Prep Kit

(TruSeq RNA and DNA Sample Preparation Kits version 2).

Genome assembly and SNP calling

The pear genome was assembled using short-read assembly soft-

ware SOAPdenovo (http://soap.genomics.org.cn/) and sequence

alignment software BLAT (Kent 2002). Scaffolds were constructed

using SSPACE (Boetzer et al. 2011) software. First, each BAC was

assembled with K = 27 by SOAPdenovo using pair-end reads (250

bp and 500 bp), and then WGS mate-pair reads were used to

construct scaffolds by SSPACE. Later, assembled BAC sequences

were mixed, and a seed sequence, ;3 kb at ends of each scaffold,
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was selected to performBLAT (Kent 2002) alignment for all scaffold

sequences. Subsequently, similar sequences were combined and

filtered for redundant bases using alignment results. If ends of

scaffolds were aligned at high identity (90%), they were merged

into a single scaffold. Whereas if a short scaffold aligned at high

identity to the interior of another scaffold, then the shorter scaf-

fold was deleted. If sequences hadmutual complementation, these

were combined into a single scaffold. After several iterations of

these steps, the whole sequence length tended to stabilize. Finally,

scaffolds were further linked into super-scaffolds by mate-pair

WGS reads (2 kb–40 kb) using SSPACE software (Boetzer et al.

2011), and gaps were filled with short read data.

The quality of the assembly was assessed by alignment to

Sanger-derived phase 5 BAC sequences. By use of NUCmer soft-

ware (http://mummer.sf.net/) to identify the scaffold related to the

BAC, BACs were aligned to scaffolds using BLAST (Altschul et al.

1990). The SOAPaligner (http://soap.genomics.org.cn/soapaligner.

html) was used tomap reads to BACs, and statistics were performed

for each BAC.

WGS reads (insert size < 2K) were aligned to the genome using

Bwa (Li and Durbin 2009), and SOAPsnp (http://soap.genomics.

org.cn/soapsnp.html) was used to detect SNPs. Further filtering

conditions were set as quality scores of the consensus genotype of

more than 20, sequencing depth of the site of more than four and

less than 120, andwith an average copy number of a nearby region

of less than two.

Development of RAD markers and anchoring of scaffolds

Individual genetic maps, derived from an F1 population of a cross

between ‘Bayuehong’ and ‘Dangshansuli’ and consisting of 102

individuals, were used to develop an integratedmap for anchoring

scaffolds.

Genomic DNA was isolated from fresh leaves using the plant

genomics DNA Kit (TIANGEN), according to the manufacturer’s

recommendations. The restriction site–associated DNA (RAD)

protocol (Chutimanitsakun et al. 2011) was used, except for the

use of EcoRI (recognition site 59G^AATTC39). A total of 24 F1 in-

dividuals were pooled into a sequencing library with nucleotide

multiplex identifiers (4 bp, 6 bp, and 8 bp;;1Gb), and 50-bp reads

(9.94 Mb reads data for each progeny on average) were generated

on the NGS Illumina platform HiSeq2000. The SNP calling algo-

rithm was done using a Stacks package (Catchen et al. 2011) with

default parameters. SNP markers were filtered by testing against

expected segregation ratios (1:2:1 or 1:1) using a chi-square test,

and then their sequence reads were aligned to scaffolds by BLAT

(Kent 2002). Only those unique aligned SNPswith a cutoff value of

90% identity were kept. Finally, all qualified SNP markers were

used to construct the pear consensusmap using the CP population

option and the Kosambimapping function in JoinMap version 3.0

(Van Ooijen and Voorrips 2001).

Repeat sequences

The Repbase (Repbase16.02) (Jurka et al. 2005) was used to find

repeats by using RepeatProteinMask (Smit et al. 2004) and

RepeatMasker (Smit et al. 2004). RepeatModeler (Smit et al. 2004)

was used to build de novo repeats. Then redundancieswere filtered

out, and Repeatasker (Smit et al. 2004) was used to identify posi-

tions of repeats. Through structural features, LTR_Finder soft-

ware (Xu and Wang 2007) and TRF software (Benson 1999) were

used to find LTRs and tandem repeats, respectively.

For structure-based search of intact TEs, LTR retrotransposons

were detected by LTR_Finder (Xu andWang 2007) and LTR_STRUC

(McCarthy andMcDonald 2003). Insertion time of intact LTRs was

estimated by computing with Dismat after measuring distances

between 59 and 39 solo-LTRs.MITEswere detected byMITE_Hunter

(Han and Wessler 2010). LINEs were detected by MGEScan_

nonLTR (Rho and Tang 2009). DDE domain TEs were detected by

checking flanking sequence alignments of DDE domains that were

identified by scanning plant TE domains.

Genome and ncRNA annotation

Augustus (Stanke et al. 2006) and GlimmerHMM (Majoros et al.

2004) were used to perform de novo prediction based on the re-

peat-masked genome. Homologous proteins of other plant species

(apple, strawberry, grape, and Arabidopsis) were mapped to the

genome using TBLASTN (Altschul et al. 1990) with an E-cutoff

value of 1310�5. Aligned sequences, as well as their corresponding

query proteins, were then filtered and passed to GeneWise (Birney

et al. 2004) to accurately search for spliced alignments. Then,

GLEAN (Elsik et al. 2007) was used to integrate these two sources of

evidence to produce a consensus gene set.

About 7.8 Gb transcriptome sequence, of mixed multiple

tissues generated by Illumina RNA-seq, was used to predict tran-

scripts with TopHat (http://tophat.cbcb.umd.edu) and Cufflinks

(http://cufflinks.cbcb.umd.edu). Then predicted transcripts were

used to complement the GLEAN gene set or were integrated as

isoforms. Novel genes were added to generate the final gene set.

tRNAscan-SE (Lowe and Eddy 1997) was performed to search

for reliable tRNA positions. Searches for snRNA and miRNA were

done through a two-step method: first aligned with BLAST

and then searched with INFERNAL against the Rfam database

(Griffiths-Jones, et al. 2005). rRNAs were detected by aligning with

BLASTN against known plant rRNA sequences.

Gene families and phylogenetic analyses

Proteins of pear, apple, strawberry, grape, papaya, poplar, rice, and

Arabidopsis were selected to perform all-against-all comparison

using BLASTP (Altschul et al. 1990). The results were fed into the

stand-alone OrthoMCL (Li et al. 2003) program using a default

MCL inflation parameter of 1.5. Single-copy families were selected

to perform alignment by MUSCLE (Edgar 2004). Fourfold de-

generate sites (4d) were picked by PhyML (Guindon et al. 2010),

based on the maximum likelihood method (Guindon and Gascuel

2003), to reconstruct the phylogenetic tree using rice as an out-

group. The divergence time was estimated by MultiDivtime (Edgar

2004) using the divergence time of papaya and Arabidopsis, iden-

tified by fossil records (Crepet et al. 2004). Subsequently, CAFÉ (De

Bie et al. 2006) was used to identify gene family expansion and

contraction.

Collinearity and WGD

MCscan (Tang et al. 2008) was used to identify collinearity blocks

using paralog gene pairs, which were then identified by BLASTP

(Altschul et al. 1990). ThroughMUSCLE alignment of gene pairs in

collinearity blocks (Edgar 2004), 4dTv (transversion of fourfold

degenerate site) values of each block were calculated using the sum

of transversion of fourfold degenerate sites divided by the sum of

fourfold degenerate sites (Huang et al. 2009). Ks values were cal-

culated using MUSCLE (Edgar 2004) alignment and PAML (Yang

2007) for gene families of paralogous gene pairs. All these values

were used for WGD analysis.

Disease resistance genes

Identification of pear resistance-related genes was based on the

most conserved motif structures of plant resistance proteins, in-
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cluding CC, KIN, TIR, NBS, and LRR finger domains. Conserved

motifs were derived fromdomain profiles retrieved from the PFAM,

PANTHER, PRINTS, PROSITE, SMART, and SUPERFAMILY data-

bases and from PAIRCOIL2 (McDonnell et al. 2006) to specifically

detect CC domains. ‘Other’ types of R genes (without most con-

served motifs, nevertheless potential R genes) were determined by

BLAST (Altschul et al. 1990) based on a threshold of 60% similarity

using the ‘Other’-type reference of PRGDB (Sanseverino et al.

2010) as a reference sequence. Assigning candidate genes to dif-

ferent R classes was based on the aforementioned protein domain

composition. R genes were grouped into clusters when they were

not interrupted by more than eight other ORFs encoding non-R

proteins.

Data access

The whole-genome sequences of the pear (P. bretschneideri Rehd.)

project have been deposited at GenBank (http://www.ncbi.nlm.

nih.gov/genbank) under accession no. AJSU00000000. The ver-

sion described in this article is the first version AJSU01000000.

The data are also available at our professional website (http://

peargenome.njau.edu.cn).
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