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ABSTRACT

Pear is an economically important fruit worldwide. We recently reported a crispy texture pear cultivar
‘Xiang Mian Li’ (XML) with intense aroma as a good candidate for Chinese white pear breeding. Chinese white
pears usually have faint odor, thus it’s interesting to uncover the molecular mechanisms for the development
of aroma in ‘XML’. Freshly plucked faint odor ‘XML’ fruit (XML-FA) and postharvest ripened fruit with intense
aroma (XML-IA) were studied through RNA-Seq. A total of 3758 differentially expressed genes (DEGs) were found
between XML-FA and XML-IA, which significantly enriched in 288 Gene Ontology (GO) terms and 101 KEGG
pathways. Besides the expected “Plant hormone signal transduction” and “ethylene biosynthetic process”,
changes in volatile biosynthesis related pathways were also found. Highly expressed LOX and lipase were
found to be the most important genes involved in the characteristic aroma formation of ‘XML’, suggesting the
great role of membrane lipid hydrolysis in the mechanism of aroma formation in ‘XML’ pear. Additionally, PDC2,
ADH, FAD, PLD and 4CL were also closely related to the formation of ‘XML’ aroma. Our data can be applied to
improve practically the breeding program for elite Chinese white pear cultivars.

Key words: Pyrus bretschneideri, transcriptome analysis, aroma formation, volatile compound biosynthesis, differentially
expressed genes.

INTRODUCTION terpenoids (Arrieta-Garay et al., 1; Rapparini
and Predieris, 13) from pears. Esters, especially
ethyl hexanotate are the dominant and odour
contributing volatiles in P. ussuriensis, P. serotina
and P. communis (Li et al., 8; Qin et al., 12; Yi et
al., 18). Aldehydes, alcohols and esters are the
main compounds in P. bretschneideri and P. pyrifolia
(Chen et al., 3; Katayama et al., 6). Ethyl hexanotate
has been reported to be the most abundant and
odour contributor in XML (Yi et al., 18).
Biosynthesis of volatile esters is mainly from
two unsaturated fatty acids, linoleic and linolenic
acids, through lipoxygenase (LOX) with help of
B-oxidation pathways (Shi et al., 14; Yi et al., 18).
LOX enzymes catalyze unsaturated fatty acids to
hydroperoxides, and then hydroperoxide lyases
(HPLs) cleave hydroperoxides to C6 aliphatic
aldehydes; alcohol dehydrogenases (ADHSs) catalyze
the reversible aldehydes to alcohols, and alcohols
finally formed corresponding esters with the help
of alcohol acyltransferase (AAT). Membrane lipids
is an important precursor of unsaturated fatty acid
during fruit postharvest ripening (Shi et al., 14),
during which, phospholipase D (PLD) and lipase
have been reported to play an important role (Sun et
*Corresponding author's E-mail: yxk79yl@163.com. al., 15). Fatty acid desaturase (FAD), ADH, pyruvate
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Flavour is one of the most important factors that
determines fruit quality and consumer acceptability.
There are four main cultivated species of pear in
China, each with distinct flavour and taste. Pyrus
ussuriensis, which needs postharvest ripening,
is the widest consumed pear with rich aroma,
however, it has a shorter shelf life than other
pears. P. bretschneideri, a widely consumed pear
species, is famous for its big fruit size and crispy
texture, but has faint odor (Teng and Tanabe,
16). Recently, a new pear cultivar ‘Xiang Mian Li’
(XML) has been reported having characteristics
of both P. ussuriensis and P. bretschneideri. It
has attractive aroma, crispy texture, big fruit size
and long shelf-life. Previous study showed that
‘XML’ volatiles had four esters, three aldehydes,
two alcohols, two hydrocarbons and D-limonenel.
Volatiles based phylogenetic cluster showed its
close affinity towardss P. bretschneideri, thus this
seems a good candidate cultivar for white pear
breeding programme (Yi et al., 18).

More than 300 volatile compounds have been
detected and identified, including esters, alcohols,
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genes are reported to be vital for P. ussuriensis
fruit aroma formation (Wei et al., 17), while the low
expression of 18 LOX genes in ‘DangShan Suli’ (P.
bretschneideri) has been thought to be the reason
of the fruits with poor odor (Li et al., 9).

Transcriptome sequencing is an efficient
technology for evaluating the differences between
samples, especially caused by environmental factors.
‘XML’ needs a about 10 days postharvest ripening,
which results in rich aroma, before marketing (Shi et
al., 14; Wei et al., 17). In this study, we used the freshly
harvested ‘XML’ fruit (XML-FA) and postharvest
ripened ‘XML’ fruit (XML-IA) for transcriptomic
analysis to uncover the molecular mechanisms of
its aroma formation. Through differentially enriched
GO terms and KEGG pathways, some volatile
compounds biosynthetic pathways, e.g. LOX pathway
and MEP pathway, were found. Through the analysis
of relationship between DEGs and content of volatile
compounds, LOX and lipase were found vital for
its characteristic aroma formation, alongwith close
relationship of PDC2, ADH, FAD, PLD and 4CL
with the formation of XML  aroma, but not AAT and
the hydrolysis of volatile glycosides. Our data also
provided valuable data for the research of small
species of Chinese pears.

MATERIALS AND METHODS

Immature fruits of the local pear cultivar ‘XML’
were collected from the Center of Pear Germplasm
Collection, Anhui, China. Fifty freshly harvested fruits
were directly deep frozen in liquid nitrogen and stored
at -80 °C for future control use. Another 50 fruits were
put at room temperature 10d for postharvest ripening.
And then postharvest ripened fruits were also deep
frozen and stored at -80°C.

Total RNA was extracted from pear fruits using
the RNAprep pure Plant Kit (TianGen, China).
The quality and quantity of RNA were determined
using both agarose gel and a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific, USA).
RNA samples with A, .., ratio between 1.8 to 2.0,
A3 Matio between 2.0 to 2.2 and RNA integrity
number more than 8.0, were used for transcriptomic
sequencing. Purified RNA samples, done with polyT
oligo-attached magnetic beads, were sent to Biomarker
Technologies Corporation (Beijing, China) for cDNA
library construction and sequencing. Enriched mRNA
was fragmented and amplified using an Ovation
RNA-Seq System V2 kit (Nugen Technologies, USA)
following the manufacturer’s protocols. Amplified 1 ug
cDNA was used to generate cDNA libraries. lllumina
HiSeq TM 2000 platform (lllumina, China) was used
for sequencing. Each sample was done with three
biological replicates.
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The unigenes generated from the mixed pear
samples were aligned against the six public libraries
COG, GO, KEGG, Swissprot, TrEMBL and NR
databases (E-value < = 1E-5) to retrieve functional
annotations based on sequence similarity using
BLASTX. All usable reads were normalized into FPKM
values (Fragments Per Kilobase of transcript per
Million fragments mapped) to show their transcript
levels. Differentially expressed unigenes (DEGs)
between the two samples were calculated based on
“base mean” value obtained from the DESeq package,
only unigenes with a Log, (fold change) > 1 and false
discovery rate (FDR) < 0.05, were considered to be
DEGs. Gene ontology (GO) analysis and visualization
were conducted using the TopGO package. KOBAS
software was used to test the DEGs enrichment in
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways (http://www.genome.jp/kegg/) (Wei et al.,
17). The GO terms and KEGG pathways with p-values
< 0.05 were considered significantly enriched.

qRT-PCR assays were performed on a
CFX96 platform (Bio-Rad), using gene specific
primers (Supplementary Table S1). Top Green
gqPCR SuperMix (TransGen, China) was used as
mixed polymerase. PCR reaction efficiencies for all
genes were more than 90%. Transcript levels were
normalized to Actin (pyrus_ GLEAN_10016054)
using the 2 “22¢tmethod. All experiments were done
using three replicates and shown as means + SD.
Duncan’s new multiple range test was performed
for statistical significance analysis using Data
Processing System (DPS) version 15.10 (http://www.
chinadps.net/dps_eng/).

RESULTS AND DISCUSSION

The newly reported fragrance pear ‘XML’
formed intense aroma, which were mainly esters,
after postharvest ripening (Yi et al., 18). Terpenonid
compound, which rarely detected in pears, D-limonene
was also found (Yi et al., 18). In order to understand
the molecular mechanisms of the formation of these
aroma volatiles, transcriptomic analysis was done for
two pear samples, fruits directly plucked with faint
aroma (XML-FA) and fruits with intense aroma after
10d postharvest ripening (XML-IA).

Accordingly, two cDNA libraries were constructed
and sequenced. After removing the adaptors and
low-quality sequences, 23,770,715 and 27,070,335
clean reads were obtained form XML-FA and
XML-IA, respectively (Table 1). Q30 value was
higher than 90% for each library, all the unigenes
covered genome sequences approximately 65%
for both samples (Table 1). The length distribution
of unigenes had similar patterns among the two
libraries (Fig. 1) as well as other transcriptomes.
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Table 1. Summary of the RNA-seq data

Totally 42,868 assembled unigenes were annotated
using six public libraries, including 915 newly

Samples XLM-FA XML-1A identified unigenes.
Total Reads 47,541,430 54,140,670 The FPKM fold change of > 2 or < 0.5 (Log,fold
Clean reads 23,770,715 27,070,335 changed >1) and Q-value <0.01 (Benjamini and
GC Content 46.82% 46.23% ;l_%chbe{g,”2) betweendtwo Iibra(r:)e;c\;/ve;s c:hto?eI asf
ifferentially expressed genes s), a total o
Q30 90.07% 90.29% 3758 DEGs were found between the two groups. GO
Mapped Reads 65.33% 64.91% analysis comprised of three parts, namely Biological
Uniq Mapped Reads 57.82% 57.81% Process (BP),.CeIIuIar Component_(CC) and
Multiple Map Reads 7.51% 7.09% Molecular Function (MF). GO BP analysis revealed
120 altered GO terms (P<0.001) (Supplementary
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Fig. 1. Length distribution of unigenes in the assembled transcriptome data
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Table 2. Top 10 of GO terms Biological process, Cellular component and Molecular function.

Important genes of white pear aroma formation

GO.ID Term P-value
Biological process
GO0:0015074 DNA integration 7.50E-20
G0:0010200 Response to chitin 1.50E-08
G0:0010193 Response to ozone 1.50E-07
G0:0009863 Salicylic acid mediated signaling pathway 4.30E-07
G0:0002679 Respiratory burst involved in defense response 6.70E-07
G0:0010266 Response to vitamin B1 7.70E-07
G0:0006865 Amino acid transport 1.40E-06
G0:0055114 Oxidation-reduction process 3.00E-06
GO0:0019745 Pentacyclic triterpenoid biosynthetic process 4.10E-06
GO0:0010117 Photoprotection 6.60E-06
Cellular component
G0:0009506 Plasmodesma 0.00014
G0:0005886 Plasma membrane 0.00031
G0:0046658 Anchored component of plasma membrane 0.0004
G0:0009535 Chloroplast thylakoid membrane 0.00055
G0:0009521 Photosystem 0.00108
G0:0030931 Heterotetrameric ADPG pyrophosphorylase complex 0.00173
GO0:0005576 Extracellular region 0.0024
G0:0044431 Golgi apparatus part 0.00248
G0:0009505 Plant-type cell wall 0.00261
G0:0048046 Apoplast 0.0027
Molecular function
G0:0015020 Glucuronosyltransferase activity 0.000000004
G0:0042299 Lupeol synthase activity 0.000000055
G0:0050403 trans-Zeatin O-beta-D-glucosyltransferase activity 0.00000017
G0:0050502 cis-Zeatin O-beta-D-glucosyltransferase activity 0.00000017
G0:0090438 Camelliol C synthase activity 0.00000071
G0:0042300 B-Amyrin synthase activity 0.00000092
GO0:0043531 ADP binding 0.0000048
G0:0003960 NADPH:quinone reductase activity 0.0000068
G0:0042561 a-Amyrin synthase activity 0.000011
G0:0043864 Indoleacetamide hydrolase activity 0.000014

Table S2) between faint odor and intense aroma
pear, including “respiratory burst involved in defense
response” (Table 2) and “ethylene biosynthetic
process” (GO ID: 0009693, P=0.00039), suggesting
the differences between the two samples were truly
caused by postharvest ripening. GO CC revealed 93
terms (P<0.001), including “plasmodesma”, “plasma
membrane” and “chloroplast thylakoid membrane”.

Previous reports have shown that the degradation
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of the membrane systems contributed a lot on pear
aroma formation during postharvest ripening (Liu
etal., 11; Shi et al., 14). GO MF had 75 altered GO
terms (P<0.001), including “glucuronosyltransferase
activity” and several sesquiterpene biosynthase
activities. Moreover, GO terms “geranyl diphosphate
(GPP) metabolic process” (G0O:0033383,
P=4.80E-05), “farnesyl diphosphate metabolic
process” (GO:0045338, P=0.00049), “sesquiterpene
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biosynthetic process” (GO:0051762, P=0.00986) and
“phospholipid biosynthetic process” (GO:0008654,
P=0.0059) were found altered between XML-IA
and XML-FA in GO BP, GPP is the substrate
of monoterpene biosynthesis, e.g. D-limonene;
membrane phospholipids hydrolyzed to free fatty
acids gave plenty of substrates for pear esters
formation (Liu et al., 11), thus these altered GO terms
were consistent with their different aroma.

As shown in the 50 chosen pathways, “Ribosome”
and “Plant hormone signal transduction” were the
most affected (Fig. 2). In addition, DEGs involved
in “Phenylpropanoid biosynthesis” and “Fatty acid
metabolism”, which related to volatile compounds
formation (Dudareva et al., 4), were also found.

In order to understand the mechanism of the
formation of the characteristic aroma of XML, DEGs
that may be related to aroma formation were also
identified. As previously reported, a-linolenic acid
metabolism was thought to be vital for pear aroma
formation. Accordingly, LOX (Li et al., 9; Wei et
al., 17), ADH and AAT (Li et al., 9) , fatty acid
desaturase (FAD), pyruvate decarboxylase isozyme
(PDC) and lipase (Wei et al., 17), phospholipase
D (PLD) (Shi et al., 14) in pear aroma formation.
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Thus, in this study, whether these genes were
differentially expressed were checked one by one.
Results showed that no differentially expressed
AAT was found. Three w-3 FAD and one w-6 FAD
were found differentially expressed (Table 3). Lee
et al. (9) reported that w-6 and w-3 FAD played a
key role in the synthesis of the unsaturated fatty
acids linoleic (18:2) and linolenic (18:3) acids.
The 3 up-regulated and 1 down-regulated FAD
consistent with the higher volatile aroma contents
in XML-IA compared with XML-FA. One pyruvate
decarboxylase isozyme 2 (PDC2) gene was found.
Enhanced PDC activity was correlated with ethanol
production in ‘Packham’s Triumph’ pears during
fruit ripening, hence the increased transcript level
of PDC2 in this study may have a significant
contribution to the aroma formation. Two PLD
genes and three ADH genes were found (Table 3),
PLD activity was found positively correlated to the
concentration of volatile compounds while ADH was
negatively (Shi et al., 14). In this study, PLD genes
in XML-1A were all higher expressed than in XML-
FA, while ADH genes were lower expressed (Table
3). These data suggested that PLD and ADH may
contributed to ‘XML’ aroma formation.
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Fig. 2. Most enriched 50 KEGG pathways between XML-FA and XML-IA.
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Table 3. DEGs that may involved in volatile aroma compounds biosynthesis.

Important genes of white pear aroma formation

Gene ID Annotation FPKM XML-IA/
XML-FA  XML-IA  XML-FA
ADH
pyrus_GLEAN_10041154 Alcohol dehydrogenase 53.65 1.96 0.04
pyrus_GLEAN_10031279 Alcohol dehydrogenase 659.66 24.78 0.04
pyrus_GLEAN_10041153 Alcohol dehydrogenase 1 1.96 0.36 0.19
AOCS
pyrus_GLEAN_10042093 Allene oxide synthase 2.51 30.92 12.32
FAD
pyrus_GLEAN_10024105 Omega-3 fatty acid desaturase 0.23 5.84 25.49
pyrus_GLEAN_10003625 Omega-3 fatty acid desaturase 1.07 0.00 0.00
pyrus_GLEAN_10011425 Omega-3 fatty acid desaturase 3.15 17.85 5.67
pyrus_GLEAN_10041336 Omega-6 fatty acid desaturase 48.58 198.28 4.08
Lipase
pyrus_GLEAN_10019923 GDSL esterasel/lipase At1g54790 23.78 0.52 0.02
pyrus_GLEAN_10040106 GDSL esterase/lipase EXL3 12.31 197.36 16.03
pyrus_GLEAN_10008276 GDSL esterasel/lipase At4g10955 13.87 0.15 0.01
pyrus_GLEAN_10033779 GDSL esterasel/lipase 1 0.00 2.23 UP
pyrus_GLEAN_10032411 GDSL esterase/lipase At3g26430 6.09 0.53 0.09
pyrus_GLEAN_10011288 GDSL esterase/lipase 2 0.00 10.78 uUpP
pyrus_GLEAN_10040107 GDSL esterase/lipase EXL3 3.09 17.49 5.66
CUFF44.37 1 GDSL esterasel/lipase 1 20.34 3.89 0.19
pyrus_GLEAN_10011292 GDSL esterase/lipase 1 3.85 0.00 0.00
pyrus_GLEAN_10029420 GDSL esterasel/lipase At5g62930 13.63 0.56 0.04
pyrus_GLEAN_10015049 GDSL esterasel/lipase At4g28780 1.65 0.00 0.00
pyrus_GLEAN_10034649 GDSL esterase/lipase At2g42990 1.74 10.12 5.82
pyrus_GLEAN_10032408 GDSL esterasel/lipase At3g26430 14.26 0.78 0.05
CUFF5.33.1 GDSL esterasel/lipase LTL1 459 0.00 0.00
pyrus_GLEAN_10013363 GDSL esterase/lipase At1g09390 3.20 0.14 0.04
pyrus_GLEAN_10039600 GDSL esterase/lipase CPRD49 34.55 1.98 0.06
pyrus_GLEAN_10018874 GDSL esterasel/lipase At1g29670 3.26 0.00 0.00
LOX
pyrus_GLEAN_10032527 Lipoxygenase 6 7.43 0.07 0.01
pyrus_GLEAN_10027674 Linoleate 13S-lipoxygenase 2-1 102.46 14.72 0.14
pyrus_ GLEAN_10026046 Linoleate 9S-lipoxygenase 5 0.43 0.00 0.00
pyrus_GLEAN_10017638 Linoleate 9S-lipoxygenase 5 0.05 8.20 161.77
pyrus_GLEAN_10026903 Linoleate 9S-lipoxygenase 5 0.03 0.64 21.61
pyrus_GLEAN_10027670 Linoleate 13S-lipoxygenase 2-1 2.78 31.05 11.17
pyrus_GLEAN_10001337 Linoleate 13S-lipoxygenase 3-1 1.27 20.29 15.93
pyrus_GLEAN_10037931 Linoleate 13S-lipoxygenase 3-1 0.71 3.37 4.76
PDC
pyrus_GLEAN_10017851 Pyruvate decarboxylase isozyme 2 13.44 1703.04 126.75
PLD
pyrus_GLEAN_10025597 Phospholipase D epsilon 0.00 29.82 UP
pyrus_GLEAN_10011385 Phospholipase D p1 2.09 9.08 4.34
4CL
pyrus_GLEAN_10040062 4-coumarate--CoA ligase-like 5 6.03 38.51 6.39

aUP means invalid calculation.
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It was noteworthy that 8 LOX genes and 17
lipase DEGs were found (Table 3), LOX is the
key enzyme towards esters biosynthesis using
unsaturated fatty acids, and lipase is an important
enzyme that catalyze the hydrolysis of membrane
phospholipid to produce unsaturated fatty acids (Li
et al., 8; Liu et al., 11; Shi et al., 14; Wei et al., 17;
Yi et al., 18). Ester ethyl hexanoate was the most
contributor of XML aroma through the Odor Active
Value (OAV) analysis (Yi et al., 18). These data
suggested a great role of the two genes on the
formation of the characteristic aroma of XML through
postharvest ripening. Some of these two genes
were higher expressed in XML-IA compared with
XML-FA, but others were lower expressed (Table
3), this may because of their different expression
pattern and/or functions as found in other pears (Li
et al., 8). Low LOX transcript levels were thought to
be the reason of faint odor of Chinese white pear
(Pyrus bretschneideri) (Li et al., 9), then highly
expressed pyrus_GLEAN_10027670 and pyrus_
GLEAN_10001337, which has high FPKM value
(Table 3), can be very important for the formation
of XML aroma. Twelve out of the 17 differentially
expressed lipase genes were lower expressed in
XML-IA than in XML-FA (Table 3). Lipase has similar
role with PLD in membrane phospholipid hydrolysis
(Sun et al., 15) and lipase activity was found positively
correlated with aroma compound concentration. In
this case, either lipase did not contribute to XML
aroma formation or pyrus_GLEAN_10040106,
which has a extremely high FPKM compared to
others (Table 3), has a main function on XML

aroma formation. Furthermore, two genes involved
in a-linolenic acid metabolism were found higher
expressed in XML-IA compared to XML-FA through
KEGG analysis, named allene oxide synthase
(pyrus_ GLEAN_10042093) and 4-coumarate: CoA
ligase-like 5 (pyrus_ GLEAN_10040062), strongly
suggested their role in aroma esters formation in
XML-IA.

D-Limonene was found in XML aroma compounds
(Yi et al., 18), monoterpene can be derived from
MEP pathway in chloroplast, and/or release
from their glycosidically bound aroma through
beta-glucosidase (Liu et al., 10). In this study, no
differentially expressed beta-glucosidase gene was
found but some genes involved in MEP pathway
were found (Table 4). All MEP pathway genes as
well as genes involved in “geranyl diphosphate
metabolic process” (G0:0033383) were lower
expressed in XML-IA. The homologues of (3S,6E)-
nerolidol synthase 1 in tea can produce D-limonene
in planta (Liu et al., 10). Furthermore, D-limonene
did not contribute to sensory quality according to its
OAV analysis. However, the relationship between
the lower expressed genes and higher D-limonene
content need further studies.

In order to validate the reliability of the
transcriptome sequencing, the relative expression
levels of 7 randomly selected genes were analyzed
using qRT-PCR (Fig. 3). The results were consistent
with the transcriptome data with a correlation of 0.974
(data not shown). For example, the gene encoding
hypothetical protein PRUPE_ppa005432mg was
up-regulated in both RNA-seq and gqRT-PCR
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Fig. 3. Correlation between FPKM fold change and genes expression ratios.
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Table 4. Relative FPKMs of DEGs involved in MEP pathway and GPP synthesis.

Gene ID Name FPKM IA/ FA
XML-FA  XML-IA
pyrus_GLEAN_10014015 1-Deoxy-D-xylulose-5-phosphate synthase 11.81 2.70 0.23
pyrus_GLEAN_10028338 1-Deoxy-D-xylulose-5-phosphate synthase 2 6.11 0.10 0.02
pyrus_GLEAN_10013765 4-Hydroxy-3-methylbut-2-en-1-yl diphosphate synthase 35.67 15.30 0.43
pyrus_GLEAN_10010839 (-)-Germacrene D synthase 3.67 0.63 0.17
pyrus_GLEAN_10001380 (3S,6E)-Nerolidol synthase 1 1.17 0.06 0.05

analyses, with a similar fold change. Therefore, the
transcriptome data were reliable enough.

CONCLUSION

Transcriptomic analysis revealed a total of
3758 DEGs between XML-FA and XML-IA. These
DEGs significantly enriched in 120 GO BP terms,
93 GO CC terms and 75 GO MF terms as well as
101 KEGG pathways. The most enriched GO CC
terms showed a dramatic change happened to the
membrane system. Detailed analysis on the DEGs
revealed several pathways may involved in ‘XML’
pear aroma formation, 8 LOX genes together with
ADH, AOS and 4CL involved in unsaturated fatty
acids metabolism and 17 lipase genes together
with PLD, FAD and PDC involved in the hydrolysis
of membrane lipid to produce unsaturated fatty
acids. These data strongly suggested the great
role of LOX and lipase together with other genes
and the involvement of membrane lipid hydrolysis
in ‘XML’ aroma formation. Q30 value and the good
correlation between FPKM value and qRT-PCR
results indicated the reliability of our transcriptome
data. Our data provided valuable data for the
research of other pears and can be applied to
improve practically the breeding program for elite
Chinese white pear cultivars.
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