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Abstract Seedlessness is a desirable character in lemons
and other citrus species. Seedless fruit can be induced in many
ways, including through self-incompatibility (SI). SI is widely
used as an intraspecific reproductive barrier that prevents self-
fertilization in flowering plants. Although there have been many
studies on S, its mechanism remains unclear. The ‘Xiangshui’
lemon is an important seedless cultivar whose seedlessness has
been caused by SI. It is essential to identify genes involved in
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SIin “Xiangshui’ lemon to clarify its molecular mechanism. In
this study, candidate genes associated with SI were identified
using high-throughput Illumina RNA sequencing (RNA-seq).
A total of 61,224 unigenes were obtained (average, 948 bp;
N50 of 1,457 bp), among which 47,260 unigenes were anno-
tated by comparison to six public databases (Nr, Nt, Swiss-
Prot, KEGG, COG, and GO). Differentially expressed genes
were identified by comparing the transcriptomes of no-, self-,
and cross-pollinated stigmas with styles of the ‘Xiangshui’
lemon. Several differentially expressed genes that might be
associated with SI were identified, such as those involved in
pollen tube growth, programmed cell death, signal transduc-
tion, and transcription. NADPH oxidase genes associated with
apoptosis were highly upregulated in the self-pollinated tran-
scriptome. The expression pattern of 12 genes was analyzed
by quantitative real-time polymerase chain reaction. A putative
S-RNase gene was identified that had not been previously asso-
ciated with self-pollen rejection in lemon or citrus. This study
provided a transcriptome dataset for further studies of SI and
seedless lemon breeding.

Keywords Lemon - Self-incompatibility - RNA-seq -
Programmed cell death - S-RNase

Introduction

Seedlessness is an important economic trait of lemon
and other citrus species. Self-incompatibility (SI) is one
method of producing seedless fruit in citrus, especially
coupled with parthenocarpy. Therefore, understanding the
molecular mechanisms of SI is important for seedless fruit
breeding.

SI is widely observed in higher order plants, prevent-
ing self-fertilization and promoting genetic diversity. The
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predominant form of SI is a gametophytic SI system (GSI),
which is controlled by a single multi-allelic S-locus. In
recent years, great progress has been made in understand-
ing the mechanism of GSI, including in Rosaceae, Solan-
aceae and Papaveraceae. Many fruit tree species are GSI
type, such as Malus, Pyrus, and some Citrus species. For
GSI, two systems have been reported: GSI based on the
S-ribonuclease (S-RNase) in Rosaceae, Scrophulariaceae,
and Solanaceae; and GSI based on a Ca’" signaling cas-
cade that results in the programmed cell death (PCD) of
self-pollen tubes in Papaveraceae. The S-locus contains
at least two genes, one expressed in pistils and the other
in pollen. S-RNases secreted by the pistil act as cytotox-
ins to degrade the RNA of self-pollen tubes while allow-
ing normal cross-pollen growth. Pollen-expressed S genes
belong to a class of F-box genes (S-locus F-box, SLF).
Pollen-expressed S genes can participate in an SCF E3
ubiquitin ligase complex, which is important for protein
ubiquitination and degradation. S-locus genes of many fruit
tree species have been identified and cloned, particularly
in Rosaceae (Wu et al. 2013), such as in apple (Sakurai
et al. 2000), pear (Zisovich et al. 2004), plum (Zhang et al.
2008), cherry (Gu et al. 2010; Schuster 2012) and apricot
(Wang et al. 2012). However, in citrus, the SI-related genes
have not yet been identified.

Citrus is an important economic crop worldwide, and
seedlessness is a desired trait because seedless fruits are
popular in the market. Several pummelo and mandarin-like
cultivars are self-incompatible. Several studies have been
performed to identify putative genes involved in citrus SI.
Suppression subtractive hybridization, cDNA-amplifica-
tion length polymorphisms, and microarray analysis have
been performed to detect differentially expressed genes and
identify candidate genes involved in SI (Distefano et al.
2009; Chai et al. 2011b; Caruso et al. 2012; Miao et al.
2013a, b). Two S-like RNase genes were isolated from the
‘Shatian’ and ‘Zigui shatian’ pummelos. However, it is not
clear whether these two S-like RNase genes are involved in
SI. In clementine (Citrus clementina Hort. Ex Tan.), some
candidate genes have been isolated, such as receptor-like
kinases, stress-induced genes, transcription factors, cal-
cium-related genes and hormone signaling genes. In the
self-incompatible ‘Wuzishatangju’ (C. reticulata Blanco),
it has been demonstrated that candidate genes involved in
the SI reaction act by regulating signaling pathways, pol-
len development, receptor kinases, the ubiquitin pathway,
calcium ion binding, gibberellin stimulus and transcription
(Miao et al. 2013a, b). Moreover, Ca>* is considered to be
important in SI signal transduction. Furthermore, a novel
F-box gene and three different aspartic-acid rich protein
genes that potentially regulate Ca*" homeostasis during
self-pollen recognition were identified in Citrus clementina
(Caruso et al. 2012).
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RNA sequencing (RNA-seq) is a powerful method
to investigate the molecular basis of many agronomi-
cally important traits in citrus and other plants. RNA-seq
has been used successfully for transcript annotation in tea
(Shi et al. 2011), garlic (Sun et al. 2012), banana (Li et al.
2012), olive (Gil-Amado and Gomez-Jimenez 2012) and
grape (Venturini et al. 2013), among other plants.

The ‘Xiangshui’ lemon [C. limon (L.) Burm. E.], which
flowers throughout the year, is seedless, with a strong sweet
smell. Our previous study demonstrated that it is self-
incompatible because of inhibited fertilization mainly in
the base of the stigma (Zhang et al. 2012). In this study,
RNA-seq was used to analyze the transcriptomes of stig-
mas with styles of the ‘Xiangshui’ lemon 24 h after no-,
self-, and cross-pollination. This transcriptome dataset
could provide useful information to understand the molecu-
lar mechanism of SI, and can be used for future genomics
studies of this plant.

Materials and methods
Plant materials and RNA extraction

In this study, stigmas with styles were collected from the
‘Xiangshui’ lemon (self-incompatible) during full bloom,
24 h after no- (Sample_XS), self- (Sample_XX) and cross-
(Sample_XB) pollination, respectively. All flowers were
bagged before flowering. The pollen of the ‘Baihua’ lemon
[C. limon (L.) Burm. E] (self-compatible) was used for
cross-pollination. The trees were grown in Guangxi Uni-
versity, Nanning, China. The samples were immediately
frozen in liquid nitrogen and stored at —80 °C until use.

The TRIzol reagent (Takara) was used to isolate total
RNA according to the manufacturer’s instructions. RNA
samples were treated with RNase-free DNase I (Fermen-
tas Life Sciences) to remove contaminating DNA. A Nan-
oDrop ND1000 instrument (Thermo Scientific) was used
to assess RNA quantity and quality. Three biological rep-
licates per treatment were diluted at equal concentrations
and amounts and then pooled to obtain a final quantity of
25 ug of RNA per condition.

Preparation of cDNA library and transcriptome sequencing

mRNA was isolated using magnetic beads with Oligo (dT)
and then mixed with the fragmentation buffer. mRNA was
fragmented into short fragments that were then used as
templates for cDNA synthesis. We used random hexamer
primers and reverse transcriptase (Invitrogen) to synthe-
size first-strand cDNA, the second-strand cDNA was syn-
thesized using RNase H (Invitrogen) and DNA polymer-
ase (Invitrogen). Short fragments were purified and then
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resolved with EB buffer to repair the ends and add a single
A (adenine) nucleotide. The short fragments were then con-
nected to adapters. The products were purified and ampli-
fied via polymerase chain reaction (PCR) to create the final
cDNA libraries. An Agilent 2100 Bioanalyzer (Agilent,
USA) and ABI StepOnePlus Real-Time PCR system (ABI,
USA) were used to assess the quantity and quality of the
final cDNA libraries. An Illumina HiSeq' " 2000 performed
the sequencing reactions.

Bioinformatics analysis

Raw reads produced from sequencing machines included
dirty reads that contain adapters and unknown or low-qual-
ity bases. Therefore, before assembly, we filtered out these
dirty reads. Clean reads were mapped to the citrus genome
and gene sequences (http://citrus.hzau.edu.cn/orange/
index.php) using SOAP2, permitting no more than five base
mismatches in the alignment. The Trinity program was used
to perform de novo assembly. Trinity combines three inde-
pendent software modules, Inchworm, Chrysalis, and But-
terfly (Grabherr et al. 2011), which are applied sequentially
to process large volumes of RNA-seq reads. The clean reads
were first assembled into longer contigs. Then, the pair-end
reads were mapped back to the contigs, taking the distance
of paired-end reads as a frame. The contigs were connected
to access the sequences that could not be extended on both
ends, and the sequence of the unigene was then produced.
The unigenes were further spliced and assembled to acquire
non-redundant unigenes that were as long as possible. The
unigenes were then divided into two classes: clusters with
the prefix CL and singletons with the prefix unigene. In the
final step, BLASTx (e-value <0.00001) was performed to
annotate the unigenes based on protein databases, includ-
ing Nr, Swiss-Port, KEGG, and COG. The best results were
used to determine the direction of the unigenes. If results
based on different databases conflicted with one another,
a priority order of Nr, Swiss-Port, KEGG, and COG was
followed. The blast2go (Conesa et al. 2005) program was
employed to obtain GO annotations for the unigenes. After
obtaining GO annotations for every unigene, we used
WEGO (Ye et al. 2006) software to perform GO functional
classification for all unigenes and to gain an understanding
of the distribution of gene functions of the species from the
macro-level. The BLASTx algorithm (E-value threshold:
le™) was used to search against the Cluster of Orthologous
Groups (COG) database and the Kyoto Encyclopedia of
Genes and Genomes pathway (KEGG) database to produce
the COG and KEGG pathway annotations.

Gene expression levels were calculated using the reads
per kilobase per million reads method described by Mor-
tazavi et al. (2008). Differential expression of genes
across the three samples was identified using the method

described by Audic and Claverie (1997). In this study,
genes were deemed differently expressed at a false discov-
ery rate (FDR <0.001) and ratio greater than 2. Differently
expressed genes were then used for GO functional analysis
and KEGG pathway analysis.

Quantitative real-time PCR (qPCR) analysis

Stigmas were sampled from O (non-pollinated flowers) to
6 days after pollination. Total RNA was extracted using
the method mentioned above and treated with RNase-free
DNase I (Fermentas, Switzerland) to remove contaminating
DNA. M-MLV reverse transcriptase (Fermentas) was used
to synthesize single-strand cDNA, according to the manu-
facturer’s instructions. The SYBR Green Real-time PCR
Master Mix (Takara) with the ABI 7500 Real Time System
(PE Applied Biosystems, Foster City, CA, USA) was used
to perform qPCR. Reactions were performed as the follow-
ing: 95 °C for 30 s, followed by 40 cycles of 95 °C for 5 s
and 60 °C for 30 s. Three biological replicates were ana-
lyzed. Actin was used to normalize mRNA levels. Gene-
specific primers were designed according to the reference
unigene sequences (Table S1). Quantitative variation was
analyzed using the formula 2722¢T (Livak and Schmittgen
2001).

Results
Analysis of RNA-Seq datasets

After removing adaptor, ambiguous and low-quality reads,
we generated approximately 54.2, 54.8, and 53.9 million
high-quality clean reads from the XS, XX, and XB sam-
ples, respectively (NCBI accession number: SRA174344).
Of these high-quality reads, 70.16, 69.32, and 69.04 %
were aligned to the citrus mRNA reference sequences,
respectively (Table 1). De novo assembly generated 87,421,
98,907, and 95,225 contigs with mean lengths of 393, 383,
and 363 bp and N50 s of 820, 799, and 675 bp, respectively.
Finally, 57,573, 63,387, and 62,552 unigenes were obtained
with mean lengths of 761, 749, and 686 bp and N50s of
1,256, 1,242, and 1,112 bp, for samples XS, XX, and XB,
respectively. A total of 61,224 unigenes were obtained with
a mean length of 948 bp and N50 of 1,457 bp (Table 2).
Of these, 36,203 unigenes were greater than 500 bp, and
21,359 unigenes (34.88 % of the total 61,224 unigenes)
were greater than 1,000 bp (Figure S1).

Functional annotation and classification

All of the unigenes were compared to sequences in public
databases, including the NCBI non-redundant protein (Nr)
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Table 1 Statistics of the reads
obtained and their mapping
results to citrus genes

Sample

Total clean reads Q20 percentage N percentage GC percentage Total mapped reads to

reference genes (%)

Sample XS 54,215,858 96.87 0.00 46.37 70.16

Sample XX 54,895,612 96.95 0.00 45.68 69.32
Q20 percentage: a sequencing Sample XB 53,989,360 96.84 0.00 46.88 69.04
error probability of 0.01
Table 2 De novo assembly statistics
Sample Contigs Unigenes

Total number Mean length (bp) N50 (bp) Total number Mean length (bp) N50 (bp) Clusters Singletons

XS 87,421 393 820 57,573 761 1,256 19,179 38,395
XX 98,907 383 799 63,383 749 1,242 21,070 42,317
XB 95,225 363 675 62,552 686 1,112 19,574 42,978
All 61,224 948 1,457 27,128 34,096

database, the NCBI COG database, the Swiss-Port pro-
tein database, and the KEGG database. A total of 45,265
unigene-matched sequences in the Nr databases. Statis-
tical analysis of the top hits in the Nr database demon-
strated that 60 % of the mapped sequences had significant
homology (<1.0E—45) (Figure S2 A), and 29.5 % of the
sequences had alignment identities greater than 80 % (Fig-
ure S2 B).

More specifically, the assembled unigenes were com-
pared against COGs for in-depth analysis of phylogeneti-
cally widespread domain families. COGs consist of protein
sequences encoded in 21 complete genomes, including
bacteria, algae, and eukaryotes, and were built on classifi-
cations according to phylogenetic relationships. Each COG
consists of individual proteins or groups of paralogs from at
least three lineages and thus corresponds to an ancient con-
served domain. A total of 17,224 unigenes were assigned
COG classifications (Fig. 1).

Among the 25 COG categories, the cluster of general
function prediction represented the highest number (5,631,
17.23 %), followed by transcription (2,955, 9.05 %), rep-
lication, recombination and repair (2,589, 7.93 %), signal
transduction mechanisms (2,265, 6.93 %), post-trans-
lational modification, protein turnover and chaperones
(2,240, 6.86 %), and translation, ribosomal structure, and
biogenesis (1,957, 5.99 %). The categories of nuclear struc-
ture (2, 0.006 %) and extracellular structures (6, 0.018 %)
had the fewest corresponding genes.

Gene ontology (GO) is an international standardized
gene functional classification system that offers a dynamic-
updated controlled vocabulary and strictly defined concept
to comprehensively describe properties of genes and their
products in any organism. GO has three ontologies: molec-
ular function, cellular component and biological process.

@ Springer

A total of 37,760 unigenes were categorized into 57 sub-
categories (Fig. 2).

To further investigate biological behavior, the unigenes
were assigned to the biochemical pathways described in the
KEGG database. A total of 26,394 unigenes were assigned
to the 128 KEGG pathways, including metabolic pathways,
biosynthesis of secondary metabolites, plant hormone sig-
nal transduction, ubiquitin-mediated proteolysis, and RNA
degradation.

Identification of differentially expressed genes

To identify genes associated with SI in the ‘Xiangshui’
lemon, the significance of gene expression differences
was determined using the threshold of FDR <0.001 and
llog,Ratiol >1. Totals of 4,785, 7,677, and 5,168 differ-
entially expressed genes were obtained between samples
XS and XX, samples XS and XB, samples XB and XX,
respectively. For these up- and down-regulated genes,
GO and KEGG analyses were performed. Specifically,
the expression levels of 3,342 genes were upregulated
and 1,443 genes were downregulated in sample XX com-
pared with sample XS. Additionally, 2,849 of these dif-
ferentially expressed genes were associated with 51 sub-
categories, and 2,212 were mapped to 116 pathways. The
expression levels of 3,372 genes were upregulated and
4,305 genes were downregulated in sample XB compared
with sample XS; 4,850 of these differentially expressed
genes were associated with 52 sub-categories, and 3,516
were mapped to 122 pathways. The expression levels
of 4,098 genes were upregulated and 1,070 genes were
downregulated in sample XX compared with sample XB;
3,370 of these differentially expressed genes were associ-
ated with 51 sub-categories, and 2,599 were mapped to
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Fig. 1 COG functional classification of all unigenes. 17,224 unigenes were assigned to 25 categories in the COG classification

123 pathways. In the above three comparisons, specific
pathways were observed in all three comparisons, such
as ubiquitin-mediated proteolysis, RNA degradation, and
plant hormone signal transduction. Additionally, several
stress resistance, transcription-associated and unknown
genes were identified. Notably, these defense-related
genes might function not only in defense but also in
response to pollination, which is consistent with previous
studies in Arabidopsis (Tung et al. 2005) and rice (Lan
et al. 2005). Further study is necessary on those genes
that may be associated with SI.

Candidate genes involved in SI and expression analysis
of 12 candidate genes by qPCR

Pollen tube growth and elongation play an important role
in sexual reproduction. The genes or factors that associ-
ate with pollen tube growth may be involved in abnor-
mal growth of self-pollen tubes along with S-locus genes.
According to the results of GO and KEGG analyses of

differentially expressed genes, several genes may be asso-
ciated with SI (Table S2).

A putative S-RNase gene (unigene 14715) was cloned
that is homologous with ribonuclease T, family genes. Phy-
logenetic analysis was conducted by aligning entire pre-
dicted protein sequences, and the neighbor-joining phylo-
genetic tree demonstrated that unigene 14175 most closely
related to the S-RNase from Nicotiana sylvestris (Gen-
ebank: CAA05306) and other self-incompatibility-associ-
ated ribonucleases from Prunus (Fig. 3).

In total, 12 candidate genes were chosen for expression
analysis. qPCR analysis was performed on the 12 candi-
date genes using gene-specific primer pairs. The transcrip-
tion levels of these genes were determined in stigmas at
different times after self- and cross-pollination (Fig. 4).
The expression levels of unigene 29710, unigene 29755,
unigene 29829, unigene 28158, unigene 222, unigene
29240, unigene 28930 and CL8452 contigl were upregu-
lated after self-pollination. Their highest expression levels
were at 3 and 4 days after self-pollination. However, their
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«Fig. 2 Histogram representation of GO classifications. All unigenes
were annotated in three categories, as depicted on the y-axis. The
x-axis indicates the percentage of genes in each category

expression levels were weak in cross-pollinated stigmas,
with the highest expression at 4 h. The highest expression
levels of unigene 14715 and CL2009 contigl were at 4 h
and 3 days after self-pollination, respectively; however,
their expression levels were weak in cross-pollinated stig-
mas. Unigene 14175 was expressed specifically in pistils
and most highly expressed in stigmas compared with styles
and ovaries. CL2009 contigl was expressed specifically in
anthers. These results suggested that these genes could play
important roles in self-incompatibility. The selected genes
showed the same expression trend in qPCR analysis as they
did in the RNA-seq analysis.

Significant differences in unigene 14175 in expression
were analyzed between different tissues of ‘Xiangshui’
lemons (Fig. 5). The highest expression was detected in

100

100

65

stigmas, where its expression was approximately 2-, 3-, and
10-fold higher than in styles, ovaries, and anthers, respec-
tively. There was almost no expression in leaves, stems,
petals, and filaments.

Discussion

RNA-seq is a powerful tool to investigate the molecu-
lar basis of agronomic traits and provides a new strategy
to identify candidate genes involved in SI. In this study,
RNA-seq was used to discover genes associated with SI
in ‘Xiangshui’ lemon. From among 61,224 assembled uni-
genes, 47,260 were annotated. Several genes, such as puta-
tive S-RNase, F-box, NADPH oxidase, and DELLA were
identified as SI related (Table S2). There have been no pre-
vious reports of their association with SI in lemons. The
data are a valuable addition to the publicly available, lemon
genomic information.

S4-RNase [Prunus avium] BAAB3480
self-incompatihility associated ribonuclease [Prunus dulcis] AAF82612
S$34-RNase [Prunus cerasus] ABwW74347
RNase 52 [Prunus avium] CAC27785
self-incompatihility associated ribonuclease [Prunus pseudocerasus) ABY 82413
S-locus-associated ribonuclease [Prunus speciosa) ADZ48270
Sk-RNase [Prunus dulcis] BAF42762
S-RNase [Prunus avium] AAP 92438

— S-locus-associated ribonuclease [Prunus speciosa] ADZ48271

L S-RNase [Prunus x yedoensis] BAH22121

— S8-RNase [Prunus dulcis] BAI70445
g9 —— S-rihonuclease 4 [Prunus persical BAJ41469
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S-RNase [Prunus webbii] ABJ97523
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100 |_|:S&RNase [Prunus dulcis] BAASS317

83 S-locus associated ribonuclease [Prunus speciosa) ADZ76512

ribonuclease (RNase LC2) [Luffa aegyptiaca) BAA10892

T2 [Citrus lemon)Unigene 14175
ER’Nase [Nicotiana sylvestris] CAADS306
56 RNase [Medicago truncatula) XP_003599242

ribonuclease, RNS1 [Arabidopsis lyrata subsp. lyrata] XP_002675183
ribonuclease 1 [Arabidopsis thaliana) NP_178399
S-like ribonuclease [Prunus dulcis] AAGO9465
ribonuclease [Pyrus pyrifolia] BAADSA75
ribonuclease [Oryza sativa Japonica Group] BAB 19805
RNase NE [Nicotiana alata] AAA21135
RNase [Nicotiana tabacurm] BAAS5448
s L— ribonuclease NW [Nicotiana glutinosa] BAC77613
99 — 528-RNase [Pyrus x bretschneideri] ABY73721
_%‘—Eself-incompatibiliw ribonuclease S3 [Malus spectabilis] ADB85480
S&-RNase [Pyrus pyrifolia] BACE5223

100 534-RNase [Pyrus x bretschneideri) ABD72921

533-RNase [Malus sieversii] BAJ10662

ot S34-RNase [Malus domestica] BAJ 10663

100

Fig. 3 Phylogenetic analysis of unigene 14175 and other S-RNases
from different species. The neighbor-joining tree based on p-distance
and pairwise deletions of gaps indicates phylogenetic relationships
among the putative S-RNase proteins in different species. The num-

0 — Se-RNase [Pyrus communis] BAE92265

bers at the branch points indicate bootstrap support values above
50 % (1,000 replicates). A putative lemon S-RNase protein is high-
lighted
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Fig. 4 Relative gene expressions of selected genes. Relative expres-
sion was defined as the expression level, and the x-axis indicates days
after pollination. Bars represent the standard deviations about the
mean. Unigene 29710 (U-box domain-containing protein 35-like);
Unigene 29755 (Syntaxin-124); Unigene 29829 (cyclic nucleotide-
gated ion channel protein); Unigene 28158 (phosphatidylinositol-

In the GSI system, a ribonuclease (RNase) plays a
key role in self-pollen rejection (McClure 2006). Pistil-
expressed S-RNases act as cytotoxins to degrade the RNA
of self-pollen tubes. A recent report suggested that S-RNase
is associated with the pollen endomembrane system in
Nicotiana (Goldraij et al. 2006). Pollen-expressed S-locus
F-box genes act as a component of the SCF (Skp-1-Cul-
lin1-F-box) complex and uniquely ubiquitinate non-self
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4-phosphate 5-kinase); Unigene 14715 (a putative S-RNase); CL2009
contigl (F-box protein); Unigene 222 (F-box protein); Unigene
29240 (respiratory burst oxidase homolog protein A); Unigene 12855
(chitin-inducible gibberellin-responsive protein); Unigene 28930
(gibberellin 2-oxidase); CL8452 contigl (cationic amino acid trans-
porter); Unigene 22188 (F-box family protein)

S-RNases, resulting in their degradation by the 26S pro-
teasome. Recently, many S-RNase and F-box genes have
been identified in fruit trees, particularly Rosaceae trees
(De Franceschi et al. 2011; Gu et al. 2013). Among SI cit-
rus species, an S-like RNase gene, CgSL2 (NCBI accession
No. FJ917371) was isolated from pummelo (Chai et al.
2011b). Further studies suggested that these genes might be
associated with senescence rather than the incompatibility
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Fig. 5 Expression analyses of a putative S-RNase gene (unigene
14715) in different tissues of ‘Xiangshui’ lemon

response. Another S-like RNase in ‘Wuzishatangju’ was
cloned from mature pistils. An F-box gene designated as
CgF-box was isolated from the ‘Zigui shatian’ pummelo
(Chai et al. 2011a). CgF-box is involved in flower matura-
tion and is thought to play different roles in different tis-
sues. In the self-pollinated sample XX, several Ribonucle-
ase T, homologous genes were identified. Moreover, F-box
genes were differentially expressed among the three sam-
ples. A putative S-RNase gene (unigene 14715) was cloned.
Unigene 14715 was highly expressed in self-pollinated
stigmas and weakly expressed in cross-pollinated ones
(Fig. 4). In addition, the abundance of unigene 14715 in the
stigma was 2- and 3-fold higher than that in the style and
ovary. It exhibited very low or no expression at other tis-
sues, which was different to pummelo CgSL2. Expression
of CgSL2 was detected in petals, stamens, and stem. In pear
and apricot, the expression of S-RNase genes was highest
in the style, and self-pollen tubes were arrested in the styles
(Sakurai et al. 2000; Feng et al. 2006; Wang et al. 2010).
Differentially expressed genes were annotated in various
biological processes that might be involved in self-pollen
rejection. Among these processes, pollen germination and
pollen tube elongation are vital for sexual reproduction.
The pollen tube growth-related genes might be involved
in the abnormal growth of self-pollen in the ‘Xiangshui’
lemon. In addition, Ca®* plays a key role in pollen germina-
tion and tube growth. The tip-focused apical Ca** gradient
is characteristic of growing pollen tubes, whereas it is not
observed in incompatible pollen tubes because of an influx
of extracellular Ca’" (Franklin-Tong et al. 2002). Pollen
tube growth is determined by the fusion of vesicles and the
structure of actin filaments. However, to a certain extent,
Ca*" levels regulate these processes. During pollen tube
growth, Ca’*-CaM affects phosphorylation, callose synthe-
sis and vesicle fusion. Nevertheless, high Ca** levels may

interrupt pollen tube growth and cause callose accumula-
tion in the tube tip. As a secondary messenger, Ca>" is also
involved in signal transduction, transferring extracellular
signals to intercellular signaling pathways. Unigene 30558,
unigene 30258, and unigene 29593, which are involved
in calcium-mediated signaling, were upregulated in self-
pollinated sample XX. DEAD-box ATP-dependent RNA
helicase (unigene 28511) and expansion (unigene 2232)
were identified and may play an important role in abnormal
tube growth. Other genes were also identified that encoded
callose synthesis, calmodulin, calcium-dependent protein
kinase, and NADPH oxidase. The involvement of these
genes may explain our previous observations that pollen
tubes in self-pollinated plants were twisted and enlarged
(Zhang et al. 2012). Moreover, an exocyst complex com-
ponent gene (unigene 29572) was upregulated in sample
XX and downregulated in sample XB. The exocyst com-
plex is involved in exocytosis and vesicle transport. A Bras-
sica napus exocyst complex subunit, named Exo70A1, has
been identified. In yeast and animal systems, this subunit
is involved in targeted secretion at the plasma membrane
by tethering vesicles on the membrane. Exo70A1 is a com-
patibility factor, and therefore, overexpression in Brassica
is sufficient to partially overcome the self-pollen rejection
response in self-incompatible Brassica plants. Further stud-
ies are required to clarify the function of the exocyst com-
plex component gene that was upregulated in sample XX.
PCD is an essential element in development in animal
and plant cells. However, little is understood about PCD’s
role during plant reproduction. In Papaver rhoeas, the pistil
S-locus product is a small protein that interacts with incom-
patible pollen, triggering a Ca>*-dependent signaling net-
work that causes pollen arrest and PCD. By contrast, in the
S-RNase-based GSI, proteolysis by the ubiquitin—proteas-
ome pathway and PCD are involved in pollen tube growth.
In pear (Pyrus pyrifolia L.), the S-RNase depolymerizes
the actin cytoskeleton, which triggers mitochondrial altera-
tion and DNA degradation in the incompatible pollen tube,
indicating that incompatible pollen growth was terminated
by PCD (Wang et al. 2009). In the self-incompatible olive
tree (Olea eurpaea L.), experiments suggested that PCD
is involved in pollen-growth arrest (Irene et al. 2010). In
this study, PCD- and cell death-associated proteins, such as
myosin heavy chain, hexokinase, protein disulfide isomer-
ase, cationic amino acid transporter, vesicle-associated
membrane protein, aspartic proteinase, and cysteine pro-
teases were identified. In sample XX, NADPH oxidase
(unigene 29751) was upregulated compared with the other
samples. One of the major sources of reactive oxygen spe-
cies (ROS) in plants is a reaction mediated by NAPDH oxi-
dase. The activity of NADPH oxidase is regulated by cal-
cium ions, signaling phospholipids and possibly Rac/Rop
GTPases (Potocky et al. 2012). ROS-mediated signaling
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is strongly associated with plant growth and developmen-
tal processes such as tip growth, pollen—pistil interaction,
defense responses and PCD (Torres et al. 2002; Foreman
et al. 2003; Takeda et al. 2008). ROS are necessary for
pear pollen tube growth, because pollen tube growth was
inhibited when an NADPH oxidase inhibitor is added to
the medium (Wang et al. 2010). However, excess ROS
can be cytotoxic. Further studies are required to determine
whether NADPH oxidase contributes to self-pollen rejec-
tion in the ‘Xiangshui’ lemon.

Gibberellins (GAs) are classical plant hormones essen-
tial for plant growth and development. In the pathway of
GA biosynthesis, the gibberellin 2-oxidase gene is one of
the key enzymes regulating GA biosynthesis. In addition,
the DELLA gene is central to GA signaling (Peng et al.
1997). At low GA levels, the DELLA protein acts as a
growth repressor by blocking the transcriptional response
to the hormone. However, the binding of GA to the GA
receptor, GID1, promotes the formation of a GA-GID1-
DELLA complex that is subsequently recognized by the
SCF complex, resulting in the ubiquitin-marked DELLA
protein being degraded by the 26S proteasome. A DELLA
gene was previously isolated in the self-incompatible Cit-
rus clementina (Distefano et al. 2009). In this study, gib-
berellin 2-oxidase (unigene 28930) and DELLA (unigene
12855) were upregulated in sample XX; however, further
transcriptional analysis should be performed to identify
their functions in the SI response.

The results of transcriptome analysis suggested that
multiple genes are associated with self-pollen rejection.
The most likely candidate S-locus genes were identified,
which have not been reported in citrus. Based on the tran-
scriptome analysis we hypothesize that Ca**, GA, and PCD
might be crucial for self-pollen rejection of the ‘Xiangshui’
lemon. However, further studies are required to fully under-
stand the role of the candidate genes in SI.

Conclusion

In this study, 61,224 unigenes were obtained with an aver-
age length of 948 bp by RNA-seq and their expression level
was compared in self-, cross-, and non-pollinated samples.
A number of differentially expressed genes were identified.
Expression levels of 12 candidate genes were observed
to be quite different in self- and cross-pollinated stigmas.
A putative S-RNase gene (unigene 14715) was expressed
at its highest level in stigmas where the self-pollen tubes
are mainly arrested in ‘Xiangshui’ lemon. Further studies
are required to determine the functions of these genes in
SI. Our research provided abundant transcription level data
associated with SI in lemons and could provide clues for
the further exploration of SI in lemon species.
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