
1 3

Mol Genet Genomics (2017) 292:325–341
DOI 10.1007/s00438-016-1279-8

ORIGINAL ARTICLE

Genome‑wide identification and functional analysis of S‑RNase 
involved in the self‑incompatibility of citrus

Mei Liang1 · Wei Yang1 · Shiying Su1 · Lili Fu1 · Hualin Yi1 · Chuanwu Chen2 · 
Xiuxin Deng1 · Lijun Chai1 

Received: 31 March 2016 / Accepted: 3 December 2016 / Published online: 8 December 2016 
© Springer-Verlag Berlin Heidelberg 2016

several common characteristics of the pistil determinant of 
self-incompatibility: it has an alkaline isoelectric point (pI), 
harbors only one intron, and is specifically expressed in 
style. We obtained a cDNA encoding CgRNS3 from ‘Sha-
tian’ pummelo and found that it is homolog to CsRNS3 
and that CgRNS3 exhibited the same expression pattern as 
CsRNS3. In an in  vitro culture system, the CgRNS3 pro-
tein significantly inhibited the growth of self-pollen tubes 
from ‘Shatian’ pummelo, but after a heat treatment, this 
protein did not significantly inhibit the elongation of self- 
or non-self-pollen tubes. In conclusion, an S-RNase gene, 
CgRNS3, was obtained by searching the genomes of sweet 
orange and clementine for genes exhibiting sequence simi-
larity to ribonucleases followed by expression analyses. 
Using this approach, we identified a protein that signifi-
cantly inhibited the growth of self-pollen tubes, which is 
the defining property of an S-RNase.

Keywords  Citrus · S-RNase · Phylogenetic analysis · 
Expression analysis · In vitro culture system ·  
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Introduction

Self-incompatibility is an important mechanism that inhib-
its fertilization by rejecting self-pollen and accepting non-
self-pollen in bisexual flowering plants (De Nettancourt 
2001). cDNA clones encoding the S-specific glycopro-
tein associated with self-incompatibility were first cloned 
from the gametophytic self-incompatible Nicotiana alata 
(Anderson et al. 1986). McClure et al. (1989) demonstrated 
that some of these glycoproteins share sequence similar-
ity with the active sites of RNase T2 and RNase Rh. Thus, 
these glycoproteins are referred to as S-RNases (McClure 
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et  al. 1989). Around the same time, S-RNases were suc-
cessfully identified in species from Rosaceae, such as 
Japanese pear (Sassa et al. 1992, 1993), apple (Broothaerts 
et  al. 1995), almond (Tao et  al. 1997), and sweet cherry 
(Tao et  al. 1999). Citrus, one of the most important ever-
green perennials worldwide, contains both self-incompati-
ble and self-compatible species (Ngo 2001; Masashi et al. 
2006). However, the mechanism of self-incompatibility in 
citrus remains largely unknown relative to species from 
Rosaceae.

In citrus, the combination of self-incompatibility and 
parthenocarpy yields seedlessness, a highly favorable com-
mercial trait. Thus, an increasing number of studies have 
focused on the mechanism of self-incompatibility in citrus. 
Genes that contribute to self-incompatibility in citrus were 
identified using comparative transcriptome approaches 
(Caruso et al. 2012; Miao et al. 2015; Zhang et al. 2015). 
Genes were previously associated with self-incompatibil-
ity in citrus, such as CrWSKP1 and CrS1-3.15 from Cit-
rus reticulate (Miao et al. 2011, 2013; Li et al. 2015), and 
CgSL2, SKP1-like, and F-box from C. grandis (Chai et al. 
2010, 2011a, b). However, these genes are not essential for 
self-incompatibility, because they are not required for the 
rejection of S-allele-specific pollen. Many researchers sus-
pect that the mechanism of self-incompatibility is similar 
in Citrus and Rosaceae in that the female determinant of 
self-incompatibility is an S-RNase gene (Miao et al. 2011; 
Chai et al. 2011b). However, no S-RNase genes that inhibit 
pollen tube growth have been discovered in citrus.

S-RNases belong to the RNase T2 family which cata-
lyzes the cleavage of single-stranded RNA yielding oligo-
nucleotides and mononucleotides. The RNase T2 family is 
divided into the S-RNases and S-like RNases subfamilies 
depending on whether the family members mediate the 
self-incompatibility response (Bariola and Green 1997). 
S-like RNases share structural features with S-RNases and 
are distributed throughout the kingdoms of life. Naturally, 
S-like RNases are associated with a broad range biologi-
cal function, such as phosphate scavenging, antimicrobial 
defense, tRNA cleavage, and the enhancement of stress tol-
erance (Luhtala and Parker 2010). The expression of RNS2 
in Arabidopsis is induced under phosphate starvation. In 
addition, Pi remobilizing and cell senescence affect the 
expression of the apparent ortholog of RNS2 from Antirrhi-
num, AhSL28 (Taylor et al. 1993; Liang et al. 2002). The 
expression of several stress-induced S-like RNases associ-
ated with virus infection, drought, or mechanical wounding 
is induced to remarkably high levels in response to stress 
(Perez-Amador et al. 2002; Salekdeh et al. 2002; Ohno and 
Ehara 2005; Wei et al. 2006). Consistent with the evidently 
different roles of the S-RNases and S-like RNases in the 
evolution of plants, S-RNases and S-like RNases are classi-
fied into three groups based on the number of their introns 

and phylogenetic analyses (Igic and Kohn 2001). S-like 
RNases were assigned to groups I and II. S-RNases were 
assigned to group III.

In contrast to S-like RNases, S-RNases are specifi-
cally expressed in the style and inhibit the growth of pol-
len tubes as demonstrated by the genetic transformation 
of Petunia inflata and Nicotiana (Lee et al. 1994; Murfett 
et al. 1994). However, similar experiments are impractical 
for woody perennial species because of their long juvenile 
period. Therefore, testing whether candidate S-RNases pos-
sess S-RNase activity and surveying the downstream reac-
tions induced by candidate S-RNases using an in vitro has 
become a common approach for identifying S-RNases from 
such species (Hiratsuka et al. 2001; Wang et al. 2009). The 
ribonuclease activity of S-RNase proteins is essential for 
self-incompatibility (Huang et  al. 1994). After S-RNases 
are taken up by pollen tubes, they use the 26S proteasome 
pathway to specifically degrade the RNA of self-pollen 
tubes, which destroys the self-pollen tubes (McCubbin and 
Kao 2000; Takayama and Isogai 2005; Hua et al. 2008; Cui 
et al. 2014).

‘Shatian’ pummelo is an ancient species of the Citrus 
genus that exhibits self-incompatibility. We tested whether 
we could identify RNase T2 candidates in pummelo (C. 
grandis) using the genomic databases of sweet orange 
(C. sinensis) and clementine mandarin (C. clementine), 
because the genomic database of ‘Shatian’ pummelo is 
not available. To obtain candidate S genes associated with 
self-incompatibility, gene structure, sequence phylogeny, 
promoter elements, and expression patterns were analyzed 
to distinguish S-RNases from S-like RNases. Based on this 
analysis, we identified a candidate S-RNase and used the 
in vitro system to test the self-incompatible activity of this 
candidate S-RNase. Among the 16 RNase T2 homologs 
that we identified, one gene, CgRNS3, exhibited all of the 
characteristics of an S-RNase. CgRNS3 was specifically 
expressed in pistil, and the protein encoded CgRNS3 was 
found to specifically inhibit the growth of self-pollen tubes 
in an in vitro culture system.

Materials and methods

Plant materials

Fruit and embryogenic callus were used to test whether the 
RNase T2 genes might contribute to the development of 
fruit and embryos. We separately used two different geno-
types of sweet orange (C. sinensis), because the late-rip-
ening mutant and the embryonic callus from one genotype 
did not provide sufficient material for our experiments. 
The wild-type (WT) ‘Fengjie 72-1’ orange and its spon-
taneous late-ripening mutant (MT) ‘Fengwan’ were both 
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cultivated in the Fengjie orchard in Chongqing City, China. 
The sample fruits were harvested at 150, 170, 190, 210, and 
240 days after flowering (DAF) from three different trees 
(Wu et  al. 2014b) and then sliced. The non-embryogenic 
callus (NEC) of sweet orange was induced following the 
protocol of Deng’s doctoral dissertation (Deng 1987). The 
embryonic callus was induced by culturing embryogenic 
callus (EC) on modified MT medium containing 2% (v/v) 
glycerol for 4 weeks (IEC4) (Liu and Deng 2002).

The tissues sampled from ‘Shatian’ pummelo (C. gran-
dis) included young leaves and six different floral organs: 
petals, anthers, filaments, styles, ovaries, and pedicels, 
which were collected at the Citrus Research Institute 
(Guilin City, Guangxi, China) 10  days prior to anthesis 
(Liang et  al. 2015). All of the samples were immediately 
frozen in liquid nitrogen and stored at −80  °C until fur-
ther RNA and protein extractions. The anthers of ‘Shatian’ 
pummelo and Suan pummelo that were used for the in vitro 
pollen culture system were collected, dehisced, dried, and 
stored in a bottle containing desiccants at –40 °C.

In silico identification and sequence analysis of RNase 
T2 genes in citrus

The complete genomes and protein sequences of sweet 
orange (C. sinensis) and clementine mandarin (C. clem-
entine) were separately downloaded from the C. sinensis 
genome database (http://www.citrus.hzau.edu.cn/orange/
index.php) (Xu et  al. 2013) and the phytozome database 
(http://www.phytozome.net/). The HMM profile of Ribonu-
clease T2 (PF00445_seed) was downloaded from the Pfam 
protein families database (http://www.pfam.xfam.org/), 
which was used as a query to identify the RNase T2 genes 
from sweet orange and clementine using HMMER 3.0 with 
an E-Value 1.0E−10. Each of the predicted genes was sub-
mitted to the SMART (http://www.smart.embl-heidelberg.
de/) and Pfam (http://www.pfam.sanger.ac.uk/) databases 
to test whether they were bona fide members of the RNase 
T2 family.

The molecular weights (kDa) and isoelectric points 
(pI) of the proteins encoded by the predicted RNase T2 
genes were calculated using the ProtParam tool at ExPASy 
(Gasteiger et  al. 2005). The intron–exon structures were 
plotted using the Gene Structure Display Server (GSDS, 
http://www.gsds.cbi.pku.edu.cn/) based on the genomic 
sequences and the CDS sequences (Guo et al. 2007). Signal 
peptide regions were predicted using the SignalP 4.1 server 
(http://www.cbs.dtu.dk/services/SignalP/).

Multiple sequence alignment and phylogenetic analysis

Multiple sequence alignments for the amino-acid sequences 
of the 16 RNase T2 proteins were prepared using ClustalX 

(version 1.83). To distinguish the S-RNases from the S-like 
RNases, a phylogenetic analysis was performed with the 
16 candidates and 74 RNase T2 enzymes (including 46 
S-RNases and 28 S-like RNases) that were reported previ-
ously from diverse species and that were downloaded from 
the Uniprot database (http://www.uniprot.org/). The perti-
nent information for these 74 RNase T2 sequences is listed 
in Table S1. To avoid non-alignments caused by the exces-
sive sequence divergence in the 5’ and 3’ ends, the regions 
between the first conserved position of the mature peptide 
and the last conserved cysteine residue were used for phy-
logenetic analyses (Igic and Kohn 2001). The phylogenetic 
tree was generated using MEGA5.0 (Tamura et  al. 2011) 
using the neighbor-joining (NJ) method. The reliability test 
was carried out using 1000 bootstrap replications.

Promoter analysis of RNase T2 genes in citrus

To research the promoter sequences of the RNase T2 genes, 
1,500  bp of genomic sequence that is upstream of the 
translational start site (ATG) was obtained from the sweet 
orange database. A draft containing all of the putative cis-
acting motifs in these promoter-containing sequences was 
prepared by analyzing these sequences at the PlantCARE 
Website (http://www.intra.psb.ugent.be:8080/PlantCARE) 
(Lescot et al. 2002).

RNA extraction, semi‑quantitative RT‑PCR, 
and quantitative RT‑PCR

Total RNA was extracted from fruit, embryogenic callus, 
leaves, and different floral organs as previously described 
by Liu and Liu. (Liu and Liu 2006). First-strand cDNA 
was synthesized from 2  μg of RNA using the Rever-
tAid™ First-Strand cDNA Synthesis Kit (Fermentas, USA) 
according to the manufacturer’s instructions. The specific 
primer pairs of semi-quantitative RT-PCR and quantitative 
RT-PCR were designed in non-conserved region with the 
software Primer 3, and were listed in Table S2. For quan-
titative RT-PCR, expression levels were normalized to the 
expression of Actin gene.

Semi-quantitative RT-PCR was conducted using a vol-
ume of 20 µL. Each semi-quantitative RT-PCR contained 
600 ng of cDNA, 0.5 µM of each primer, 200 µM of each 
dNTP, and 2.5 U of Fast Pfu DNA Polymerase in 1× reac-
tion buffer. PCRs were performed with an MJ-PTC-200 
thermal controller (MJ Research, Waltham Mass) with the 
following steps: 94 °C for 10 min followed by 32 cycles of 
94 °C for 16 s, 55 °C for 20 s, 72 °C for 20 s, and a final 
step at 72 °C for 10 min. The amplified products were ana-
lyzed using 2% agarose gels.

Quantitative RT-PCR analysis was performed in 10 µL 
reaction volumes with the ABI 7900HT Fast Real-Time 

http://www.citrus.hzau.edu.cn/orange/index.php
http://www.citrus.hzau.edu.cn/orange/index.php
http://www.phytozome.net/
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System with the SYBR Green PCR Master Mix. Each qRT-
PCR contained 600 ng of cDNA and 0.5 µM of each primer 
in 1 × SYBR Green Mix. Quantitative RT-PCRs were per-
formed with 384-well plates that included three biological 
replicates for each sample. The thermal cycling program 
began with an initial incubation at 50 °C for 2 min and an 
incubation at 95  °C for 1  min, followed by 40 cycles of 
95 °C for 15 s followed by 60 °C for 1 min.

In vivo pollinations

To test the self-incompatibility of ‘Shatian’ pummelo, a 
‘Shatian’ pummelo plant was self-pollinated at the Citrus 
Research Institute. In most self-incompatible varieties, 
pollen tubes reach the ovary at early bud stages, but as the 
style develops, their ability to grow is gradually reduced 
(Chalivendra et al. 2013). After the anthers were removed, 
styles at different developmental stages (stage 1: 5  days 
before flowering, stage 2: 4  days before flowering, stage 
3: 3 days before flowering, stage 4: 2 days before flower-
ing, stage 5: 1 day before flowering) were pollinated with 
mature self-pollen that was collected in 2014. Pistils were 
collected after 3 days and were immediately fixed in forma-
lin/acetic acid/alcohol (FAA). After fixing, the pistils were 
stained with the aniline blue fluorochrome as described by 
Lin et al. (Lin et al. 2015).

Antibody generation, protein extraction, and western 
blot analysis

A cDNA clone derived from CsRNS3 mRNA was obtained 
by PCR-mediated amplification of cDNA prepared from 
the styles of ‘Shatian’ pummelo. This cDNA sequence 
of CgRNS3 is available from genbank (accession num-
ber KX894564). The coding sequence of CgRNS3, with-
out the signal peptide, was inserted into the pEASY blunt 
E1 expression vector (TransGen). The recombinant pro-
tein was expressed in Escherichia coli strain BL21 (DE3) 
(TransGen), purified, and used to develop anti-CgRNS3 
antisera in rabbits. Total protein was extracted from the 
young leaves and six floral organs (petals, anthers, fila-
ments, styles, ovaries, and pedicels) from ‘Shatian’ pum-
melo as described previously (Isaacson et  al. 2006; Pan 
et al. 2009). The concentration of protein in these extracts 
was determined with a modified Bradford protein assay 
kit (Sangon Biotech) using bovine serum albumin (BSA) 
as standard. Equal amounts of protein (20  µg) were ana-
lyzed using SDS-PAGE. The 10% gels were analyzed by 
immunoblotting using polyvinylidene difluoride (PVDF) 
membranes, as previously described (Cao et  al. 2012). 
The anti-CsRNS3 antisera were diluted 1:1000; the anti-
actin antibodies (ABclonal) were diluted 1:5000. The 

appropriate secondary antibodies were diluted 1:2500. The 
immunoreactive bands were detected using the ECL plus 
western blot detection kit (GE Healthcare).

Recombinant protein expression and RNase activity 
assay

To obtain massive quantities of the recombinant CgRNS3 
protein, the mature protein (i.e., lacking the signal peptide) 
was expressed as a GST-fusion protein using the pGEX-
6P-1 expression vector, because GST tags enhance the 
expression level (Waugh 2005). The GST-CgRNS3 fusion 
protein was expressed in Escherichia coli strain BL21 
(DE3) (TransGen). The strain was grown at 37  °C in LB 
medium containing ampicillin at a concentration of 100 µg/
mL. When the OD600 of the suspension reached 0.6, the 
bacteria were transferred to fresh LB medium containing 
ampicillin at a concentration of 100  µg/mL with a 1:100 
dilution. The expression of the GST-CgRNS3 fusion pro-
tein was induced with 0.25 mM IPTG at 16  °C for 20 h. 
The cells were lysed using sonication in binding buffer 
(containing 140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 
1.8  mM KH2PO4, 2  mM DTT, pH 7.3). The fusion pro-
tein was purified using glutathione Sepharose 4B beads 
(GE Healthcare) according to the manufacturer’s protocol. 
Protein concentrations were estimated using the Bradford 
assay using BSA as a standard. The RNase activity of the 
recombinant protein was assayed using torula yeast RNA 
(Sigma) as substrate as previously described (Nishimura 
et al. 2014). Sodium citrate buffers with pH values ranging 
from 3 to 9 were used to test the pH optimum. To test the 
subcellular localization of CgRNS3, a cDNA encoding the 
full-length CgRNS3 protein was inserted into pM999-GFP 
and transiently expressed in protoplasts that were isolated 
from citrus leaves according to the protocol of Yoo et  al. 
(Yoo et  al. 2007). GFP fluorescence was imaged using a 
confocal laser scanning microscope.

In vitro pollen culture and S‑RNase inhibition assay

Pollen grains were cultured in liquid germination medium 
(GM) which contained 0.02% MgSO4, 0.01% KNO3, 
0.03% Ca(NO3)2, 0.01% H3BO3, 15% PEG-4000, and 
20% sucrose at pH 6.0. After the recombinant GST-
CgRNS3 was added to the basal GM at concentrations of 
25, 50, and 100 μg/mL, pollen was uniformly scattered 
onto the GM and incubated in a dark and humid cham-
ber for 9 h at 28 °C. Three independent experiments were 
performed for each treatment. Images of the pollen were 
acquired using light microscopy. At least 150 pollen tubes 
were measured for each treatment using the image pro-
plus software.
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Results

In silico identification and characterization of RNase 
T2 genes

To identify the RNase T2 genes in the genomes of citrus, 
we used the Hidden Markov Model (HMM) profile of the 
Pfam RNase T2 domain as a query in a BLASTP search 
of the available sweet orange and clementine mandarin 
genomes. We identified 9 and 7 RNase T2 homologs from 
sweet orange and clementine mandarin, respectively, which 
we named CsRNS1 through CsRNS9 and ClRNS1 through 
ClRNS7 (Tables 1, 2). The calculated molecular weights for 
the proteins encoded by these 16 putative RNase T2 genes 
mostly ranged from 25 to 32  kDa, which is typical for 
RNase T2 enzymes (Deshpande and Shankar 2002). The 
calculated molecular weights of the proteins encoded by 
CsRNS8 and ClRNS7 were outside of this range (14.3 and 
16.3 kDa, respectively). We calculated acidic pI values for 
7 and basic pI values for eight of these putative RNase T2 
enzymes. We calculated a nearly neutral pI value for only 
the RNase T2 enzyme encoded by CsRNS8 (Tables 1, 2).

Multiple sequence alignments of the full-length amino-
acid sequences of these putative RNase T2 proteins indi-
cated that all of these proteins, with the exception of 
CsRNS8, ClRNS1, and ClRNS7, contained two conserved 
active site (CAS I and CAS II) histidine residues that are 
essential for RNase T2 activity (Kawata et al. 1990) (Fig. 

S1). The coding sequences of CsRNS8 and ClRNS7 were 
short (approximately 400  bp) relative to the CsRNS and 
ClRNS sequences that contained both CAS I and CAS II. 
In CsRNS8 and ClRNS7, the CAS I motif was lost. The 
sequence identity between CsRNS1 and ClRNS1 is 84%. 
However, the deletion of a short sequence close to the CAS 
II motif was observed in ClRNS1 (Fig. S1). All the pro-
teins also had half-cystine residues with different levels of 
conservation, which form disulfide bridges to promote the 
proper folding of protein tertiary structure (Irie 1999).

Phylogenetic analysis of RNase T2 genes in citrus

A phylogenetic tree was constructed with the 16 CsRNS 
and ClRNS genes using the MEGA program and the neigh-
bor-joining (NJ) method. This analysis separated these 
genes into three groups (Fig.  1a). To further understand 
the relationships among these RNase T2 genes, the GSDS 
program was used to determine their intron–exon struc-
tures. We found that the genes that clustered into the same 
subgroups shared similar intron–exon structures. Genes 
that clustered into group I have only one intron, with the 
exceptions of CsRNS8 and ClRNS7, which have no intron. 
CsRNS1 and ClRNS1 have seven and six introns, respec-
tively, and formed an independent cluster. The members of 
group III, namely CsRNS5, CsRNS6, ClRNS2, ClRNS3, and 
ClRNS4, each have three introns. Our phylogenetic tree and 
our findings on the intron–exon structures of these genes 

Table 1   Characteristics of 
putative RNase T2 genes from 
sweet orange (Citrus sinensis)

Name ID Chr CDs Amino acid MW (kDa) pI

CsRNS1 Cs2g18380.1 2 843 280 31.7 5.28

CsRNS2 Cs2g26150.1 2 675 224 25.9 9.39

CsRNS3 Cs2g26130.1 2 669 222 25.7 9.37

CsRNS4 Cs3g07430.1 3 678 225 25.6 8.85

CsRNS5 Cs7g03770.1 7 693 230 25.8 5.3

CsRNS6 Cs7g03760.1 7 681 226 25.8 5.14

CsRNS7 Orange1.1t03886.1 un 708 235 26.7 9.21

CsRNS8 Orange1.1t03889.1 un 384 127 14.3 7.67

CsRNS9 Orange1.1t03891.1 un 666 221 25.3 9.82

Table 2   Characteristics of 
putative RNase T2 genes from 
clementine mandarin (Citrus 
clementine)

Name ID Chr CDs Amino acid MW (kDa) pI

ClRNS1 Ciclev10016242 m Scaffold_2 819 272 30.2 5.36

ClRNS2 Ciclev10032651 m Scaffold_4 693 230 25.8 5.47

ClRNS3 Ciclev10032660 m Scaffold_4 687 228 25.7 5.47

ClRNS4 Ciclev10032674 m Scaffold_4 681 226 25.8 5.14

ClRNS5 Ciclev10003503 m Scaffold_5 666 221 25.4 9.91

ClRNS6 Ciclev10003955 m Scaffold_5 711 236 26.9 8.65

ClRNS7 Ciclev10027322 m Scaffold_7 423 140 16.3 9.72
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are consistent with the findings of the previous publication 
(Igic and Kohn 2001).

Next, we analyzed the phylogenetic relationships among 
the 16 putative RNase T2 genes and the other homologs to 
determine whether these putative RNase T2 genes encode 
S-RNases or S-like RNases. Thus, 46 S-RNase and 28 
S-like RNase protein sequences were randomly collected 
from the UniProt database and a phylogenetic tree was 
constructed with the amino-acid sequences of the predicted 
mature proteins and the amino-acid sequences encoded by 
the 16 putative RNase T2 genes described above (Fig. 1b). 
We found that the S-RNases from Rosaceae and Sola-
naceae and some of the predicted RNase T2 enzymes 
clustered together and that the RNase T2 genes from cit-
rus were more closely related to the S-RNases from Sola-
naceae than to the S-RNases from Rosaceae. Another 
branch contained CsRNS1, CsRNS5, CsRNS6, and ClRNS1, 
through ClRNS4, and the 28 S-like RNase sequences that 
we analyzed from various species (Fig. 1b). This phyloge-
netic analysis provides evidence that some of these putative 
RNase T2 genes might serve as S-RNases that contribute 
to the self-incompatibility reaction. In addition, we found 
that each putative RNase T2 gene from clementine manda-
rin and one RNase T2 gene from sweet orange comprised 
one subgroup (Fig. 1a, b). These data provide evidence that 
these putative RNase T2 genes from clementine and sweet 
orange perform the same reaction in  vivo. On the other 
hand, pummelo share greater sequence identity with sweet 
orange than that with clementine, because sweet orange is 
a hybrid between pummelo and mandarin (Xu et al. 2013; 
Velasco and Licciardello 2014; Wu et al. 2014a). Hence, we 
decided to test the possible biological functions of CsRNS1 
through CsRNS9.

Stress‑relevant cis‑elements in the promoters of RNase 
T2 genes

S-like RNases often contribute to stress tolerance in 
plants. To identify the possible stress-related cis-ele-
ments in the promoter regions, we analyzed the 1500 bp 
located upstream of the translational start sites of 

CsRNS1 through CsRNS9 using the PlantCARE data-
base. All the identified elements are displayed in Fig. S2. 
CAAT-boxes and TATA-boxes were highly conserved 
among the nine genes. As shown in Table 3, 15 types of 
stress-related cis-acting motifs were detected, and these 
motifs included the anaerobic induction element (ARE), 
fungal elicitor element (Box-W1), heat stress responsive 
element (HSE), drought inducibility element (MBS), 
low-temperature responsive element (LTR), defense 
and stress responsive element (TC-rich repeats), and 
multiple cis-acting elements that respond to hormones. 
Among all the different cis-elements that we identified, 
the MBS and TC-rich repeats were the most abundant, 
accounting for 32% of all the identified elements. The 
promoter of each putative RNase-encoding gene that we 
tested had at least one MBS element. The majority of the 
promoters among the putative RNase T2 genes possessed 
ten or more elements. We identified 19 cis-elements in 
CsRNS1, which was the maximum number of elements 
that we identified in any of the genes that we tested. 
Almost half of the elements (8/19 cis-elements) that we 
identified in the promoter of CsRNS1 were reported to 
respond to MeJA (Table 3).

Expression analysis of RNases under diverse biological 
processes

To obtain evidence for the biological functions of these 
RNase T2 genes, we tested their expression levels during 
embryogenesis and in different developmental stages of 
fruit. Morphological changes could be clearly observed 
among non-embryogenic callus (NEC), callus induced 
for 4 weeks (IEC4) and embryogenic callus (EC) (Fig. 2). 
Results from semi-quantitative PCR experiments revealed 
that only CsRNS3 and CsRNS6 were expressed during 
embryo development CsRNS3 was detected in the NEC and 
EC stages. There was no significant difference in the levels 
of expression of CsRNS3 during these two stages of devel-
opment. CsRNS6 showed a prominent band at the EC stage 
but undetectable or weak expression at the NEC stage. In 
addition, quantitative RT-PCR was performed on RNA 
extracted from fruits harvested 150, 170, 190, 210, and 240 
DAF in a spontaneous late-ripening orange mutant (MT) 
and its wild type (WT) (Fig. 3). In MT, the expression lev-
els of 4 RNases (CsRNS1, CsRNS2, CsRNS3, CsRNS7, and 
CsRNS8) in MT significantly increased at 240 DAF and 
were obviously higher than in WT. It is noteworthy that the 
expression levels of CsRNS1 were continuously up-regu-
lated during fruit ripening in MT and the WT and that in 
contrast, no difference were observed in the expression lev-
els of CsRNS4, CsRNS5, CsRNS6, and CsRNS9 during fruit 
ripening in MT and the WT.

Fig. 1   Phylogenetic analysis of 16 RNase T2 genes from citrus. 
a The phylogenetic tree and gene structures were generated using 
MEGA5.0 and GSDS, respectively. All of the RNase T2 genes tested 
were clustered into three distinct groups. Exons and introns are 
depicted by filled green boxes and single lines, respectively. b Phylo-
genetic relationships among 16 RNase T2 and 74 RNase T2 enzymes 
from diverse species. The tree was constructed using the neighbor-
joining algorithm using the MEGA5.0 program. The reliability of this 
tree was inferred from a bootstrap analysis of 1000 replicates. The 
RNase T2 genes identified in this study are indicated with filled red 
circles

◂
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Tissue specific analysis of RNases

The defining characteristics of S-RNases are (1) they are 
specifically expressed in the style and (2) they participate 
in the self-incompatible reaction in Solanaceae, Rosaceae, 
and Scrophulariaceae (McClure et  al. 1989). As shown in 
Fig. 4a, the length of self-pollen tubes was gradually short-
ened during the development of stigma and ultimately 
the tube stopped growing at the 1/3 position of the style. 
These data are consistent with ‘Shatian’ pummelo possess-
ing a self-incompatibility system. To test whether some 
of the predicted RNases in our study might contribute to 
self-incompatibility, the levels of their expression were 
estimated in the leaves and in six floral organs of ‘Shatian’ 
pummelo using semi-quantitative PCR (Fig.  4b). CsRNS1 
was highly expressed in all the sampled organs. In contrast, 
the expression levels of CsRNS4 and CsRNS9 were below 
the limits of detection in all of the tissues tested. CsRNS5, 
CsRNS6, CsRNS7, and CsRNS8 were expressed in multiple 
tissues. In contrast, CsRNS3 was specifically expressed in 
style, and CsRNS2 was specifically expressed in the pistil.

Cloning and function of CgRNS3

Based on the results of our phylogenetic and expression 
analyses, we concluded that CsRNS3 is potentially an 
S-RNase that contributes to self-incompatibility in citrus. A 
cDNA encoding CgRNS3 (C. grandis RNase 3) synthesized 
from mRNA extracted from the styles of ‘Shatian’ pum-
melo was cloned and sequenced. There was 99% sequence 
identity between CgRNS3 and CsRNS3. The signal peptide 
of CgRNS3 was followed by a special structural domain 
found in type T2 RNases and a single intron was inserted 
into the hypervariable region (Fig.  5). The CgRNS3 pro-
tein shares the conserved regions C1, C2, C3, and C5, 
but the C4 region was different from the S-RNases from 
Solanaceae and Rosaceae. CgRNS3 is similar to Rosaceae 
S-RNases, which have only one hypervariable region 
named RHV, and is distinct from Solanaceae S-RNases in 
that Solanaceae S-RNases have two hypervariable regions 
(HVa and HVb) (Fig. 5).

We used quantitative RT-PCR and western blot analy-
ses to test the expression levels of CgRNS3 in the differ-
ent tissues of ‘Shatian’ pummelo, and found that CgRNS3 
was expressed at high levels in the style (Fig.  6). To test 
whether CgRNS3 participates in the self-incompatible 
reaction, we first prepared recombinant CgRNS3 protein by 
fusing the full-length cDNA without the signal peptide to 
GST in pGEX-6P-1 and expressed the fusion protein in E. 
coli (Fig.  7a). The ribonuclease activity and pH optimum 
of the recombinant CgRNS3 were tested using torula yeast 
RNA as the substrate. RNase activity was quantified at sev-
eral different pH values ranging from 3 to 9. The activity Ta
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Fig. 2   Expression patterns of CsRNS1 through CsRNS9 in three dif-
ferent callus tissues from sweet orange. Total RNA was extracted 
from embryogenic callus (EC), non-embryogenic callus (NEC), and 

embryogenic callus induced for 4 weeks (EC4). Gene expression was 
evaluated by semi-quantitative RT-PCR. Amplification of actin was 
used as a loading control

Fig. 3   Expression patterns of 
CsRNS1 through CsRNS9 in the 
fruit of a spontaneous late-rip-
ening orange mutant (MT) and 
the relevant wild type (WT). 
The developmental stages of 
fruit ripening that were tested 
included 150, 170, 190, 210, 
and 240 day after flowering. 
Quantitative RT-PCR was used 
to quantify mRNA levels. Three 
biological replicates were ana-
lyzed for the MT and the WT. 
Error bars indicate standard 
deviation
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of RNase A was also tested in these assays, for a compari-
son. RNase A exhibited the highest activity at an acidic 
pH value. We found that the recombinant CgRNS3 pro-
tein possessed ribonuclease activity. In contrast to RNase 
A, the recombinant CgRNS3 exhibited optimum activity 
at pH 8 (Fig. 7b). Moreover, the subcellular localization of 
CgRNS3 indicated that it was a cytoplasm protein (Fig. 7c). 

To confirm whether CgRNS3 was functionally involved 
in the self-incompatibility response, we added CgRNS3 
to the in vitro culture system at three different concentra-
tions: 25, 50, and 100 μg/mL. In production, the pollen 
from Suan pummelo is always used to pollinate ‘Shatian’ 
pummelo because of the self-incompatibility problem in 
‘Shatian’ pummelo. Thus, we reasoned that in theory, the 
pollen from Suan pummelo should develop normally in 
an in  vitro culture system programmed with pistils from 
‘Shatian’ pummelo. Indeed, we found that the pheno-
type of the non-self-pollen tube appeared relatively nor-
mal in the in  vitro culture system (Fig.  8a). In addition, 
we observed that most of the self-pollen tubes exhibited a 
curved apex when CgRNS3 was present at 25 μg/mL. This 

abnormal phenotype was enhanced when the concentra-
tion of CgRNS3 was increased. However, the phenotype 
of curved apex was almost no detection in non-self-pol-
len tube (Fig. 8a). Based on measurements of pollen tube 
length, the inhibitory effect on the growth of the pollen 
tubes was not obvious for both self- and non-self-pollen 
tubes when the CgRNS3 protein concentration was 25 μg/
mL. However, the CgRSN3 protein strongly inhibited the 
growth of both types of pollen tubes when the protein con-
centration exceeded 25  μg/mL. Interestingly, when the 
CgRNS3 protein was present at 100 μg/mL, we observed 
a 59% reduction in the length of the tubes of ‘Shatian’ 
pummelo. In contrast, when the CgRNS3 protein was pre-
sent at 100 μg/mL, we observed a 47% reduction in the 
tubes of Suan pummelo. After the protein was heated, it 
no longer induced the curved apex phenotype in the self-
pollen tubes and the inhibition of pollen tube growth was 
alleviated (Fig. 8a, b). In summary, CgRNS3 appears to be 
an S-RNase, because CgRNS3 has the characteristic struc-
tural and expression pattern of an S-RNase and similar to 
other reported S-RNases CgRNS3 possessed ribonuclease 

Fig. 4   Expression patterns of CsRNS1 through CsRNS9 in ‘Shatian’ 
pummelo (Citrus grandis). a Aniline blue staining of self-pollinated 
‘Shatian’ pummelo pistils at different developmental stages. The posi-
tion of pollen tube inhibition is indicated with an arrow. Bar 1 cm. 

b Semi-quantitative RT-PCR in seven different tissues from ‘Shatian’ 
pummelo. Leaves and six flower tissues dissected from mature flow-
ers (ovary, petal, anther, peduncle, filament, and style) were analyzed. 
Amplification of actin was used as a loading control
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activity and inhibited the growth of self-pollen in the 
in vitro culture system.

Discussion

Identification and classification of RNase T2 in citrus

RNase T2 genes perform a variety of functions in diverse 
prokaryotic and eukaryotic organisms. Recently, the 

publication of abundant genetic and genomic information 
for sweet orange and clementine mandarin have facilitated 
a better understanding of many biological traits in citrus 
(Xu et al. 2013; Wu et al. 2014a). Here, we report on the 
identification of 9 and 7 RNase T2 homologs from the 
sweet orange and clementine mandarin databases, respec-
tively (Tables 1, 2). Based on our phylogenetic analysis, we 
conclude that each of the putative RNase T2 genes from 
clementine mandarin is closely related to one of the puta-
tive RNase T2 genes from sweet orange (Fig. 1a, b). Plant 

Fig. 5   Amino-acid sequence alignment of the S-RNases from cit-
rus and other species. The conserved regions and the hypervariable 
regions of the S-RNases from Solanaceae and Rosaceae are indi-
cated under the corresponding sequences. The position of the intron 

is inserted in the gene encoding CgRNS3 which is marked with an 
arrow and the signal peptide is indicated with a straight line. The 
reported S-RNase sequences are from Nicotiana alata, Petunia 
hybrid, Malus domestica, Pyrus pyrifolia, and Prunus armeniaca
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RNases T2 genes were classified into three major groups 
based on the previous phylogenetic analyses and the num-
ber of introns in these genes (Igic and Kohn 2001). The 
S-like RNases are in groups I and II. The genes in group I 
have two or three introns. The genes in group II have seven 
or more introns. The S-RNases are in group III and have 
only one intron (Lee et al. 1992; Igic and Kohn 2001; Roal-
son and McCubbin 2003; Banović et al. 2009). Our phylo-
genetic analysis indicated that all of the candidate RNases 
T2 genes that we identified in this study were also classi-
fied into three groups. The numbers of introns in the genes 
from these groups are consistent with the previous find-
ings (Fig. 1a). The genes with three introns (CsRNS5 and 
CsRNS6) and the single gene with seven introns (CsRNS1) 
formed a single cluster. The CsRNS2/3/4/7/8/9 genes have 
only one intron or no introns (CsRNS8) formed a distinct 
cluster. Moreover, we obtained the same results with the 
phylogenetic tree constructed with 74 RNase T2 homologs 
and also found that CsRNS1, CsRNS5, and CsRNS6 clus-
tered with the 28 S-like RNases. The other predicted RNase 
T2 genes in sweet orange clustered with the S-RNases from 
Rosaceae and Solanaceae (Fig.  1b). Thus, our analysis 
appeared to distinguish S-RNases and S-like RNases.

Function and expression analysis of S‑like RNases 
in citrus

It has been reported that the S-like RNases from plants 
are responsive to various stresses, such as virus infection, 
drought, and mechanical wounding (Perez-Amador et  al. 

2002; Salekdeh et  al. 2002; Ohno and Ehara 2005). In this 
study, we found that the expression of CsRNS1 was continu-
ously up-regulated during fruit development and that at 240 
DAF, its expression in a late-ripening orange mutant was 
remarkably higher than in wild type (Fig. 3). Furthermore, we 
found eight MeJA-responsive cis-elements in the promoter 
region of CsRNS1 (Table 3). There are a large number of pub-
lications indicating that MeJA induces senescence (Woo et al. 
2001; Schommer et al. 2008). Consistent with S-like RNases 
contributing to senescence, Chai et al. (2011b) reported that 
the expression of an S-like RNase gene (CgSL2) from ‘Zigui 
shatian’ pummelois up-regulated during the senescence of 
ovaries. There is a 95% sequence identity between CsRNS1 
and CgSL2. These data provide evidence that CsRNS1 is an 
S-like RNase gene that probably contributes to senescence or 
fruit development. More evidence that S-like RNases contrib-
ute to the development of embryos comes from RNase Dre1 
and Dre2 from Zebrafish. The expression of these two S-like 
RNase genes was gradually increased when embryos were 
induced (Hillwig et al. 2009). We found that the expression of 
CsRNS6 was only detectable in embryogenic callus (Fig. 2). 
These data imply that CsRNS6 may act as an S-like RNase 
gene and involve in embryo development (Hillwig et al. 2009; 
Ambrosio et al. 2014).

Involvement of CgRNS3 in the self‑incompatibility 
of ‘Shatian’ pummelo

S-RNases accumulate it the style and act as female deter-
minants of self-incompatibility in Solanaceae, Rosaceae, 

Fig. 6   Expression of CgRNS3 
in the different tissues of 
‘Shatian’ pummelo. Expres-
sion levels were analyzed 
using quantitative RT-PCR and 
western blotting. Plant actin 
was used as internal reference. 
Three biological replicates were 
analyzed. Error bars indicate 
standard deviation
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and Scrophulariaceae (Bredemeijer and Blaas 1981; Uchida 
et al. 2012). To screen for genes encoding S-RNases in cit-
rus, we investigated the expression patterns of CsRNS1 
through CsRNS9 by measuring the expression levels of these 
genes in the diverse tissues of the self-incompatible culti-
var ‘Shatian’ pummelo. We observed style-specific expres-
sion only for CsRNS3 (Fig. 4b). In addition, the molecular 
weight (25.7 kDa) and the highly basic pI (9.37) of CsRNS3 

are similar to the S-RNases that were identified in many 
other species (Anderson et  al. 1986; Sassa et  al. 1993; 
Asquini et al. 2011). Thus, we cloned the cDNA of CgRNS3 
from ‘Shatian’ pummelo and found only a few differences 
in the amino-acid sequences relative to CsRNS3. Results 
from quantitative RT-PCR and western blotting experiments 
indicate that CgRNS3 is also expressed in the style (Fig. 6). 
Although the amino-acid sequences of S-RNases diverge 

Fig. 7   RNase activity assay and the subcellular localization of 
CgRNS3. a Purification of the GST-CgRNS3 fusion protein. The 
crude lysate and the purified fusion protein were analyzed using SDS-
PAGE. Lane 1, crude lysate; lane 2, purified recombinant protein. M, 
protein marker (labeled in kDa); CK, pGEX-6P-1 recombinant pro-
tein. b pH optimum of CgRNS3. The RNase assay was performed 

at several different pH values that ranged from 3 to 9. (filled square) 
recombinant protein. RNase A (circle). The mean values from three 
replicates are shown. Error bars indicate standard deviation (SD). 
c Subcellular localization of the full-length CgRNS3 fused to green 
fluorescent protein (GFP). Bar 10 μm
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substantially, their protein topology is highly conserved. 
For instance, S-RNases from Solanaceae have five con-
served regions (C1 to C5). These conserved regions, except 
for C4 conserved region, are also present in the S-RNases 
from Rosaceae. Interestingly, the C4 region of CgRNS3 was 
distinguished from that of Rosaceae and Solanaceae. Two 
hypervariable regions are always observed in S-RNases 
from Solanaceae (HVa and HVb). In contrast, only one 
hypervariable region (RHV) is observed in S-RNases from 
Rosaceae (De Franceschi et al. 2012; Wu et al. 2013). The 
single hypervariable region of CgRNS3 is distinct relative to 
the hypervariable regions of the S-RNases from Rosaceae. 
Indeed, the amino-acid sequence of CgRNS3 is approxi-
mately 30% similar to all known S-RNases in NCBI data-
base. Thus, we suspect that CgRNS3 is a novel S allele rela-
tive to the S alleles from Rosaceae and Solanaceae.

The enzyme activity of CgRNS3 was also tested. Con-
sistent with CgRNS3 serving as an S-RNase and in contrast 
to most RNase T2 enzymes, we found that the recombi-
nant CgRNS3 that we purified from E. coli had a basic pH 
optimum (Irie 1999). The cytoplasmic localization is also 
consistent with CgRNS3 serving as an S-RNase (Li et al. 
2016). Demonstrating S-RNase activity in an in vitro cul-
ture system is essential for establishing whether a candidate 
S-RNase contributes to self-incompatibility (Jahnen et  al. 
1989; Hiratsuka et  al. 2001). Consistent with CgRNS3 
serving as an S-RNase, the addition of the recombinant 
CgRNS3 protein to an in  vitro culture system disturbed 
the growth of self-pollen tubes. Indeed, the CgRNS3-
treated self-pollen tubes were abnormally shaped and were 

remarkably shortened in length relative to the untreated 
control. In contrast, the CgRNS3-treated non-self-pollen 
tubes grew normally without curved apex. Although the 
elongation of the non-self-pollen tubes was inhibited to 
some extent, the inhibition was less than the self-pollen 
tubes. We also tested whether CgRNS3 might also contrib-
ute to self-incompatibility in Suan pummelo by attempting 
to clone a cDNA encoding CgRNS3 from the styles of Suan 
pummelo. Indeed, the cDNA clone encoding CgRNS3 that 
we cloned from Suan pummelo is nearly identical to the 
cDNA clone encoding CgRNS3 that we cloned from ‘Sha-
tian’ pummelo. Based on these data, we suggest that ‘Sha-
tian’ and Suan pummelo have an S allele in common, which 
result in the inhibition of non-self-pollen tubes. We also 
found that the difference in the inhibition of growth caused 
by CgRNS3 in the self- and non-self-pollen tubes was 
reduced when the concentration of CgRNS3 was increased. 
Based on these data, we suggest that if the CgRNS3 protein 
was to accumulate to high levels in vivo, CgRNS3 would 
inhibit the growth of both self- and non-self-pollen tubes, 
which is consistent with the previous work (Meng et  al. 
2014). Furthermore, the heated protein without RNase 
activity alleviated the inhibition on the growth of pollen 
tubes. Although the previous studies have indicated that 
heating S-RNases from N. alata can dramatically increase 
its inhibitory activity and cause non-specific inhibition of 
pollen tube growth (Jahnen et al. 1989; Gray et al. 1991), 
we found that heat treating CgRNS3 dramatically reduced 
its ability to inhibit the growth of pollen tubes. Differences 
in the pollen of C. grandis and N. alata may explain these 

Fig. 8   Inhibitory effects of CgRNS3 on pollen tube growth in vitro. 
a Phenotypes of self (‘Shatian’ pummelo) and non-self (Suan pum-
melo) pollen tubes treated with CgRNS3. Control: untreated (CK) 
pollen. Bar 200 μm. b Effect of CgRNS3 and heated CgRNS3 on the 

growth of self (gray bars) and non-self (stippled bars) pollen tubes. 
The average values from three independent replicates are shown. 
Error bars indicate standard deviation (SD)
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results. Another possible explanation is different source 
of S-RNase protein. Instead of testing whether a purified 
recombinant protein could inhibit pollen tube growth, the 
previous studies tested whether a crude pistil extracts could 
inhibit pollen tube growth. A crude pistil extract might 
contain unknown factors that stimulate the growth of pol-
len tubes. The most parsimonious interpretation of our data 
is that after CgRNS3 enters pollen tubes, it accumulates in 
the cytoplasm and causes cytotoxic effects that depend on 
its RNase activity and that these cytotoxic effects disrupt 
the growth of self-pollen tubes in ‘Shatian’ pummelo.

In summary, we separately identified 9 and 7 RNase T2 
homologs from sweet orange and clementine mandarin 
genomes. Based on phylogenetic comparisons and intron 
number comparisons, these putative RNase T2 enzymes 
were grouped into three clusters. This clustering allowed us 
to distinguish S-RNases from S-like RNases. We conclude 
that CsRNS1 and CsRNS6 are S-like RNases that are sepa-
rately involved in senescence and embryo development. We 
conclude that CgRNS3 is an S-RNase that is specifically 
expressed in the style and is required for self-incompatibil-
ity in ‘Shatian’ pummelo. We also conclude that CgRNS3 is 
a novel S-RNase and that this new information will lead to 
deeper understanding of the mechanism of self-incompati-
bility in citrus.
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