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ABSTRACT

S-ribonuclease (S-RNase)-based self-incompatibility (SI) mechanisms have been
extensively studied in Solanaceae, Rosaceae and Plantaginaceae. S-RNase-based SI is
controlled by two closely related genes, S-RNase and S-locus F-box (SLF), located at
a polymorphic S-locus. In the SI system, the SCF-type (SKP1-CULI-F-box-RBX1)
complex functions as an E3 ubiquitin ligase complex for ubiquitination of non-self S-
RNase. Pummelo (Citrus grandis) and several mandarin cultivars are suggested to utilize
an S-RNase-based SI system. However, the molecular mechanism of the non-S-factors
involved in the SI reaction is not straightforward in Citrus. To investigate the SCF-type
E3 complex responsible for the SI reaction in mandarin, SLF, SKP1-like and CUL1
candidates potentially involved in the SI reaction of ‘Wuzishatangju’ (Citrus reticulata
Blanco) were identified based on the genome-wide identification and expression
analyses. Sixteen pollen-specific F-box genes (CrFBX1-CrFBX16), one pollen-specific
SKPI-like gene (CrSKPI1-e) and two CULI genes (CrCULIA and CrCULIB) were
identified and cloned from ‘Wuzishatangju’. Yeast two-hybrid (Y2H) and in vitro
binding assays showed that five CrFBX proteins could bind to CrSKP1-e, which is
an ortholog of SSK1 (SLF-interacting-SKP1-like), a non-S-factor responsible for the SI
reaction. Luciferase complementation imaging (LCI) and in vitro binding assays also
showed that CrSKP1-e interacts with the N-terminal region of both CrCULIA and
CrCULI1B. These results indicate that CrSKP1-e may serve as a functional member of
the SCF-type E3 ubiquitin ligase complex in ‘Wuzishatangju’.
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INTRODUCTION

Self-incompatibility (SI) promotes genetic diversity and inhibits inbreeding depression by
recognizing self (or genetically related) pollen (Franklin-Tong, 2008). In S-RNase-based
SI system, the recognition specificity is regulated by a highly polymorphic locus, named
S-RNase and multiple SLFs. The S-RNase is abundant in style cells, and then secretes into the
stylar canal to infiltrate into the pollen tube, where it produces cytotoxin in an S-haplotype
independent manner (Luu et al., 2000; McClure et al., 1990). SLFs are specifically expressed
in pollen and serve as pollen determinant in SI system (Kubo et al., 2010). The mechanisms
of S-RNase-based SI reaction have been extensively investigated in Rosaceae, Solanaceae
and Plantaginaceae, and some species of Rutaceae and Rubiaceae (Nowak et al., 2011;
Zhang et al., 2018; Liang et al., 2020).

‘Self-recognition’ and ‘non-self-recognition’ systems can be used to understand SI
mechanism (Fujii, Kubo & Takayama, 2016). Pollen-specific SFB (S-haplotype specific
F-box) is a single S pollen gene which specifically links with S-RNase (Ushijima et al.,
2003). In the system, non-self S-RNase is inactivated by a ‘general inhibitor’, an F-box
protein encoded by SLFL (S-locus F-box like) which is also linked to S-RNase. The activity
of self S-RNase is specifically protected by SFB, leading to RNA degradation of self-pollen
tube and growth inhibition (Ushijima et al., 2004). In a ‘non-self-recognition’ system,
the pollen determinants are regulated by multiple S-locus F-box genes, termed as SLF
in Solanaceae and Plantaginaceae and SFBB (S-haplotype specific F-box brothers) in
Maloideae. In general, multiple types of SLF/SFBB with intrahaplotypic diversity are linked
with S-RNase within a haplotype. Each type of SLF/SFBB can recognize and degrade a
subset of non-self S-RNase proteins via the ubiquitination pathway (Kakui et al., 2011;
Kubo et al., 2010).

In S-RNase-based reaction, the F-box protein acts as an acceptor of the canonical
SCF complex (E3 ubiquitin ligase), and coordinates ubiquitination of non-self S-RNase
with degradation by 26S proteasome (Hua ¢ Kao, 2006; Entani et al., 2014). The role of
S-locus F-box gene in SI has been confirmed by genotype-dependent transformation in
vivo, where the F-box targets non-self S-RNase and degrades it (Sijacic et al., 2004). In
Rosaceae, pollen-part mutant of S-locus which confers the self-compatibility reaction by
encoding a non-functional F-box protein can be used to identify pollen factor (Hauck
et al., 2006; Ushijima et al., 2004). However, no typical amino acid patterns for S-locus
F-box proteins have been reported. In addition to F-box domain, S-locus F-box proteins
also contain a FBA domain at the C-terminal region. In Arabidopsis, 92 non-S-locus
F-box containing a FBA domain called SLF-like (SFL) was identified (Wang et al., 2004).
In apple, all SFBBs contain FBA domain in the C-terminus (Minamikawa et al., 2010).
Therefore, FBA domain can be used as a trait to characterize S-locus F-box candidates.
Additionally, S-locus F-box genes show pollen-specific expression (Chen et al., 2018a;
Zhao et al., 2002). SFBBs commonly cluster with the S-RNase in apple genome by S-locus
deciphering (Minamikawa et al., 2010). Intra- (Inter-) haplotype sequence divergences of
S-locus F-box proteins are considered to be an important characteristic to recognize various
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allelic polymorphic S-RNase proteins (Fujii, Kubo ¢ Takayama, 2016; Kakui et al., 2011).
So far, the S-locus F-box candidate genes have not been elucidated in ‘Wuzishatangju’.

Ubiquitin-dependent proteolysis contributes to detoxification caused by SCFE-type E3
ligase in S-RNase-based SI reaction. Ubiquitin targeting is achieved by an ATP-dependent
consecutive reaction of a ubiquitin activating enzyme (E1), ubiquitin conjugating enzymes
(E2) and ubiquitin ligase (E3). At the end of the cascade, the E3 ligase confers specificity for
substrate recognition and brings the target to E2 for ubiquitin conjunction (Schwechheimer,
2018). For the canonical SCF-type E3 ligase complex, the CULI1 protein acts as a scaffold
that adopts a stalk-like structure to interact with an F-box protein through the SKP1
protein adaptor in N-terminal region and binds RBX1 on the other end. F-box subunit
recognizes the protein substrate via the C-terminal region which exhibits high diversity
(Ning et al., 2016; Zimmerman, Schulman ¢ Zheng, 2010). The SKPI-like gene involved
in S-RNase-based SI reaction has been identified. A pollen specific AhSSKI encoding an
SKP1-like protein was first identified in Antirrhinum hispanicum, and its interaction with
S-locus F-box protein was confirmed by Y2H and GST-pull down assays (Huang et al.,
2006). Down-regulation of the PhSSK1 expression in Petunia hybrida had a negative effect
on fertility of cross-compatible pollen (Zhao et al., 2010). In Petunia inflata, 17 S-locus
F-box proteins are assembled into SCF complex with PiSSK1, PiCUL1-P, and PiRBX,
indicating that PiSSK1 is responsible for specific function in SI reaction (Li et al., 2016).
This hypothesis was confirmed in a PiSSK1 knockout setting where PiSSKI deletion caused
incompatibility of mutational pollen in otherwise-compatible pistils. This also revealed
the essential role of SKPI-like gene in SI reaction (Sun ¢ Kao, 2017). In Rosaceae, many
SKP1-like gene such as PavSSK1 from Prunus avium (Matsumoto et al., 2012), PbSSK1
and PbSSK2 from Pyrus bretschneideri and MdSSK1 from Malus domestica (Xu et al., 2013;
Yuan et al., 2014) were found to be involved in SI response. In Citrus, an SKP1-like gene
involved in flower development of pummelo (C. grandis), CgSKP1, was identified from
‘Shatian’ cultivar and it was highly expressed in leaf and flower (Chai et al., 2010). In
our previous work, we isolated full-length cDNA and DNA sequences of CrWSKPI from
‘Wuzishatangju’ (Miao et al., 2015). However, we did not clarify whether these genes are
involved in SI response of Citrus.

CULL1 protein has been identified from several plant species. In P. inflata, PiCUL1-C
and PiCUL1-G proteins were obtained and the PiCUL1-G was proposed to assemble
into a novel SCF complex with PiSLF and PiSPB1 proteins (Hua ¢» Kao, 2006). SpCUL1
was proposed to be the determinant of interspecies unilateral incompatibility in Solanum
pennellii. Down-regulation of SpCULI expression impaired the fertility of pollination in
wild SI cultivar (Li ¢ Chetelat, 2010; Li ¢ Chetelat, 2014). PICULI-P, which is the ortholog
of SpCULL1 formed a complex with PiSSK1 and PiRBX1 when a GFP-fused S,-SLF1 protein
was co-immunoprecipitated with pollen extracts in P. inflata (Li et al., 2014). Knockdown
of PhCULI-P compromised fertility of cross-compatible pollination in P. hybrida (Kubo
et al., 2016). Both PavCullA and PavCullB protein physically interact with PavSSK1 in
P. avium (Matsumoto & Tao, 2016; Matsumoto ¢ Tao, 2019). A PbCULI1 protein has been
characterized in P. bretschneideri (Xu et al., 2013). However, whether CULI gene (s) is
involved in SI reaction in Citrus remains to be investigated.
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The SI reaction in Citrus was considered to be S-RNase-based SI type (Zhang et al., 2018;
Liang et al., 2020). S-RNase-mediated SI evolved only once before the split of Asteridae
(e.g., Solanaceae) and Rosidae (e.g., Rosaceae and Rutaceae). Therefore, S-RNase is
proposed to be a putative pistil S-determinant (Igic ¢ Kohn, 2001; Vieira, Fonseca ¢ Vieira,
2008; Zhang et al., 2018). A T2-type RNase gene, CgSL2, was constitutively expressed
and associated with ovary senescence in ‘Zigui shatian’ pummelo (Chai et al., 2011).
Another S-like RNase gene which shared high sequence identity with C¢gSL2 did not show
tissue-specific in ‘Wuzishatangju’ (C. reticulata) (Miao et al., 2011). In ‘Shatian’ pummelo
(C. grandis), CgRNS3 possessed several common characteristics of the pistil determinant of
SI and was specifically expressed in pistil (Liang et al., 2017), however, it was not anchored
into the S-locus (Liang et al., 2020). Pistil-specific CtRNS3 from Citrus tamurana showed
S1-genotype-dependent in different cultivars, implying that CtRNS3 may serve as the
S1.gene (Honsho et al., 2019). Liang et al. (2020) studied the S-locus in pummelo and
concluded that S-RNase and SLF mediate SI reaction in Citrus.

‘Wuzishatangju’ (C. reticulata Blanco) is a natural mutant. Cytological studies show that
gametophytic SI causes seedlessness in ‘Wuzishatangju’ by inhibiting fertilization in the
ovary (Ye et al., 2009). Several genes related to SI of “‘Wuzishatangju’ have been obtained
by suppression-subtractive hybridization (SSH) cDNA library and RNA-Seq technology.
However, it is still not known which factor regulates SI reaction in ‘Wuzishatangju’
(Miao et al., 2013; Ma et al., 2017). In this study, 16 pollen-specific F-box genes (CrFBX1I-
CrFBX16), one SKP1-like gene (CrSKP1-e) and two CULI genes (CrCULIA and CrCUL1B)
were cloned from ‘Wuzishatangju’ by genome-wide analyses. Among CrFBX genes, 13
CrFBXs (CrFBX1-CrFBX12 and CrFBX14) were homologous with SFBB and SLFL, 10
CrFBXs (CrFBX1-CrFBX10) were located into S-locus. CrSKPI-e and CrCULIA were
predominately found in pollen of ‘Wuzishatangju” while CrCULIB was least abundant
in pollen. Yeast two-hybrid, in vitro binding and LCI assays showed that CrSKP1-e links
with a subset of CrFBX proteins and binds to both CrCUL1A and CrCUL1B. These results
suggested that CrSKP1-e acts as an adaptor in the assembly of SCF-type E3 ligase in
‘Wuzishatangju’.

MATERIALS AND METHODS

Plant materials

‘Wuzishatangju’ (self-incompatible) (C. reticulata) and ‘Chuntianju’ (self-compatible)
(C. reticulata) mandarins were planted in an orchard at South China Agricultural University
(Guangzhou, China). Young leaves, petals, filaments, stigmas, styles and ovaries were
collected, immediately frozen in liquid nitrogen and stored at —80 °C for later use. Buds
were collected one day before anthesis and anthers were dried in an oven at 28 °C for 48
h. Pollen grains were gathered by filtering with 75 pm stainless sieve after desiccation and
then stored at —80 °C. ‘Chuntianju’ pollen was used to clone CrFBX7.

Identification of F-box, SKP1-like and CUL1 proteins
F-box, SKP1-like and Cullin (CUL) family proteins were retrieved using in silico method
based on the Hidden Markov Model (HMM) profile of F-box domain seed (PF00646),
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SKP1 seed (PF01466) and CUL seed (PF00888), respectively, obtained from the Pfam
database (http://pfam.xfam.org/) as a query to search the predicted C. clementina proteome
(https://phytozome.jgi.doe.gov/pz/portal.html) using HMMER software package 3.0
(http://hmmer.org/download.html) with E <1, (Finn, Jody ¢ Eddy, 2011). The MAFFT
program was used for multiple sequence alignments based on the amino acid sequences,
while the MEGA software (Version 7.0) with 1,000 replicated bootstrap tests were used for
phylogenetic analyses (Kumar, Stecher ¢ Tamura, 20165 Yamada, Tomii ¢ Katoh, 2016).

Expression analyses of candidate genes

Total RNA was isolated and digested with DNase I using Plant RNA Kit (Huayueyang,
Beijing, China). Total RNA (0.4-0.5 p.g) was used to synthesize the first-strand cDNA
with oligo (dT) primer according to the manufacturer’s instructions using a RevertAid
First Strand cDNA Synthesis Kit (ThermoFisher, USA). The expression patterns of
CrFBXs, CrSKPI-e, CrCULIA and CrCULIB were analyzed with quantitative real-
time PCR (qRT-PCR) and normalized by the expression level of Actin gene (Actin_F:
CATCCCTCAGCACCTTCC and Actin_R: CCAACCTTAGCACTTCTCC) (Zhou et al.,
2010). gqRT-PCR was conducted in ABI 7500 real-time PCR System (Applied Biosystems,
CA, USA) using the SYBR qPCR Mix (Vazyme, Nanjing, China). The 20 uL reaction
mixture contained about 1 pL template cDNA, 0.2 pM of each forward and reverse
gene-specific primers and 10 wL SYBR. The relative expression levels were calculated using
the 2724ACT formula (Livak ¢& Schmittgen, 2001). For qRT-PCR, samples were collected
during three consecutive days. Samples from each day served as a biological repeat.

The full-length cDNA of pollen-specific CrFBXs, CrSKPI-e, CrCULIA and CrCULIB
were cloned from ‘Wuzishatangju’ using gene-specific primer pairs based on C. clementina
genome reference; transcriptome datasets (https://figshare.com/articles/Citrus_
reticulata_Blanco-Unigene_5-3_fa/12198627) (Ma et al., 2017) and resequencing data
(https://figshare.com/articles/wuzi_rmdup_bam/11880303). C+rFBX7 was cloned from
‘Chuntianju’ pollen. Fragments were purified and cloned into the pEASY-Blunt vector
(Transgen, Beijing, China) for sequencing. All the primer pairs are presented in Table S1.

Yeast two-hybrid (Y2H) analysis

Full-length CDS of CrFBXx (x represents the number of CrFBX, the full-length CDS

of CrFBX7 was cloned from ‘Chuntianju’) was cloned into pGBKT7 vector (Clontech,
USA), which was respectively digested by Eco R I and Bam H I enzymes, to express fusion
proteins with GAL4 binding domain (BD). CrSKP1-e was cloned into the pPGADT?7 vector
(Clontech, USA) to produce fusion proteins with the GAL4 activation domain (AD).
Different combinations with BD and AD vectors were co-transformed into Y2HGold
strain (Clontech, USA) and incubated with SD/-Leu/-Trp at 30 °C for 4 d. Three clones
were respectively dotted on SD/-Leu/-Trp/-Ade/-His medium containing 200 ng/mL
Aureobasidin A (AbA) (TaKaRa, Japan) and 40 pg/mL X- a-gal (TaKaRa, Japan) and then
cultivated at 30 °C for 5 d.
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Luciferase complementation imaging (LCI) assay

CrCULI1A and CrCULI1B proteins were truncated at the N-terminal region (CrCUL1A-N,
1-415; CrCUL1B-N, 1-415, respectively). All fragments were cloned into pPCAMBIA-nLuc
vector and CrSKP1-e was cloned into a pPCAMBIA-cLuc vector (Chen et al., 2008). The
constructed plasmids were individually transformed into Agrobacterium GV3101 strains
and incubated at 28 °C for 2-3 d on the YEP (yeast extract peptone) medium supplemented
with 25 pg/mL rifampicin (Rif) and 50 pg/mL kanamycin (Kan). A single colony was
incubated at 200 rpm and 28 °C for 8-10 h in YEP liquid medium containing 25 mg/L Rif
and 50 mg/L Kan. The presence of the corresponding plasmid was verified by PCR. Then
30 uL of positive Agrobacterium suspension was inoculated in 15 mL YEP liquid medium
and incubated until ODggg reached 0.6-0.8. After centrifugation for 5 min at 6,000 rpm
and 25 °C, the medium was discarded. The pellet was resuspended and the ODgg adjusted
to 0.2 with MAA buffer (10 mM MES, 10 mM MgCl,, 0.1 mM acetosyringone, pH5.6) for
infiltration of 3—4 weeks old Nicotiana benthamiana (16-h day/8-h night, 25 °C). For the
co-infiltration assay, the suspension was mixed with an equal volume of Agrobacterium
strains containing the recombinant plasmid. After 3 d, the Luciferase Assay Substrate
(Promega, USA) was infiltrated into the leaf and the reaction imaging was captured by

a low-light cooled charge-coupled device (CCD) imaging system (Bio-Rad, USA). For
luciferase activity, 0.05 g sample was ground in liquid nitrogen and 500 pL tissue lysis
reagent (Promega, USA) was added and centrifuged at 4 °C. The luminescence signal
was detected using the chemiluminescence analysis system (Thermo Scientific, USA) after
mixing 20 wL supernatant with 100 pL Luciferase Assay Substrate (Promega, USA). All
assays were replicated thrice.

In vitro binding assay

For CrSKP1-e and CrFBX proteins binding assay, the full-length of CrFBX2 and CrFBX7
(derived from ‘Chuntianju’) and CrFBX9, CrFBX13 and CrFBX15 were fused with MBP
(maltose-binding protein) tag and cloned into pET-28a vector. CrSKPI-e was cloned
into pGEX-4T-2. All the constructs and negative control (pET28a-MBP and pGEX-4T-2)
were transformed into BL21 (DE3) strains to express MBP, MBP-CrFBX2, MBP-CrFBX7,
MBP-CrFBX9, MBP-CrFBX13, MBP-CrFBX15, GST (glutathione S-transferase) and
GST-CrSKP1-e proteins. For CrSKP1-e and CrCULI binding assay, the full length of
CrSKPI-e was cloned into pET28b and the N-terminal regions of CrCUL1A (1-415) and
CrCULI1B (1-415) proteins were respectively cloned into pGEX-4T-2. All the constructs
and negative control (pGEX-4T-2) were transformed into Rosetta (DE3) to express His-
CrSKP1-e, GST-CrCULI1A-N and GST-CrCUL1B-N proteins. For protein accumulation,
three clones were incubated in the LB (Lysogeny broth) medium containing 100 mg/L
ampicillin at 37 °C for 6 h. The culture was then diluted (about 1:100) into a fresh LB
medium for further incubation until the ODgyp was 0.6-0.8. Approximately 0.2 mM
isopropyl- -D-thiogalactosidase (final concentration) was added into the culture and
incubated at 28 °C under shaking condition (200 rpm) for 5-6 h to induce the recombinant
protein accumulation. For His-CrSKP1-e protein purification, the bacteria culture was
sonicated and purified with Ni-NTA His Bind resin (TransGen, China) according to the
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manufacturer’s instructions and then exchanged with PBS (phosphate-buffered saline)
buffer (140 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,, 1.8 mM KH,PQO,, pH7.4-7.5)
using an Amicon Ultra-15 (Millipore, 10K) The MBP fused proteins were sonicated and
purified using Dextrin Beads (SMART-lifesciences, Changzhou, China) according to the
manufacturer’s instructions. Protein concentration was measured using Bradford Protein
Assay Kit (TaKaRa, Japan).

For binding assays, bacteria suspension expressing GST and GST fusion proteins
were sonicated in PBS buffer and the supernatant was reacted with 40 pL of 50% slurry
of Glutathione Sepharose 4B (GE Healthcare, USA). The mixture was incubated at 4 °C
under soft shaking condition for 2 h. About 30 ng His-CrSKP5, MBP, MBP-CrFBX2, MBP-
CrFBX7, MBP-CrFBX9, MBP-CrFBX13 and MBP-CrFBX15 were respectively incubated
with protein-bound Glutathione Sepharose 4B at 4 °C under soft shaking conditions
overnight. The beads were washed five times with 10x PBS buffer. The protein-bound
beads were boiled and separated with SDS-PAGE (sodium dodecyl sulfate-polyacrylamide
gel electrophoresis). The His-CrSKP1-e was detected with an anti-His monoclonal antibody
and the MBP-fused proteins were detected with an anti-MBP polyclonal antibody (Yeasen,
China).

RESULTS

Identification of pollen-specific F-box genes

An HMMER search was conducted for genome-wide investigation of the number and
domain organization of the F-box proteins in C. clementina (v1.0). A total of 298 non-
redundant F-box proteins and 46 F-box associated (FBA) subfamily F-box proteins
were identified (Fig. S1). SLFs and SLFLs genes are significantly expressed in mature
pollen and contain a typical FBA domain in the C-terminal region. Therefore, semi-
quantitative RT-PCR was performed to investigate the tissue-specific expression of the
46 FBA subfamily genes in different tissues (leaf, petal, filament, pollen, stigma, style
and ovary) of ‘Wuzishatangju’ (Fig. 1A and Figs. S2A, S2B). In total, 17 F-box genes
(termed CrFBX1-CrFBX17) were significantly expressed in pollen. Full-length coding
sequences of all the CrFBX genes except CrFBX17 (Ciclev10026927m) were cloned from
the pollen cDNA pool of ‘Wuzishatangju’ and aligned with homologous transcripts of
C. clementina. The identity ranged from 80% to 100% (Table S2 ). However, a 1-base pair
(bp) deletion in the 3'-terminus of CrFBX7 in ‘Wuzishatangju’ was found (Fig. S3). To
verify the CrFBX7 gene in C. reticulata, the full-length CDS sequence of CrFBX7 from
self-compatible ‘Chuntianju’ (C. reticulata) was obtained and used for further analyses
(Fig. S3).

The phylogenetic relationships of pollen-specific F-box proteins with SFBBs (SFBs),
SLFs and SLFLs, derived from Rosaceae, Solanaceae and Plantaginaceae were explored.
Full-length amino acid sequences of pollen-specific CrFBX proteins, SLFs from Petunia and
Antirrhinum, SFBs and SLFLs from Prunus and SFBBs from Maloideae were aligned using
the MAFFT program and a phylogenetic tree was constructed (Fig. 1B). The topological
structure included clades a (SFBB), B (SLFL), v (CrFBX), & (SFB) and & (SLF). All clades
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Figure 1 Expression analyses and phylogenetic relationships of CrFBX genes from ‘Wuzishatangju’.
(A) PCR analyses of the expression pattern of the 17 CrFBX genes, using the expression of the actin gene
as the reference. Expression was assessed in the leaf, petal, pollen, filament, style and ovary. (B) Phylo-
genetic relationships between CrFBX and SLF/SFBB/SLFL/SFB proteins. The numbers of each interior
branch are the percentage of bootstrap values. The numbers after each SLF/SFBB/SLFL/SFB proteins are
the UniProt accession numbers. Md-, Malus x domestica; Pm-, Prunus mume; Pd-, Prunus dulcis; Pa-,
Prunus avium; Cr-, Citrus reticulata; Pi-, Petunia inflata; Ah-, Antirrhinum hispanicum.
Full-size Gl DOL: 10.7717/peerj.10578/fig-1

showed stronger bootstrap values (>92%). The pollen factor (SFB) from Prunus failed to
cluster with SFBB, SLFL and SLF clades but formed a single cluster. This was consistent with
the finding that SFB and SFBB/SLFL/SLF originated from distinct ancestral genes, whereas
the functions of SFBB and SLFL in the S-RNase-based SI system in flowering plant derived
from a common origin (Akagi et al., 2016). Besides, 13 pollen-specific CrFBX proteins
were clustered into the v clade with a bootstrap value of 99%, which were different from
those of SFBB, SLFL, SFB and SLF (Fig. 1B). CrFBX13, CrFBX16 and CrFBX15 were not
homologous with the S-locus F-box proteins. To characterize SLF genes in ‘Wuzishatangju’,
CrFBX1-CrFBX16 were mapped into the C. clementina genome. The results showed that 10
CrFBX (CrFBX1-CrFBX10) was located in the S-locus (Fig. S4) (Liang et al., 2020). These
results suggested that the S-locus, which is similar to the apple or pummelo, is also existent
in the ‘Wuzishatangju’ genome.

Pollen-specific expression analyses of SKP1-like genes

For systematic identification of the SKP1 family protein(s), which potentially serve as
adaptors for assembling the SCF complex in C. reticulata, we conducted an HMMER
search for available pollen and pistil transcriptome datasets of ‘Wuzishatangju’ (Ma et
al., 2017) using the Hidden Markov Model (HMM) profile of the SKP1 family protein
as a query. Eight independent genes (termed CrSKPI-a to CrSKP1-h) were characterized
(Fig. S5B). Expression profiles of all the SKPI family genes in C. reticulata were analyzed
with qQRT-PCR (Fig. 2). Among these SKPI candidate genes, only CrSKPI1-e showed
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Figure 2 Expression analyses of SKP1 family genes in different tissues. Quantitative RT-PCR analysis
of the eight SKP1I family genes, using the Hidden Markov Model (HMM) profile of the SKP1 family pro-
tein as a query. (A) CrSKP1-a; (B) CrSKPI1-b; (C) CrSKPI-c; (D) CrSKPI-d; (E) CrSKPI-e; (F) CrSKPI-f;
(G) CrSKP1-g and (H) CrSKPI-h.

Full-size & DOI: 10.7717/peerj.10578/fig-2

higher pollen-specific expression patterns in ‘Wuzishatangju’ (Fig. 2E). In addition, while
CrSKP1-f was less expressed in pollen (Fig. 2F), CrSKPI-a was highly expressed in the leaf
and the petal (Fig. 2A). CrSKPI1-h was also highly expressed in the leaf and the filament
(Fig. 2H). However, CrSKPI-b, CrSKPI-c, CrSKPI-d and CrSKP1-g showed constitutive
expression patterns in all ‘Wuzishatangju’ tissues (Figs. 2B, 2C, 2D, 2G).

The HMM profile of SKP1 was used to search the C. clementina genome for the
comprehensive identification of the SKPI genes. A total of 13 non-redundant SKPI genes
were characterized (Figs. S5A, S5B). For phylogenetic analyses, an unrooted Neighbor-
Joining (NJ) tree was constructed based on the multiple sequence alignments. Three groups
(group I, group II and group III with 88%, 89% and 100% bootstrap values, respectively)
were distinctly clustered (Fig. S5A). The transcripts and expression patterns of SKPI genes
were investigated in C. reticulata. One gene was not detected in pollen (Fig. S5C) and three
genes were an unbiased expression in C. reticulata pollen (Figs. S5D—-S5F). The results from
expression analyses showed that the CrSKP1-e gene was the candidate gene involved in the
SI reaction in ‘Wuzishatangju’.

Cloning and phylogenetic analyses of CrSKP1-e

The full-length coding sequence of pollen-specific CrSKPI-e was cloned from
‘Wuzishatangju’. CrSKP1-e encoded 176 residues and was identical with the reference
transcript of Ciclev10006034m in C. clementina (Figs. 3A, Figs. S5B). However, CrSKP1-e
was different from CrWSKPI obtained from the suppression subtractive hybridization
(SSH) library of ‘Wuzishatangju’ (Miao et al., 2015). The CrSKP1-e protein consisted of
B1 and P2 sheets in the N-terminus, which connects the F-box domain and the seven
helices (al- a7) binding the CUL1 protein in the C-terminus (Fig. 3A). Compared with
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Figure 3 Multiple sequence alignment and phylogenetic analyses of pollen-specific CrSKP1-e. (A)
CrSKP1-e protein consisted of 1 and 2 sheets in the N-terminus, which connects the F-box domain
and the seven helices (a1- a7) binding the CULI protein in the C-terminus. (B) An unrooted neighbor-
joining (NJ) tree of CrSKP1-e and 84 SKP1-like proteins in other plants. The CrSKP1-e protein was well
clustered with the SSK1 protein involved in S-RNase-based SI reaction in Rosaceae, Antirrhinum and
Solanaceae, but was not the orthologs from rice (OSK1-OSK31) and Arabidopsis (AtSK1-AtSK21). All the
accession numbers are presented in Table S3.

Full-size G4l DOI: 10.7717/peerj.10578/fig-3

a typical SKP1 protein, the CrSKP1-e protein not only contained the conserved terminal
residues ‘WAFE’ found in most SKP1 family proteins, but also had the unique C-terminal
tail ‘GVDPDDDDV’ (Fig. 3A). The unique residue tail following the ‘WAFE’ domain was
characterized in the SKP1-like protein, which was exclusively involved in S-RNase-based
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the SI reaction in Rosaceae (e.g., PbSSK1, PavSSK1 and MdSSK1) and Antirrhinum (e.g.,
AhSSK1) (Fig. 3A). Phylogenetic analyses were conducted based on the amino acid residues
of the 84 SKP1-like proteins (Table S3). The CrSKP1-e protein was well clustered with
the SSK1 protein involved in the S-RNase-based SI reaction in Rosaceae, Antirrhinum
and Solanaceae (Fig. 3B). Furthermore, the CrSKP1-e protein was not the orthologs
from rice (OSK1-OSK31) and Arabidopsis (AtSK1-AtSK21) (Fig. 3B). A relatively lower
expression level of CrSKPI1-h was detected in the pollen, although it was homologous with
CrSKP1-e (Fig. 2H). This indicated that CrSKPI-h might not be a candidate gene involved
in the SI reaction in ‘Wuzishatangju’. These results suggested that CrSKPI-e potentially
serves as a link for assembling the SCF-type E3 complex involved in the SI response of
‘Wuzishatangju’.

Identification and cloning of CUL1 genes

To characterize the CUL1 (Cullinl) protein(s) that potentially serve as scaffolds for the
assembly of the SCF complex in ‘Wuzishatangju’, a genome-wide analysis of the CUL family
sequences in C. clementina was conducted. Sixteen CUL-related proteins were identified
(Table S4). To investigate the CUL1 homologs, an NJ tree was generated to assess the
phylogenetic relationships between the candidate CUL proteins and the known AtCULI-
AtCULA4 proteins from A. thaliana. Three genes (Ciclev10018125m, Ciclev10019010m
and Ciclev10004406m) belonging to the AtCUL1 subgroup were obtained (Fig. 56). No
expression of Ciclev10018125m was detected in all the tissues tested (data not shown).
The full-length coding sequences of the two CUL1 genes termed CrCULIA and CrCULIB
were cloned from ‘Wuzishatangju’. Compared with C. clementina, the coding sequence of
CrCULIA and Ciclev10019010m from ‘Wuzishatangju’ shared identical sequence while the
two single-nucleotide polymorphisms (SNP) sites were detected between CrCULIB and
Ciclev10004406m (Figs. S7A, S7B). CrCULIA showed preferential expression in mature
pollen compared to the other tissues (Figs. 4A, 4B). On the contrary, CrCUL1B showed
unbiased expression in all tissues except for the lower expression level detected in pollen
(Figs. 4A, 4C). Phylogenetic analyses indicated that CrCULIA and CrCULIB belonged to
Rosaceae-related CULI groups. However, CrCULIA and CrCULIB failed to cluster with
PiCULI-P, which is considered as an essential component of the SCF complex for the
non-self-recognition system in Petunia (Fig. 4D). These results suggested that CrCUL1A
and CrCUL1B potentially interact independently or jointly with the non-S-locus ortholog,
CrSKP1-e, and form an SCF complex involved in the SI reaction in C. reticulata.

Interaction of CrSKP1-e with CrFBX proteins using Y2H and in vitro
binding assays

The interactions of pollen-specific CrFBX1-CrFBX16 with CrSKP1-e were investigated
using the Y2H and in vitro binding assays. The growth of Y2HGold strains showed that the
CrSKP1-e protein could interact with CrFBX2, CrFBX7, CrFBX9, CrFBX13 and CrFBX15
proteins (Fig. 5A). However, based on the phylogenetic analyses and genomic physical
location results, CrFBX13 and CrFBX15 were not the S-locus genes. GST (negative control)
and GST-CrSKP1-e were reacted with Glutathione Sepharose 4B. The GST-bound beads
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Figure 4 Expression analyses and phylogenetic relationships of CrCULIA and CrCULI1B in C. reticu-
lata. (A) Semi-quantitative PCR analysis of the expression patterns of CrCULIA and CrCULIB genes, us-
ing the expression of the actin gene as the reference. Quantitative RT-PCR analyses of (B) CrCULIA and
(C) CrCULIB. (D) Unrooted NJ tree of the deduced Cullin (CUL) proteins constructed using MAGA7
software. The numbers of each interior branch are the percentage of bootstrap values. At-, A. thaliana;
Md-, M. domestica; Pb-, P. bretschneideri; Pav-, P. avium; Ph-, P. hybrida; Pi-, P. infilata; Cr-, C. reticulata;
Sp-, S. pennellii. The GenBank accession numbers are presented in Table S3.

Full-size & DOI: 10.7717/peerj.10578/fig-4

were then incubated with MBP (negative control) and MBP-fused proteins. The results
showed that CrFBX2, CrFBX7, CrFBX9, CrFBX13 and CrFBX15 were bound to CrSKP1-e
(Fig. 5B). Taken together, these results suggested that CrSKP1-e protein could interact
with a cluster of F-box proteins, including some non-S-locus F-box proteins.

Interaction of CrSKP1-e with CrCUL1A and CrCUL1B proteins

To examine the potential interaction between CrSKP1-e and CUL1 proteins, the LCI assay
was conducted. As shown in Fig. 6, co-expression of CrSKP1-e (cLuc-CrSKP1-¢) and the
N-terminal regions of CrCULIA (CrCUL1A-N-nLuc) in N. benthamiana leaves resulted
in strong luciferase activities (Figs. 6A, 6B). Similarly, luciferase activity was also strongly
detected during the co-expression of CrSKP1-e (cLuc-CrSKP1-e) and the N-terminal
regions of CrCUL1B (CrCUL1B-N-nLuc) (Figs. 6C, 6D). In vitro binding assay indicated
that His-CrSKP1-e reacted with GST-CrCUL1A-N and GST-CrCUL1B-N (Fig. 6E). These
results suggested that the CrSKP1-e protein could interact with the N-terminal regions of
CrCULIA and CrCULI1B protein.

DISCUSSION

Identification of the S-locus F-box genes in C. reticulata

The F-box family proteins are identified by the existence of the 60 conserved residue
regions in the N-terminal region called the F-box domain, which acts as a receptor to bind
to the SKP subunit (Qiao et al., 2004; Williams et al., 20145 Zhao et al., 2002). The number
of F-box genes vary widely between species. In plants, at least 692, 337, 779 and 285
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Figure 5 Interaction of CrSKP1-e and CrFBX proteins. (A) The interaction of CrSKP1-e and CrFBX
proteins was evaluated using the Y2H assay. A combination of BD-CrFBXx (x means the number of
CrFBX proteins) vectors and AD-CrSKP1-e vectors were co-transformed into Y2HGold strain and
selected on SD/-L/-T medium (Fig. S8). The positive transformants were inoculated on a selective medium
SD/-A/-H/-L/-T containing X- a-Gal and AbA for growth. pGADT7-T and pGBKT7-Lam were used
as negative controls. pGADT7-T and pGBKT7-53 were used as positive controls. (B) The interaction of
CrSKP1-e and CrFBX proteins was evaluated using the in vitro binding assay. GST (negative control) and
GST-CrSKP1-e were reacted with Glutathione Sepharose 4B, and then GST-bound beads were incubated
with MBP (negative control) and MBP-fused proteins. The MBP signal was detected using western
blotting. A asterisk (*) indicates the non-specific proteins.
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Figure 6 Interaction assay of CrSKP1-e and CrCULI proteins. Luciferase imaging (A) and luciferase ac-
tivity (B) during co-expression of CrSKP1-e and the N-terminal region of CrCUL1A (CrCUL1A-N). Lu-
ciferase imaging (C) and luciferase activity (D) during co-expression of CrSKP1-e with the N-terminal re-
gion of CrCUL1B (CrCUL1B-N). (E) In vitro binding assay for CrSKP1-e and CrCULI1 proteins. As aster-
isk (*) indicated CrSKP1-e protein, a number sign (#) indicated non-specific proteins.
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F-box genes have been characterized in Arabidopsis, poplar, rice and chickpea, respectively
(Xu et al., 2009; Gupta et al., 2015). In this study, 298 non-redundant F-box superfamily
proteins were obtained from C. clementina, which represents about 1.2% of the annotated
proteins in the C. clementina (v1.0) genome. In addition to the F-box domain, several
F-box proteins such as Kelch, Leucine-rich repeat, FBD, PP2 motif and FBA domains,
were predicted to contain a C-terminal region. This indicates that the F-box proteins
are responsible for the significant function during growth and development, disease
resistance and reproduction (Fig. S1) (Gagne et al., 2002). Most of the F-box proteins
contain the C-terminal protein-protein interaction domains. In clementine mandarin,
the most abundant F-box type is the FBA subfamily (46 proteins). Some members of the
FBA subfamily act as pollen determinants to recognize S-RNase or as ‘inhibitors’ (SLFLs
from Prunus) to inactivate self-S-RNase during S-RNase-based SI response in Rosaceae,
Solanaceae and Plantaginaceae. In Citrus, information about the genetic linkage between
SI and the S-genotype has been elucidated in pummelo (Liang et al., 2020). SI reaction
in mandarin is suggested to be an S-RNase-mediated system (Liang et al., 2020). In the
present study, 16 F-box genes derived from the FBA subfamily were obtained based on the
C. clementina genome and ‘Wuzishatangju’ pollen transcript data. These were specifically
expressed in the ‘Wuzishatangju’ pollen. Based on the phylogenetic analyses, not all the
pollen-specific F-box genes were orthologous to SFB genes in Prunus; and 13 genes were
clustered with SFBB/SLFL (Fig. 1B). Physical organization analysis suggested that CrFBX1-
CrFBX10 genes were located in the S-locus in Citrus, indicating that intrahaplotypic
diversity of CrFBX potentially causes the polymorphism of pollen determinants involved
in S-RNase recognition. Furthermore, CrFBX7 had a 1-bp deletion at the 3/-terminus in
‘Wuzishatangju’, which is predicted to trigger translation termination failure. However, it is
not clear whether non-functional CrFBX7 is involved in the SI reaction of ‘Wuzishatangju’.

Identification of SKP1-like and CUL1 genes

The SKP1 protein acts as an adaptor to bind the F-box and CULLI protein for assembling
of the canonical SCF-type E3 ligase complex, which mediates the loading of ubiquitin
to various substrates. In Arabidopsis, SKP1-like protein 13 regulates seed germination
and seedling growth (Rao et al., 2018). Pollen-specific SKP1-like proteins are essential for
pollen tube elongation in lily (Chang et al., 2009). SKP1 is also involved in salt and drought
tolerance in soybean (Chen et al., 2018b). In this study, the genome-wide identification
of SKPI family genes was conducted to identify candidate non-S factors based on the C.
clementina genome, which are potentially involved in the SI reaction in ‘Wuzishatangju’.
The results from the expression analyses indicated that the CrSKPI1-e gene was significantly
up-regulated in pollen compared to the other tissues of ‘Wuzishatangju’. The expression
pattern of CrSKPI-e in ‘Wuzishatangju’ was consistent with that of MdSSK1 in M.
domestica, PbSSK1 and PbSSK2 in P. bretschneideri, PhSSKI in P. hybrida and PavSSK1 in
P. avium (Zhao et al., 2010; Matsumoto et al., 2012; Xu et al., 20135 Yuan et al., 2014). These
results suggest that CrSKPI-e genes are mainly responsible for pollen function. In addition,
the CrSKP1-e protein had a conserved C-terminal region, a motif ‘GVDPDDDDV’
following the conventional ‘WAFE’ motif, which is found in most SKP1 family proteins.
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Interestingly, this unique tail in the C-terminal region of the SKPI-like genes involved
in the S-RNase-based SI reaction is always present. For instance, this tail is ‘GVDED’ in
Rosaceae. However, it is not invariable in Solanaceae and Plantaginaceae but for the ‘D’
in the last position, which is conserved (Aguiar et al., 2015). Phylogenetic relationships
suggested that CrSKPI-e clustered with PavSSK1, MdSSK1, PbSSK1 and PbSSK2. These
results imply that CrSKP1-e, homologous to SSK1, is also present in ‘Wuzishatangju’.
Different CUL1 homologs, such as PiCUL1-G and PiCUL1-C proteins in P. inflata,
Cullin1-like protein in Antirrhinum and CUL1 orthologs in Rosaceae, were proposed
to be one of the members of the SCF complex in the SI reaction (Hua ¢ Kao, 2006;
Qiao et al., 2004; Xu et al., 2013). In P. inflata, though PiCULI-G, SBP1 and SLF were
known to be the novel E3 ligase complex mediating S-RNase ubiquitination, PiCUL-P,
another CUL1 homolog protein, was proved to be a component of the canonical SCF
ligase complex involved in non-self-recognition in the SI reaction (Kubo et al., 2016). In
P. avium, PavCULIA and PavCUL1B were considered to be components of a functional
SCFSTB complex (Matsumoto et al., 2012). In this study, the Cullin family proteins were first
identified from C. clementina. The three CUL proteins were closely related to the AtCUL1
protein (Fig. 56). Only the CUL1 subfamily proteins serve as scaffolds for assembling
the SCF complex. CrCUL1A was significantly accumulated in ‘Wuzishatangju’ pollen
and strongly interacted with CrSKP1-e. These results suggest that CrCUL1A potentially
functions as a scaffold for the SCF complex in pollen. However, the CrCULIB gene was
less expressed in ‘Wuzishatangju’ pollen. Further studies are necessary to confirm whether
CrCULIB is a redundant or an alternative protein for assembling the SCF complex involved

in the SI system.

Identification of putative SCF-type E3 complex in ‘Wuzishatangju’
pollen

The interactions between F-box and SKP1 proteins have been extensively explored. In
Arabidopsis, 92 AtSLF-S,-related proteins were identified; most of them interacted with
one or more SKP1 proteins in the yeast system (Wang et al., 2004). To investigate the
SCF complex involved in the SI reaction in P. inflata, 17 SLF proteins and an SLF-like
protein were co-immunoprecipitated with PiSSK1:FLAG:GFP (Li et al., 2016). In apple,
MdSSK1 interacted with 4 MdSFBB and 6 MdSEBBL proteins in the yeast system (Yuan
et al., 2014). In the present study, yeast system interaction assays revealed that CrSKP1-e
protein interacted with 4 CrFBX proteins (CrFBX2, CrFBX9, CrFBX13 and CrFBX15)
in ‘Wuzishatangju’ and at least one CrFBX protein (CrFBX7) in ‘Chuntianju’. The LCI
and in vitro assays indicated that CrSKP1-e binds to the N-terminal region of both the
CrCULIA and CrCULI1B proteins. The CrSKP1-e protein could act as an adaptor that links
CrFBX and CrCULI1 for assembling of the SCF complex in ‘Wuzishatangju’. Interestingly,
CrSKP1-e not only interacted with the S-locus CrFBX proteins (CrFBX2, CrFBX7 and
CrFBX9) in mandarin but also bound to the non-S-locus CrFBX proteins (CrFBX13,
CrFBX15). These results suggest that CrSKP1-e potentially functions as an adaptor in the
SI reaction. However, further studies are needed to elucidate the function of CrSKPI-e

genes in the SI reaction of ‘Wuzishatangju’.
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CONCLUSIONS

In summary, the genome-wide characterization of the 298 F-box family proteins was
performed using the in silico method based on the C. clementina reference genome, which
supported in-depth identification of the S-locus F-box genes. Ten pollen-specific CrFBX
genes homologous to SFBB/SLFL are mapped into the S-locus. CrSKP1-e connects the
S-locus and non-S-locus CrFBX proteins to the two CrCULL1 proteins (CrCUL1A and
CrCULIB) for SCF complex assembling in ‘Wuzishatangju’ pollen.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by the National Natural Science Foundation of China (No.
31471858 and 31000899), the Science and Technology Planning Project of Guangzhou
(No0.201807010018,201607010314 and 2010r1-C771), and the Natural Science Foundation
of Guangdong Province (No. 52013020013084 and S2013010011950). The funders had no
role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

National Natural Science Foundation of China: 31471858, 31000899.

Science and Technology Planning Project of Guangzhou: 201807010018, 201607010314,
2010r1-C771.

Natural Science Foundation of Guangdong Province: S2013020013084, S2013010011950.
State Key Laboratory for Conservation and Utilization of Subtropical Agro-bioresources:
SKLCUSA-a201920.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Yi Ren conceived and designed the experiments, performed the experiments, analyzed
the data, prepared figures and/or tables, authored or reviewed drafts of the paper, and
approved the final draft.

e Qingzhu Hua performed the experiments, analyzed the data, prepared figures and/or
tables, and approved the final draft.

e Jiayan Pan performed the experiments, analyzed the data, authored or reviewed drafts
of the paper, and approved the final draft.

e Zhike Zhang and Jietang Zhao analyzed the data, prepared figures and/or tables, and
approved the final draft.

e Xinhua He analyzed the data, authored or reviewed drafts of the paper, and approved
the final draft.

Ren et al. (2020), PeerdJ, DOI 10.7717/peerj.10578 16/22


https://peerj.com
http://dx.doi.org/10.7717/peerj.10578

Peer

e Yonghua Qin and Guibing Hu conceived and designed the experiments, prepared
figures and/or tables, authored or reviewed drafts of the paper, and approved the final
draft.

Data Availability
The following information was supplied regarding data availability:

The raw measurements are available in the Supplemental Files.

Additional data is available at the following Figshare repositories:

- Ren, Yi (2020): Raw data_datasetl.rar. figshare. Dataset. https://doi.org/10.6084/m9.
figshare.11786199.v1.

- Ren, Yi (2020): Raw data_Figure.rar. figshare. Figure. https://doi.org/10.6084/m9.
tigshare.11783730.v1.

The resequencing data of "Wuzishatangju’ is available at Figshare:

Ren, Yi (2020): wuzi.rmdup.bam. figshare. Dataset. Available at https://doi.org/10.6084/
m9.figshare.11880303.v1

Pollen and pistil transcriptome datasets of ‘Wuzishatangju’ are available at Figshare:
Ren, Yi (2020): Citrus_reticulata_Blanco-Unigene.5-3.fa. figshare. Dataset. https:
//doi.org/10.6084/m9.figshare.12198627.v1.

Supplemental Information

Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.10578#supplemental-information.

REFERENCES

Aguiar B, Vieira J, Cunha AE, Vieira CP. 2015. No evidence for Fabaceae gametophytic
self-incompatibility being determined by Rosaceae, Solanaceae, and Plantaginaceae
S-RNase lineage genes. BMC Plant Biology 15:129 DOI 10.1186/512870-015-0497-2.

Akagi T, Henry IM, Morimoto T, Tao R. 2016. Insights into the Prunus-specific S-
RNase-based self-incompatibility system from a genome-wide analysis of the
evolutionary radiation of S-locus-related F-box genes. Plant and Cell Physiology
57:1281-1294 DOI 10.1093/pcp/pew077.

Chai L, Biswas MK, Ge X, Deng XX. 2010. Isolation, characterization, and expression
analysis of an SKPI-like gene from ‘Shatian’ pummelo (Citrus grandis Osbeck). Plant
Molecular Biology Reporter 28:569—-577 DOI 10.1007/s11105-010-0184-2.

Chai L, Ge X, Xu Q, Deng XX. CgSL2 an S-like RNase gene in ‘Zigui shatian’pummelo
(Citrus grandis Osbeck), is involved in ovary senescence. Molecular Biology Reports
38:1-8 DOI 10.1007/s11033-010-0070-x.

Chang LC, Guo CL, Lin YS, Fu H, Wang CS, Jauh GY. 2009. Pollen-specific SKP1-like
proteins are components of functional SCF complexes and essential for lily pollen
tube elongation. Plant and Cell Physiology 50:1558—1572 DOI 10.1093/pcp/pcp100.

Chen HM, Zhou Y, Shang YL, Lin HQ, Wang Y], Cai R, Tang XY, Zhou JM. 2008.
Firefly luciferase complementation imaging assay for protein-protein interactions
in plants. Plant Physiology 146:368—376 DOI 10.1104/pp.107.111740.

Ren et al. (2020), PeerJ, DOI 10.7717/peerj.10578 17/22


https://peerj.com
http://dx.doi.org/10.7717/peerj.10578#supplemental-information
https://doi.org/10.6084/m9.figshare.11786199.v1
https://doi.org/10.6084/m9.figshare.11786199.v1
https://doi.org/10.6084/m9.figshare.11783730.v1
https://doi.org/10.6084/m9.figshare.11783730.v1
https://doi.org/10.6084/m9.figshare.11880303.v1
https://doi.org/10.6084/m9.figshare.11880303.v1
https://doi.org/10.6084/m9.figshare.12198627.v1
https://doi.org/10.6084/m9.figshare.12198627.v1
http://dx.doi.org/10.7717/peerj.10578#supplemental-information
http://dx.doi.org/10.7717/peerj.10578#supplemental-information
http://dx.doi.org/10.1186/s12870-015-0497-2
http://dx.doi.org/10.1093/pcp/pcw077
http://dx.doi.org/10.1007/s11105-010-0184-2
http://dx.doi.org/10.1007/s11033-010-0070-x
http://dx.doi.org/10.1093/pcp/pcp100
http://dx.doi.org/10.1104/pp.107.111740
http://dx.doi.org/10.7717/peerj.10578

Peer

Chen QJ, Dong M, Gu ZY, Wei L, Hui Y, Duan XE, Yang Q, Yang L, Li TZ. 2018a. SLFL
genes participate in the ubiquitination and degradation reaction of S-RNase in self-
compatible peach. Frontiers in Plant Science 9:227 DOI 10.3389/fpls.2018.00227.

Chen YP, Chi Y], Meng QC, Wang XL, Yu DY. 2018b. GnSK1, an SKP1 homologue
in soybean, is involved in the tolerance to salt and drought. Plant Physiology and
Biochemistry 127:25-31 DOI 10.1016/j.plaphy.2018.03.007.

Entani T, Kubo KI, Isogai S, Fukao Y, Shirakawa M, Isogai A, Takayama S. 2014.
Ubiquitin-proteasome-mediated degradation of S-RNase in a solanaceous cross-
compatibility reaction. The Plant Journal 78:1014—-1021 DOI 10.1111/tpj.12528.

Finn RD, Jody C, Eddy SR. 2011. HMMER web server: interactive sequence similarity
searching. Nucleic Acids Research 39:29-37 DOI 10.1093/nar/gkr367.

Franklin-Tong VE. 2008. Self-incompatibility in flowering plants: evolution, diversity,
and mechanisms. Berlin Heidelberg: Springer
DOI 10.1007/978-3-540-68486-2.

Fujii S, Kubo K, Takayama S. 2016. Non-self- and self-recognition models in plant self-
incompatibility. Nature Plants 2:16130 DOI 10.1038/nplants.2016.130.

Gagne JM, Downes BP, Shin-Han S, Durski AM, Vierstra RD. 2002. The F-box
subunit of the SCF E3 complex is encoded by a diverse superfamily of genes in
Arabidopsis. Proceedings of the National Academy of Sciences United States of America
99:11519-11524 DOI 10.1073/pnas.162339999.

Gupta S, Garg V, Kant C, Bhatia S. 2015. Genome-wide survey and expression analysis of
F-box genes in chickpea. BMC Genomics 16:67 DOI 10.1186/512864-015-1293-y.

Hauck NR, Ikeda K, Tao R, Iezzoni AF. 2006. The mutated S;-haplotype in sour
cherry has an altered S-haplotype-specific F-Box protein gene. Journal of Heredity
97:514-520 DOI 10.1093/jhered/esl029.

Honsho C, Umegatani S, Furukawa D, Ishimura S, Tetsumura T. 2019. Isolation
and characterization of S-RNase-homologous genes expressed in styles in ‘Hyu-
ganatsu’ (Citrus tamurana hort. ex Tanaka). The Horticulture Journal 88:338-346
DOI 10.2503/hortj.UTD-032.

Hua ZH, Kao TK. 2006. Identification and characterization of components of a putative
Petunia S-locus F-box-containing E3 ligase complex involved in S-RNase-based self-
incompatibility. The Plant Cell 18:2531-2553 DOI 10.1105/tpc.106.041061.

HuangJ, Zhao L, Yang Q, Xue YB. 2006. AhSSK1, a novel SKP1-like protein that
interacts with the S-locus F-box protein SLF. The Plant Journal 46:780-793
DOI10.1111/j.1365-313%.2006.02735.x.

Igic B, Kohn JR. 2001. Evolutionary relationships among self-incompatibility
RNases. Proceedings of the National Academy of Sciences United States of America
98:13167-13171 DOI 10.1073/pnas.231386798.

Kakui H, Kato M, Ushijima K, Kitaguchi M, Kato S, Sassa H. 2011. Sequence di-
vergence and loss-of-function phenotypes of S locus F-box brothers genes are
consistent with non-self recognition by multiple pollen determinants in self-
incompatibility of Japanese pear (Pyrus pyrifolia). The Plant Journal 68:1028—1038
DOI10.1111/5.1365-313X.2011.04752.x.

Ren et al. (2020), PeerJ, DOI 10.7717/peerj.10578 18/22


https://peerj.com
http://dx.doi.org/10.3389/fpls.2018.00227
http://dx.doi.org/10.1016/j.plaphy.2018.03.007
http://dx.doi.org/10.1111/tpj.12528
http://dx.doi.org/10.1093/nar/gkr367
http://dx.doi.org/10.1007/978-3-540-68486-2
http://dx.doi.org/10.1038/nplants.2016.130
http://dx.doi.org/10.1073/pnas.162339999
http://dx.doi.org/10.1186/s12864-015-1293-y
http://dx.doi.org/10.1093/jhered/esl029
http://dx.doi.org/10.2503/hortj.UTD-032
http://dx.doi.org/10.1105/tpc.106.041061
http://dx.doi.org/10.1111/j.1365-313x.2006.02735.x
http://dx.doi.org/10.1073/pnas.231386798
http://dx.doi.org/10.1111/j.1365-313X.2011.04752.x
http://dx.doi.org/10.7717/peerj.10578

Peer

Kubo K, Entani T, Takara A, Wang N, Fields AM, Hua Z, Toyoda M, Kawashima
S, Ando T, Isogai A, Kao TH, Takayama S. 2010. Collaborative non-self recog-
nition system in S-RNase-based self-incompatibility. Science 330:796-799
DOI 10.1126/science.1195243.

Kubo K, Tsukahara M, Fujii S, Murase K, Wada Y, Entani T, Iwano M, Takayama
S. 2016. Cullin1-P is an essential component of con-self recognition system
in self-incompatibility in Petunia. Plant and Cell Physiology 57:2403-2416
DOI 10.1093/pep/pewl52S.

Kumar S, Stecher G, Tamura K. 2016. MEGA7: molecular evolutionary genetics analysis
version 7.0 for bigger datasets. Molecular Biology ¢ Evolution 33:1870-1874
DOI 10.1093/molbev/msw054.

Li WT, Chetelat RT. 2010. A pollen factor linking inter- and intra-specific pollen
rejection in tomato. Science 330:1827-1830 DOI 10.1126/science.1197908.

Li WT, Chetelat RT. 2014. The role of a pollen-expressed Cullinl protein in gameto-
phytic self-incompatibility in Solanum. Genetics 196:439—442
DOI 10.1534/genetics.113.158279.

Li S, Sun P, Williams JS, Kao TH. 2014. Identification of the self-incompatibility locus
F-box protein-containing complex in Petunia inflata. Plant Reproductioon 27:31-45
DOI 10.1007/s00497-013-0238-3.

Li S, Williams JS, Sun P, Kao TH. 2016. All 17 S-locus F-box proteins of the S2-
and S3- haplotypes of Petunia inflata are assembled into similar SCF complexes
with a specific function in self-incompatibility. The Plant Journal 87:606—-616
DOI10.1111/tpj.13222.

Liang M, Cao ZH, Zhu AD, Liu YL, Tao MQ, Yang HY, JrXu Q, Wang SH, Liu
JJ, Li YP, Chen CW, Xie ZZ, Deng CL, Ye JL, Guo WW, Xu Q, Xia R, Larkin
RM, Deng XX, Bosch M, Franklin-Tong VE, Chai L]J. 2020. Evolution of
self-compatibility by a mutant S,,-RNase in citrus. Nature Plants 6:131-142
DOI10.1038/s41477-020-0597-3.

Liang M, Yang W, Su SY, Fu LL, Yi HL, Chen CW, Deng XX, Chai L]J. 2017.
Genome-wide identification and functional analysis of S-RNase involved in
the self-incompatibility of citrus. Molecular Genetics & Genomics 292:325-341
DOI 10.1007/s00438-016-1279-8.

Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data using
real-time quantitative PCR and the 2~#4CT method. Methods 25:402-408
DOI 10.1006/meth.2001.

Luu DT, Qin X, Morse D, Cappadocia M. 2000. S-RNase uptake by compati-
ble pollen tubes in gametophytic self-incompatibility. Nature 407:649-651
DOI 10.1038/35036623.

Ma YW, Li QL, Hu GB, Qin YH. 2017. Comparative transcriptional survey between self-
incompatibility and self-compatibility in Citrus reticulata Blanco. Gene 609:52—61
DOI 10.1016/j.gene.2017.01.033.

Ren et al. (2020), PeerJ, DOI 10.7717/peerj.10578 19/22


https://peerj.com
http://dx.doi.org/10.1126/science.1195243
http://dx.doi.org/10.1093/pcp/pcw152S
http://dx.doi.org/10.1093/molbev/msw054
http://dx.doi.org/10.1126/science.1197908
http://dx.doi.org/10.1534/genetics.113.158279
http://dx.doi.org/10.1007/s00497-013-0238-3
http://dx.doi.org/10.1111/tpj.13222
http://dx.doi.org/10.1038/s41477-020-0597-3
http://dx.doi.org/10.1007/s00438-016-1279-8
http://dx.doi.org/10.1006/meth.2001
http://dx.doi.org/10.1038/35036623
http://dx.doi.org/10.1016/j.gene.2017.01.033
http://dx.doi.org/10.7717/peerj.10578

Peer

Matsumoto D, Tao R. 2016. Recognition of a wide-range of S-RNases by S locus F-
box like 2, a general-inhibitor candidate in the Prunus-specific S-RNase-based self-
incompatibility system. Plant Molecular Biology 91:459-469
DOI10.1007/s11103-016-0479-2.

Matsumoto D, Tao R. 2019. Recognition of S-RNases by an S locus F-box like pro-
tein and an S haplotype-specific F-box like protein in the Prunus-specific self-
incompatibility system. Plant Molecular Biology 100:367—378
1-12 DOI 10.1007/s11103-019-00860-8.

Matsumoto D, Yamane H, Abe K, Tao R. 2012. Identification of a Skp1-like pro-
tein interacting with S.F.B. the pollen S determinant of the gametophytic self-
incompatibility in Prunus. Plant Physiology 159:1252—1262
DOI10.1104/pp.112.197343.

McClure BA, Gray JE, Anderson MA, Clarke AE. 1990. Self-incompatibility in
Nicotiana alata involves degradation of pollen rRNA. Nature 347:757-760
DOI 10.1038/347757a0.

Miao HX, Qin YH, Da Silva JAT, Ye ZX, Hu GB. 2011. Cloning and expression analysis
of S-RNase homologous gene in Citrus reticulata Blanco cv. Wuzishatangju. Plant
Science 180:358-367 DOI 10.1016/j.plantsci.2010.10.012.

Miao HX, Ye ZX, Qin YH, Hu GB. 2013. Identification of differentially expressed
genes in 72 h styles from self-incompatible Citrus reticulata. Scientia Horticulturae
161:278-285 DOI 10.1016/j.scienta.2013.07.013.

Miao HX, Ye ZX, Qin YH, Hu GB. 2015. Comparative transcript profiling of gene
expression between self-incompatible and self-compatible mandarins by suppres-
sion subtractive hybridization and cDNA microarray. Molecular Breeding 35:47
DOI10.1007/s11032-015-0204-x.

Minamikawa M, Kakui H, Wang S, Kotoda N, Kikuchi S, Koba T, Sassa H. 2010. Apple
S locus region represents a large cluster of related, polymorphic and pollen-specific
F-box genes. Plant Molecular Biology 74:143—154 DOI 10.1007/s11103-010-9662-7.

Ning Z, Schulman BA, Langzhou S, Miller JJ, Jeffrey PD, Ping W, Claire C, Koepp
DM, Elledge SJ, Michele P. 2016. Structure of the Cull-Rbx1-Skp1-Fbox Skp2 GCF
ubiquitin ligase complex. Nature 416:703—709 DOI 10.1038/416703a.

Nowak MD, Davis AP, Francois A, Yoder AD. 2011. Expression and trans-specific
polymorphism of self-incompatibility RNases in coffea (Rubiaceae). PLOS ONE
6:¢21019 DOI 10.1371/journal.pone.0021019.

Qiao H, Wang F, Zhao L, Zhou JL, Lai Z, Zhang YS, Robbins TP, Xue YB. 2004.

The F-box protein AhSLF-S2 controls the pollen function of S-RNase-based self-
incompatibility. The Plant Cell 16:2307-2322 DOI 10.1105/tpc.104.024919.

Rao V, Petla BP, Verma P, Salvi P, Kamble NU, Ghosh S, Kaur H, Saxena SC, Majee
M. 2018. Arabidopsis SKP1-like protein13 (ASK13) positively regulates seed
germination and seedling growth under abiotic stress. Journal of Experimental Botany
69:3899-3915 DOI 10.1093/jxb/ery191.

Schwechheimer C. 2018. NEDD8-its role in the regulation of Cullin-RING ligases.
Current Opinion in Plant Biology 45:112-119 DOI 10.1016/j.pbi.2018.05.017.

Ren et al. (2020), PeerJ, DOI 10.7717/peerj.10578 20/22


https://peerj.com
http://dx.doi.org/10.1007/s11103-016-0479-2
http://dx.doi.org/10.1007/s11103-019-00860-8
http://dx.doi.org/10.1104/pp.112.197343
http://dx.doi.org/10.1038/347757a0
http://dx.doi.org/10.1016/j.plantsci.2010.10.012
http://dx.doi.org/10.1016/j.scienta.2013.07.013
http://dx.doi.org/10.1007/s11032-015-0204-x
http://dx.doi.org/10.1007/s11103-010-9662-z
http://dx.doi.org/10.1038/416703a
http://dx.doi.org/10.1371/journal.pone.0021019
http://dx.doi.org/10.1105/tpc.104.024919
http://dx.doi.org/10.1093/jxb/ery191
http://dx.doi.org/10.1016/j.pbi.2018.05.017
http://dx.doi.org/10.7717/peerj.10578

Peer

Sijacic P, Wang X, Skirpan AL, Wang Y, Dowd PE, McCubbin AG, Huang SS, Kao
TH. 2004. Identification of the pollen determinant of S-RNase-mediated self-
incompatibility. Nature 429:302-305 DOI 10.1038/nature02523.

Sun L, Kao TH. 2017. CRISPR/Cas9-mediated knockout of PiSSKI reveals essential role
of S-locus F-box protein-containing SCF complexes in recognition of non-self S-
RNases during cross-compatible pollination in self-incompatible Petunia inflata.
Plant Reproduction 31:129-143 DOI 10.1007/s00497-017-0314-1.

Ushijima K, Sassa H, Dandekar AM, Gradziel TM, Tao R, Hirano H. 2003. Structural
and transcriptional analysis of the self-incompatibility locus of almond: identifica-
tion of a pollen-expressed F-box gene with haplotype-specific polymorphism. The
Plant Cell 15:771-781 DOI 10.1016/j.envsoft.2012.05.002.

Ushijima K, Yamane H, Watari A, Kakehi E, Ikeda K, Hauck NR, Iezzoni AF, Tao
R. 2004. The S haplotype-specific F-box protein gene, SFB, is defective in self-
compatible haplotypes of Prunus avium and P. mume. The Plant Journal 39:573-586
DOI'10.1111/j.1365-313X.2004.02154.x.

Vieira J, Fonseca NA, Vieira CP. 2008. An S-RNase-based gametophytic self-
incompatibility system evolved only once in eudicots. Journal of Molecular Evolution
67:179-190 DOI 10.1007/500239-008-9137-x.

Wang L, Dong L, Zhang YE, Zhang YS, Wu WH, Deng XW, Xue YB. 2004. Genome-
wide analysis of S-Locus F-box-like genes in Arabidopsis thaliana. Plant Molecular
Biology 56:929-945 DOI 10.1007/s11103-004-6236-y.

Williams JS, Der JP, Depamphilis CW, Kao TH. 2014. Transcriptome analysis reveals
the same 17 S-locus F-box genes in two haplotypes of the self-incompatibility locus
of Petunia inflata. The Plant Cell 26:2873-2888 DOI 10.1105/tpc.114.126920.

Xu C, Li MF, Wu JK, Guo H, Li Q, Zhang YE, Chai JJ, Li TZ, Xue YB. 2013. Iden-

F SIF complex involved in S-RNase-based self-

tification of a canonical SC
incompatibility of Pyrus (Rosaceae). Plant Molecular Biology 81:245-257
DOI10.1007/s11103-012-9995-x.

Xu GX, Ma H, Nei M, Kong HZ. 2009. Evolution of F-box genes in plants: different
modes of sequence divergence and their relationships with functional diversification.
Proceedings of the National Academy of Sciences United States of America 106:835-840
DOI 10.1073/pnas.0812043106.

Yamada KD, Tomii K, Katoh K. 2016. Application of the MAFFT sequence alignment
program to large data-reexamination of the usefulness of chained guide trees.
Bioinformatics 32:3246-3251 DOI 10.1093/bioinformatics/btw412.

Ye WJ, Qin YH, Ye ZX, Silva JATD, Zhang L, Wu X, Lin S, Hu GB. 2009. Seedless
mechanism of a new mandarin cultivar ‘Wuzishatangju’ (Citrus reticulata Blanco).
Plant Science 177:19-27 DOI 10.1016/j.plantsci.2009.03.005.

Yuan H, Meng D, Gu ZY, Li W, Wang AD, Yang Q, Zhu YD, Li TZ. 2014. A novel gene,
MdSSK1, as a component of the SCF complex rather than MdSBP1 can mediate the
ubiquitination of S-RNase in apple. Journal of Experimental Botany 65:3121-3131
DOI 10.1093/jxb/erul64.

Ren et al. (2020), PeerJ, DOI 10.7717/peerj.10578 21/22


https://peerj.com
http://dx.doi.org/10.1038/nature02523
http://dx.doi.org/10.1007/s00497-017-0314-1
http://dx.doi.org/10.1016/j.envsoft.2012.05.002
http://dx.doi.org/10.1111/j.1365-313X.2004.02154.x
http://dx.doi.org/10.1007/s00239-008-9137-x
http://dx.doi.org/10.1007/s11103-004-6236-y
http://dx.doi.org/10.1105/tpc.114.126920
http://dx.doi.org/10.1007/s11103-012-9995-x
http://dx.doi.org/10.1073/pnas.0812043106
http://dx.doi.org/10.1093/bioinformatics/btw412
http://dx.doi.org/10.1016/j.plantsci.2009.03.005
http://dx.doi.org/10.1093/jxb/eru164
http://dx.doi.org/10.7717/peerj.10578

Peer

Zhang SQ, Liang M, Wang N, Xu Q, Deng XX, Chai LJ. 2018. Reproduction in woody
perennial Citrus: an update on nucellar embryony and self-incompatibility. Plant
Reproduction 31:43-57 DOI 10.1007/s00497-018-0327-4.

Zhao L, Huang ], Zhao HH, Li Q, Sims TL, Xue YB. 2010. The Skp1-like protein SSK1 is
required for cross-pollen compatibility in S-RNase-based self-incompatibility. The
Plant Journal 62:52—-63 DOT 10.1111/j.1365-313X.2010.04123.x.

Zhao L, Ma WS, Han B, Liang LZ, Zhang YS, Hong GF, Xue YB. 2002. An F-
box gene linked to the self-incompatibility (S) locus of Antirrhinum is ex-
pressed specifically in pollen and tapetum. Plant Molecular Biology 50:29-42
DOI 10.1023/a:1016050018779.

Zhou JY, Sun CD, Zhang LL, Dai X, Xu CJ, Chen KS. 2010. Preferential accumulation
of orange-colored carotenoids in Ponkan (Citrus reticulata) fruit peel following
postharvest application of ethylene or ethephon. Scientia Horticulturae 126:229-235
DOI 10.1016/j.scienta.2010.07.019.

Zimmerman ES, Schulman BA, Zheng N. 2010. Structural assembly of Cullin-RING
ubiquitin ligase complexes. Current Opinion in Structural Biology 20:714-721
DOI 10.1016/.sbi.2011.01.003.

Ren et al. (2020), PeerJ, DOI 10.7717/peerj.10578 22/22


https://peerj.com
http://dx.doi.org/10.1007/s00497-018-0327-4
http://dx.doi.org/10.1111/j.1365-313X.2010.04123.x
http://dx.doi.org/10.1023/a:1016050018779
http://dx.doi.org/10.1016/j.scienta.2010.07.019
http://dx.doi.org/10.1016/j.sbi.2011.01.003
http://dx.doi.org/10.7717/peerj.10578

