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S-RNase-based gametophytic self-incompatibility (SI), in which specificities of pistil and
pollen are determined by S-RNase and the S locus F-box protein, respectively, has been
discoveredinthe Solanaceae, Plantaginaceae, and Rosaceae families, but some underlying
molecular mechanisms remain elusive and controversial. Previous studies discovered Sl in
wild dwarf almond (Prunus tenella), and pistil S (S-RNase) and pollen S (SFB) determinant
genes have been investigated. However, the SCF (SKP1-Cullin1-F-box-Rbx1) complex,
which serves as an E3 ubiquitin ligase on non-self S-RNase, has not been investigated. In
the current study, PetSSK1 (SLF-interacting-SKP1-like1), SBP1 (S-RNase binding protein
1), CULT, and SFB genes (S-haplotype-specific F-box) were identified in an accession
(ZB1) of R tenella. Yeast two-hybrid assays revealed interactions between PetSBP1 and
PetCUL1 and between PetSBP1 and PetSFBs (SFB16 and SFB17), and subsequent pull-
down assays confirmed these interactions, suggesting a novel SBP1-containing SCFSF®
complex in wild dwarf almond. Moreover, despite a putative interaction between PetSSK1
and PetCUL1, we revealed that PetSSK7 does not interact with PetSFB16 or PetSFB17,
and thus the canonical SSK1-containing SCFS™® complex could not be identified. This
suggests a novel molecular mechanism of gametophytic Sl in Prunus species.

Keywords: dwarf almond, SBP1, SCF (SKP1-Cullin1-F-box-Rbx1) complex, self-incompatibility, Prunus

INTRODUCTION

Mate choice is an essential process during sexual reproduction of plant species. Self-incompatibility
(SI), a widespread reproductive barrier in multiple flowering plants, can inhibit self-fertilization and
promote out-crossing by denying self (genetically related) pollen while accepting non-self (genetically
unrelated) pollen for fertilization (Matsumoto et al., 2012). SI is common among angiosperms and
could be found in approximately 60% of angiosperm species, in at least 19 orders, 71 families, and
250 genera (Akagi et al., 2016). SI plays important roles in the diversification and differentiation of
species by preserving genetic diversity. There are two genetically distinct types of SI: gametophytic
SI (GSI) and sporophytic SI (SSI), which were distinguished by how the incompatibility phenotype
of the pollen is resolved (Hiscock and Tabah, 2003).

An S-RNase-based GSI system in which pistil-part specificity is dominated by an extracellular
cytotoxic ribonuclease, S-RNase, encoded by the highly polymorphic Slocus, has been discovered in
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the Solanaceae, Plantaginaceae, and Rosaceae families (Lai et al.,
2002; Sijacic et al., 2004). Phylogenetic analyses of S-RNase and
related sequences indicated that the S-RNase-based GSI system
originated independently about 120 million years ago (Igic and
Kohn, 2001; Steinbachs and Holsinger, 2002; Vieira et al., 2008).
If this system is lost in species, it can never be regained (Igic
et al., 2006; Goldberg et al., 2010; Igic and Busch, 2013).

The SCF (SKP1-Cullin1-F-box-Rbx1) complex, which consists
of SKP1 (S-phase kinase-associated protein 1), F-box, CULI,
and Rbx1 (Moon et al., 2004), is a core factor in S-RNase-based
GSI and serves as an E3 ubiquitin ligase on non-self S-RNase
(Hua et al., 2008). F-box protein encoded by SLF (S-locus F-box)
in Solanaceae and Plantaginaceae and SFB (S-haplotype-specific
F-box) in Rosaceae (Chen etal., 2010) binds to S-RNase specifically,
causing ubiquitin degradation of S-RNase (Tyers and Jorgensen,
2000). SKP1 functions as an adaptor to connect the variable F-box
protein to CUL1, and CULI forms a core catalytic scaffold with
Rbx1 (Zheng et al., 2002; Deshaies and Joazeiro, 2009).

SSK1 (SLF-interacting SKP1-likel), a pollen-specific protein, can
bind to SLF/SFB and CULL1 to form the SCF complex participating
in the ubiquitin reaction of S-RNase in petunia (Petunia hybrida)
(Zhao et al., 2010), antirrhinum (Antirrhinum hispanicum) (Huang
etal,, 2006), apple (Malus domestica) (Yuan et al., 2014), sweet cherry
(Prunus avium) (Matsumoto et al, 2012), and pear (Pyrusbrets
chneideri) (Xu et al., 2013). The ubiquitously expressed protein SBP1
(S-RNase Binding Protein 1), which can bind to the hypervariable
region of S-RNase (Sims and Ordanic, 2001; Hua and Kao, 2006),
was first found to functionally adopt the function of SKP1 and Rbx1
in bridging CUL1 and the F-box, to form the SCF complex in Petunia
inflata (Hua and Kao, 2006), and functions as an E3 ubiquitin ligase
in recognizing and degrading S-RNase in vitro (Hua and Kao, 2008).
Both SSK1 and SBP1 were found to be components of the SCF
complex in petunia (Sims et al., 2010), while non-canonical SBP1-
containing and canonical SBP1-containing SCF complexes were
identified in apple (Minamikawa et al., 2014). There is currently no
other evidence demonstrating that SBP1 is one of the components of
the SCF complex, including in Prunus species.

The wild dwarf almond (Prunus tenella syn. Amygdalus nana) is
discovered in small, isolated populations on the Balkan Peninsula,
and GSI has been established by pollination experiments
(Surbanovski et al., 2007). In recent years, some small and isolated
populations have also been discovered scattered throughout the
Xinjiang Uygur Autonomous Region of China (Figure S1 and
Table S1). As a species related to P. avium, P, tenella was speculated
to have a similar SI system. After successful molecular identification
of CULI, SSK1, SBPI, and SFBs in an accession of P. tenella, we
carried out yeast two-hybrid (Y2H) and pull-down experiments.
To our surprise, a non-canonical SBP1-containing rather than a
canonical SSK1-containing SCF*® complex was identified.

RESULT

Identification of Components of the

SCF Complex

The putative canonical SSK1-containing SCF™® complex of
P avium, a species related to dwarf almond and displaying

SI, has been identified and investigated (Matsumoto and Tao,
2016). SFB and S-RNase alleles of P. tenella were investigated
in a previous study (Surbanovski et al., 2007), but other genes
associated with GSI remain elusive. Here, we chose a putative
P. tenella accession (ZB1) located in Yumin county, Xinjiang
Uygur Autonomous Region of China (45°54' N, 82°30'E) for
subsequent study (Figure S2).

The full ¢cDNA sequences of the PetCULI (MHO017413)
and PetSSK1 (KT984123) genes were obtained from the NCBI
database by informatics, and they encode 733 and 177 amino
acids (AA), respectively. To ascertain the sequence accuracy,
we also cloned CULI and SSK1I using pollen cDNA of the ZB1
accession and found that the two cloned genes were identical to
PetCULI and PetSSK1, respectively, at the nucleotide level. This
further confirmed that ZB1 is an accession of P. tenella.

The full cDNA sequence of PetSBPI1, encoding 383 AAs, was
cloned using SBPI from P. avium (PavSBP1, KC244430) as a
reference. SFB, the pollen S gene determining pollen-part specificity
(Yamane et al., 2003), is a single-copy and highly polymorphic gene
in the Prunus genome (Sassa et al., 2010). Using pollen cDNA of
the ZB1 accession, two allelic SFB genes were cloned successfully.
Through Blast against the NCBI database, we found that the two
SFB genes were identical to PetSFB16 (KU167066) and PetSFB17
(KU167067) at the nucleotide level and encode 381 and 376 AAs
(73.5% amino acid identity), respectively.

To explore the identities of these homologous genes between
P, tenella and P. avium, we carried out alignments of the deduced
amino acid sequences. The identities for CULI, SBPI, and
SSK1 between the two species were 99.6%, 98.8%, and 98.3%,
respectively (Figure S3 and Figures 1A, B). These high identities
suggest that PetCULI, PetSBP1, and PetSSK1 might be orthologous
to PavCULI, PavSBP1, and PavSSK1, respectively. Moreover, we
obtained some homologous genes for CULI, SBPI, and SSKI
from the NCBI database (Table S2). The results of alignments
indicated that these homologous genes were highly conserved at
the AA level, and the important domains could be identified (data
not shown). For example, the reported RING-HC domains (Sims
and Ordanic, 2001) could be found in all analyzed SBP1 proteins,
and the reported secondary structures (Hua and Kao, 2006) were
successfully identified in all SSK1 proteins. Phylogenetic evolution
analyses were carried out (Figures S4A-C). The results indicated
that PetCULI, PetSBP1, and PetSSK1 were most related to CULI,
SBP1, and SSK1 from other Prunus species respectively, and the
phylogenetic relationships were generally congruent with the
taxonomic relationships of these species. It suggested that the three
components of the SCF complex might have essential function and
be under purifying selection during the evolutionary process.

The identities between PetSFB16 and PavSFB and between
PetSFB17 and PavSFB were 56.1% and 60.1%, respectively, and
they all contained F-box, hypervariable (HVa, HVb), and variable
(V1, V2) regions (Figure 1C), suggesting that both PetSFB16 and
PetSFB17 might be orthologous to PavSFB. In addition, more
homologous SFB genes from Prunus species were obtained by
informatics (Table S2). The results of alignments revealed that these
homologous genes were not conserved at the AA level, but the F-box,
hypervariable, and variable regions could be found in all analyzed
SEB proteins (data not shown). The phylogenetic relationships
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LOHVYRQSRDSKEGCGDSEVDDTASCC

A
PetSBP1 MALPQHHFQQHYPPQOQOESSESFRNLYTIDGOMTPANRYYDPSTLODHSQHPPYVEPFHVVGFAPGPVAATDGSDNGADLOWQYGFESK
PavSBP1 MALPOHHFQOHYPPOCOOOQSSKSFRNLYTIDGOMT PANMAYYDPSTLODHSOHPPYVPPFHVVGFAPGPVAATDGSDNGADLOWQYGFESK
PetSBP1 REEKLKEQDFLENNSQISSVELLQPRSVSTGLGLSLDNTRMASTGDSALLSLIGDDVDHELQRQDAEIDRFLEAQGDRLRONILEKVOATO:
PavSBP{1 REKLKEQDFLENNSQISSVELLQPRSVSTGLGLSLDNTRMASTGDSALLSLIGDDVDHELORQDAEIDRFLKAQGDRLRONILEKVQAT(:
PetSBP1 LOTLSVVEEKVLOKLREREAEVESINKENMELEERMEQLTVELAGAWQQLARRNENMISSLRFELOHEVYAQSRDSKEGCGDSEVDDTASCC
PavSBP1 LOTLSVVEEKVLOKLRERKEAEVES INKKNMELEERMEQLTVEACGAWQQLARRNENMISSLR.
PetSBP1  NGRTLNFDMFCKENNDVEEMMTCKACRVNEVCMLLLPCKHLCLCKDCESKLSLEPLCQSSKFIGMEVY L.
PavSBP1  NGRTLNFDMFCRENNDVEEMMTCKACRVNEVCMLLLPCKHLCLCKDCESKLSLBPLCQSSKFIGMEVYL
RING-HC domain
B
PetSSK1 MSAEEEKND?IPDGEKTKISLKISEGEVE‘EIEENVMIEFHTVKAFFQDEGVSEI:MPIPNVNSAELVKIINFCTKTLELKRI@DHEENA«
PavSSK1 MSAEEERNDABMPDGEKTKISLKTSEGEVFEIEENVAMEFHIVKAFFQDEGVS MPILNVNSAELVKIINFCTKTLELKRKADHEENZ:
S1 S2 H1 H2
PetSSK1 KKELRLE§IDFVKDEITEHIMELILAADYLHVDDLLEVLNQ{NADRIKNKSVEY\mFGVENDETPEEEQKLREEYAWAFEGVDED«
PavSSK1 EKEELRLFYRWDFVEDETTEHIMELILAADYLHVDDLLEVLNQCVADRIEKNKSVEYVRELFGVENDFTPEEEQKLREEYAWAFEGVDED
H4 H5 Hé H7 H8
C
PetSFB16 EILBHILVRLE VRFLCECKSWSDLIEESS ST K. LLCL P
PetSFB17 EILENILVRLE VRFLCECKSWSDLIGSHSFMST K. LLCL P
PavSFB EILERILVRLE WVRFLCEBCKSWSDLINNSSFEST K LLCL
F-box
PetSFB16 EB@WSL) SHPL YGSSNGLECISD SEEEIWNPSVR LQFGF
PetSFB17 E| 5L SHPL GSSNGLECISD Si IWNESVER. QFGF
PavSFB E SLi SHPL YGSSNGLMCISD S| IWNESV QFGF
PetSFB16 VEVYSL LECTW: GT H FSIMSFDSGSEEFEEFEAPDAT
PetSFB17 VEVYSL| DSW LECTH GT 'i FSIMSFDSGSEEFEE DAT
PavSFB VEVYSLEHDS LECTH GT IEKEPEFSIMSFDSGSERFEE DAT
PetSFB16 I ICLL QEERWE P ST G
PetSFB17 1| ICLL LOEKRWEQEEP 51 G
PavSFB I ICLLENERINHCEENCHSON LOEKRWEOMEP ST G
HVa HVb
PetSFB16 I S
PetSFB17 I S
PavSFB I S
FIGURE 1 | Molecular identification of SBP1 (S-RNase binding protein 1), SSK1 (SLF-interacting SKP1-like1), and SFB (S-haplotype-specific F-box) in the ZB1
accession of Prunus tenella. (A) Alignments of amino acid (AA) sequences for PetSBP1 and PavSBP1. The RING-HC domain is underlined, according to a previous
study (Sims and Ordanic, 2001). (B) Secondary structures (S, B-sheet; H, a-helix) are underlined, according to a previous study (Huang et al., 2006). (C) Alignments
of AA sequences for PetSFB16, PetSFB17, and PavSFB. Hypervariable (HVa, HVb) and variable (V1, V2) regions and the F-box are underiined, according to a
previous study (Yamane et al., 2003). Red shading indicates variant AAs.

were generated on the basis of the deduced AA sequences (Figure
$4D). Interestingly, PetSFB16 was most related to Prunus speciosa
SEB1 and Prunus salicina SFBa, while PetSFB17 was highly similar
to P avium SFB13, indicating the incongruence between the
phylogenetic and taxonomic relationships. It suggested that the SI
function could tolerate a considerable number of mutations in SFB
protein sequences without breakdown, and SFB genes might be
under adaptive selection during the evolutionary process.

Expression Analysis of SBP1, SSK1, CUL1,
and SFB Genes

To detect gene expression levels, we collected leaves and floral
organs of ZB1 accession in the spring (Figure 2A) and prepared
the cDNAs accordingly. Reverse-transcription PCR (RT-PCR)
experiments indicated that PetCULI and PetSBP1 were expressed in
leaves, styles, pollen, petals, and sepals (Figure 2B), indicating that
they might be general proteins functioning in numerous pathways.

Both PetSSK1 and PetSFBI16 were expressed strongly in pollen, but
very weakly in other floral organs and leaves (Figure 2B). PetSFB17
was only expressed strongly in pollen, and not at all in leaves or other
floral organs (Figure 2B). Generally, these results were consistent
with previous studies (Yuan et al., 2014). Quantitative real-time PCR
(qRT-PCR) experiments showed similar results (Figures 2C-G).

Investigation of Interactions Between
PetCUL1 and PetSSK1
In sweet cherry (P. avium), Y2H and pull-down assays confirmed
that PavSSK1 interacts with PavCUL1 (Matsumoto et al., 2012).
Because SSK1 and CULL1 between P. tenella and P. avium showed
more than 98% identity, we postulated that PetSSK1 could also
interact with PetCULL in vitro.

In order to test this hypothesis, the full PetCULI coding
sequence (CDS) was placed into the pGBKT?7 vector, while the
complete CDS of PetSSK1 was placed into the pGADT?7 vector.
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FIGURE 2 | Expression analysis of the SBP1, SSK1, CUL1, SFB16, and SFB17 genes in five organs from wild dwarf almond (Prunus tenella). (A) Leaves and
flowers from an accession (ZB1) of wild dwarf aimond. (B) The expression patterns of PetSBP1, PetSSK1, PetCUL1, PetSFB16, and PetSFB17 were examined

by RT-PCR. Total RNAs were extracted from different organs and used as templates for cDNA synthesis and RT-PCR. (C-G) mRNA expression levels of PetSBP1,
PetSSK1, PetCUL1, PetSFB16, and PetSFB17 were detected by gRT-PCR, respectively. Normalization was achieved using the Actin gene. Data are presented as
the mean + standard deviation and the experiment was carried out in triplicate. Statistically significant differences between means were achieved by Student’s t test
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The two vectors were co-transformed into the yeast reporter
strain AH109, and the results exhibited that PetSSK1 could
interact with PetCULL1 (Figure 3A).

Moreover, the Y2H assays were also performed in ProQuest
Two-Hybrid System. The intact CDS of PetCULI was introduced
into the pDEST32 vector, while PetSSK1 CDS was placed into the
pDEST22 vector. The two vectors were co-transformed into the
yeast reporter strain MaV203, and the results also indicated that
PetSSK1 could interact with PetCUL1 (Figure S5A).

To further confirm the interaction between PetSSK1 and
PetCULI, PetSSKI and PetCUL1 were cloned into the pGEX-4T-1
and pET-32a vectors to express glutathione S-transferase (GST)-
and Hiss-tagged fusion proteins, respectively. Subsequently,
pull-down assays were carried out (Figure 3B). To our surprise,
PetSSK1 could not bind with PetCULI, suggesting that there
might be only a weak interaction between PetSSK1 and PetCULL.

Investigation of Interactions Between
PetCUL1 and PetSBP1

In apple (M. domestica), there is conflicting evidence for the
interaction between SBP1 and CULIL. Yuan et al. found no
interaction between the two proteins by Y2H and pull-down assays
(Yuan etal., 2014), while Minamikawa et al. indicated that MdSBP1
could bind to MACULLI through pull-down assays (Minamikawa
etal., 2014). To our knowledge, there have been no studies on the
interaction between CUL1 and SBP1 in Prunus species. Although
the amino acid identities for CUL1 and SBP1 between P. tenella

and M. domestica were more than 90%, it was still hard to conclude
whether PetCULI interacted with PetSBP1 or not.

To explore the putative PetSBP1-PetCULLI interaction, the full-
length PetSBP1 CDS was cloned into the pPGADT?7 vector and then
co-transformed into AH109 with the pGBKT?7 vector containing
PetCULL. The results revealed that PetSBP1 could interact with
PetCULLI. In addition, the complete PetSBP1 CDS was introduced
into the pDEST22 vector and co-transformed into MaV203
with the pDEST32 vector containing PetCUL1. The results also
indicated that PetSBP1 could bind with PetCULL1 (Figure S5A).

Moreover, PetSBP1 was placed into the pGEX-4T-1 vector to
express a GST-tagged fusion protein. A pull-down assay carried out
between PetSBP1 and the Hisg-tagged PetCULL (Figure 3B) also
confirmed that PetSBP1 could interact with PetCULI, suggesting
that PetSBP1 might be a component of the SCF complex.

Investigation of Interactions Between
PetSSK1 and PetSFBs
In P, avium, PavSSK1 interacts with PavSFB in Y2H and pull-down
assays (Matsumoto et al., 2012). PetSSK1 is highly homologous to
PavSSK1 (Figure 1B), but the identities between PetSFB16 and
PavSFB and between PetSFB17 and PavSEB were <70% at the AA
level. There were many variant AAs in the F-box, hypervariable
(HVa, HVb), and variable (V1, V2) regions (Figure 1C), so it was
uncertain whether PetSSK1 could interact with PetSFBs or not.
The intact CDSs of PetSFB16 and PetSFB17 were placed into
pGBKT?7 vectors, respectively. These two vectors were then
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between PetSBP1 and PetCUL1 and between PetSSK1 and PetCUL1. The indicated combinations of bait (BD fusion) and prey (AD fusion) constructs were
co-transformed into the yeast reporter strain AH109. These transformants were streaked on selective medium SD/-Ade-His-Leu-Trp and detected for growth. Both
pGADT7 and pGBKT7 were used as negative controls. Plates were photographed after 5 days of incubation at 30°C. (B) GST pull-down assays to investigate
interactions between PetSBP1 and PetCUL1 and between PetSSK1 and PetCUL1. Bound proteins were examined using anti-His antibody. The negative control
was GST. There were three replications for the experiments of Y2H and GST pull-down array.
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co-transformed, respectively, into AH109 with the pPGADT?7 vector
containing PetSSK1. To our surprise, the results indicated that
neither PetSFB16 nor PetSFB17 could bind to PetSSK1 (Figure
4A). Also, the integral CDSs of PetSFB16 and PetSFB17 were
cloned into pDEST?32 vectors, respectively. These two vectors were
then co-transformed, respectively, into MaV203 with the pDEST22
vector containing PetSSK1. The results also revealed that both
PetSFB16 and PetSFB17 could not bind to PetSSK1 (Figure S5B).
Moreover, to produce His-tagged fusion proteins, full-length
CDSs of PetSFB16 and PetSFB17 were placed into the pET-32a vector,
respectively. Pull-down assays were carried out between PetSSK1
and PetSFB16 and between PetSSK1 and PetSFB17, with the results
further confirming that there were no interactions between PetSSK1
and PetSFBs (Figure 4B), suggesting that the canonical SSK1-
containing SCFS® complex might not exist in the ZB1 accession.

Investigation of Interactions Between
PetSBP1 and PetSFBs

Because there were no interactions between PetSSK1 and PetSFBs,
it is reasonable that there is not a canonical SSK1-containing

SCFS® complex in P, tenella. The studies above confirmed that
PetCULLI could interact with PetSBP1, so we speculate that there
might be a non-canonical SBP1-containing SCFS™® complex.

To confirm this hypothesis, Y2H assays were also carried
out, revealing that both PetSFB16 and PetSFB17 could bind to
PetSBP1 (Figure 4A and Figure S5B). Furthermore, the results
of pull-down assays indicated that PetSFB16 and PetSFB17 could
bind to PetSBP1 (Figure 4C), suggesting a novel SBP1-containing
SCFSFB complex in P, tenella.

DISCUSSION

SI allows the pistil to deny genetically related pollen and
promotes outcrossing in flowering plants, which contributes to
genetic diversity (Fujii et al., 2016). However, it has also hindered
inbred lines of crops. For example, SI is a main obstacle for stable
fruit production in Rosaceae trees (Sassa, 2016). Therefore, the
study of the SI of crops is of importance to provide the basis
to generate high-quality self-compatible (SC) cultivars and/
or develop techniques to overcome SI. For example, SC diploid
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FIGURE 4 | Interactions between PetSBP1 and PetSFBs and between PetSSK1 and PetSFBs (SFB16 and SFB17). (A) Yeast two-hybrid (Y2H) analysis to
investigate interactions between PetSBP1 and PetSFBs and between PetSSK1 and PetSFBs. The indicated combinations of bait (BD fusion) and prey (AD fusion)
constructs were introduced into the yeast reporter strain AH109. All transformants were streaked on selective medium SD/-Ade-His-Leu-Trp and tested for
growth. pGADT7 and pGBKT7 were used as negative controls. Plates were photographed after 5 days of incubation at 30°C. (B) GST pull-down assays to explore
interactions between PetSSK1 and PetSFBs. (C) GST pull-down assays to explore interactions between PetSBP1 and PetSFBs. Using an anti-His antibody, the
bound proteins were examined accordingly. GST was used as a negative control. There were three replications for the Y2H and GST pull-down experiments.
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potatoes were created by knocking out the SI gene S-RNase using
the CRISPR-Cas9 system (Ye et al., 2018).

SI has evolved at least 35 times independently in different
flowering plant lineages (Aguiar et al., 2015), so there might be
different SI systems in different species. Until now, two alternative
models have been proposed to explicate the biochemical mechanism
of S-RNase-based SI in Solanaceae, Plantaginaceae, and Rosaceae.
The degradation model is involved in a putative canonical SCFSLF/STB
complex containing SSK, SLF/SFB, and CULLI, or a non-canonical
SCFSUESEE - complex embodying SBP1, SLF/SFB, and CULL,
which are proposed to specifically act upon non-self S-RNase for
ubiquitination and subsequent degradation through the ubiquitin
proteasome pathway, resulting in non-self-pollen acceptance while
maintaining self S-RNase intact to perform its cytotoxic activity,
leading to self-pollen rejection (Zhang et al., 2009; Meng et al,,
2011). To date, canonical SSK-containing SCFS'F/SP® complexes
have been identified in multiple species, while non-canonical SBP1-
containing SCFS'FF® complexes have only been found in P. inflata
and M. domestica.

The wild dwarf almond, an endangered wild relative of
cultivated almond, is of potential interest for breeding drought-
tolerant rootstocks resistant to extreme temperatures and high
oil contents of seeds (Surbanovski et al., 2007; Matthaus and
Ozcan, 2014) and may have great potential in almond crop
breeding. In previous studies, GSI status was identified in P
tenella (Surbanovski et al., 2007). Although the genes of the S
loci were cloned and analyzed, other genes associated with GSI
remained uninvestigated. In the current study, these components
of the SCF complex, which serves as an E3 ubiquitin ligase on
non-self S-RNase, including CUL1, SSK1, SBP1, and SFBs, were
identified in a P, tenella accession (ZB1), and interactions among
them were investigated through Y2H and pull-down assays. The
results suggested that a novel SBP1-containing SCF*® complex
might exist in Prunus species. To our knowledge, this is the first
evidence for Prunus species. It could be concluded that the SBP1-
containing SCFS'¥/SF8 complex should originate independently in
P inflata, M. domestica, and P. tenella, suggesting the evolutionary
convergence of a novel molecular mechanism of gametophytic SI.
Maybe, the SBP1-containing SCFSLSF8 complexes can be found in
more species in the future.

Why does PetSBP1 have a function in bridging CUL1 and
F-box? In this study, using PetSFB16, PetSFB 17, and PetCULLI as
query proteins, prediction for potential binding sites for PetSBP1
was carried out through protein-protein docking strategies.
As many as 82 putative binding sites were found (Figure S6),
accounting for 25% full residues of PetSBP1, suggesting that
PetSBP1 might have specific bonds or structures suitable for
interacting with PetCUL1 and PetSFBs.

Although there might be no canonical SSK1-containing SCFS®
complex in the ZB1 accession, we cannot exclude that this putative
complex would be found in other P. tenella accessions. Although
PetSSK1 could not interact with PetSFB16 or PetSFB17, it could bind
to PetCULL. It is possible that polymorphism of SFBs could allow
some PetSFBs to bind to both PetSSK1 and PetSBP1 in some P. tenella
accessions, while other PetSFBs can only interact with PetSSK1. If
enough P. fenella accessions can be collected and investigated, the
canonical SSK1-containing SCF'*/S'8 complex may be found.

It is easy to neglect the SBP1-containing SCFS'F/SFB complex
if the SSK-containing SCFS'F/SfB complex has been identified
in a species. We should pay attention to both SBP1- and SSK1-
containing SCFSFSFB complexes in future studies.

MATERIALS AND METHODS

Plant Materials

The accession (ZB1) of P. tenella used in this study is located in
Yumin county, Xinjiang Uygur Autonomous Region of China
(45°54' N, 82°30" E) (Table S1 and Figure S2). Leaves and floral
organs (pollen, petals, styles, and sepals) of the ZB1 accession
were collected in the spring, frozen in liquid nitrogen, and stored
at —80°C for later use.

RNA Extraction and cDNA Synthesis
Total RNA of leaves and floral organs was extracted using a Plant
RNA EASYspinPlus Kit (Aidlab, Peking, China) according to
the instructions of the manufacturer. To remove DNA, the RNA
was treated with RQ1 DNase (Promega, Madison, W1, USA) for
20 min at 37°C. The quality and quantity of the purified RNA
were checked by measuring the absorbance at 260 and 280 nm
(A,q and A,g) using a SmartSpec Plus Spectrophotometer (Bio-
Rad Laboratories, Inc., Hercules, CA, USA). RNA integrity was
further verified by electrophoresis using a 1.5% agarose gel. All
RNA samples were stored at —80°C for future use.

Reverse transcription reactions were performed at 50°C for
1 h and comprised 20 U RNase inhibitor (Invitrogen, Carlsbad,
CA, USA), 200 U superscript II (Invitrogen), 3 ug total RNA, 500
ng random hexamers, and some buffers.

Cloning the CUL1, SSK1, SBP1, and SFBs
of ZB1 Accession

According to the full cDNA sequences of the PetCULI
(MHO017413) and PetSSK1 (KT984123) genes from the NCBI
database, we designed primers and cloned the CDSs of CULI and
SSK1 of ZB1 accession successfully by PCR experiments.

To clone the SBPI gene of ZB1 accession, two degenerate
primers were designed according to homologous sequences
(Table S2): SBP1-F: 5'-THG TNG GVT TTG CNC CNG GTC
C-3’ (forward) and SBP1-R: 5'-AGR CAR AGA TGC TTA CAA
GG (reverse). The PCR experiment was carried out using the
cDNA of leaves. The amplified fragments were sequenced and
found to be homologous to PavSBP1 by alignment analysis. On
the basis of the partial sequence of PetSBP1, the 3’ and 5’ ends
were acquired by rapid amplification of cDNA ends (RACE)
methods using gene-specific primers and adapter primers.

In order to clone SFB genes of ZB1 accession, two degenerate
primers were designed according to homologous sequences
(Table S2): SFB-F: 5'-GAA AWC KTA ATC GAC ATC CTM
GTA AG-3’ (forward) and SFB-R: 5-CAM RAA TTC GAT
TTC GYC ATA TTT C-3’ (reverse). The PCR experiment was
performed using the cDNA of pollens. The amplified fragments
were cloned and sequenced, and two different nucleotide
sequences were obtained. Subsequently, it revealed that the two
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nucleotide sequences were identical to PetSFB16 (KU167066)
and PetSFB17 (KU167067), respectively, through the Blast
method. So, we designed primers and cloned CDSs of SFBs of
ZB1 accession according to PetSFB16 and PetSFB17.

RT-PCR and qRT-PCR
The expression levels of SBP1, SSK1, CULI, SFB16, and SFB17
were detected by RT-PCR and qRT-PCR. The Actin gene of
wild dwarf almond was used as a control. Specific primers were
designed according to ¢cDNA sequences. Primer sequences
were as follows: SBPI: 5'-AGA TCA GTC TCC ACG GGC T-3'
(forward), 5'-CGC AAT CGG TCA CCC TGA G-3’ (reverse);
SSK1: 5'-ATC CCC AAC GTC AAC AGC G-3' (forward),
5-AGC TCC ATG ATG TGC TCG G-3’ (reverse); CULINI:
5'-ACC TGC TTC CGT GAT TTG GT-3’ (forward), 5'-AGC
TTC CAT GTG TCC CAT CC-3’ (reverse); SFB16: 5'-AGA ACC
ACT CCA ATC AGC AGT-3’ (forward), 5-GGCACCCTT GTT
TGT ACG C-3' (reverse); SFB17: 5'-AGG CTG TAA GGA TGA
TGC GT-3’ (forward), 5'-GGA CCT TTC TGA ATG ACG TGG-
3’ (reverse); Actin: 5'-TCC TGA AGA GCA CCC AGT TC-3'
(forward), 5'-TGG CAA CAT ACA TAG CAG GC-3’ (reverse).
In RT-PCR experiments, the PCR amplification conditions
consisted of denaturing at 95°C for 3 min, 34 cycles of denaturing
at 95°C for 45 s, annealing at 58°C for 50 s, and extension at 72°C
for 50 s, followed by a final extension at 72°C for 5 min.
qRT-PCR was carried out on a Bio-Rad S1000 with Bestar SYBR
GreenRT-PCR Master Mix (DBI Bioscience, Shanghai, China).
PCR was implemented with denaturing at 95°C for 10 min and
38 cycles of denaturing at 95°C for 15 s followed by annealing and
extension at 60°C for 1 min. To calculate relative gene expression,
we used the Livak and Schmittgen 2744t method (Livak and
Schmittgen, 2001), normalized with the reference gene Actin. PCR
amplifications were conducted in triplicate for each sample.

Yeast Two-Hybrid Assays
The Y2H assays were firstly carried out in Matchmaker 3 System
(BD Biosciences, Erembodegem, Belgium). The pGADT?7 vector
(Clontech, CA, USA) was digested by BamH I and Xho I (Takara,
Dalian, China), while the pGBKT7 vector (Clontech) was
digested by BamH I and Pst I (Takara). Then enzyme-digested
vectors were run on 1.0% agarose gel and purified by two 15-min
phenol-chloroform (Solarbio, Peking, China) treatments at 4°C.
The full CDS fragments for the SBPI and SSKI genes from P
tenella were amplified by PCR experiments. The PCR products
were digested by BamH 1 and Xho I and introduced into the
pGADTY vector, respectively, to express fusion proteins with the
GAL4 activation domain. The full CDS fragments for CULI, SFBI6,
and SFB17 were also were amplified. Then, the PCR products were
digested by BamnH Iand PstIand placed into pGBKT7, respectively,
to form recombinants with the GAL4 DNA binding domain. The
primer sequences were as follows: SBPI: 5'-CCC GGG TGG GCA
TCG ATA CGG GAT CC ATA TGG CTC TTC CTC AAC ACC
AC-3’ (forward), 5'-GTA TCT ACG ATT CAT CTG CAG CTC
GAG TTA CAA ATA TAC CTC CAT GCC G-3' (reverse); SSKI:
5’-ACC CGG GTG GGC ATC GAT ACG GGA TCC ATA TGT
CGG CCG AGG AGG AGA AGA ACG ACG C-3' (forward),

5'-GTA TCT ACG ATT CAT CTG CAG CTC GAG TCA GTC
CTC ATC AACTCCTTC-3' (reverse); CULI: 5'-CAT GGA GGC
CGA ATT CCC GGG GAT CCG TAT GGA ACG GAA AAT TAT
TGA G-3' (forward), 5'-GTT ATG CTA GTT ATG CGG CCG
CTG CAG TCA TGC AAG ATA CTT GAA CAT G-3’ (reverse);
SFB16: 5'-CAT GGA GGC CGA ATT CCC GGG GAT CCG TAT
GAT TTT CTT CAG GAT GAC ATT C-3’ (forward), 5'-GTT
ATG CTA GTT ATG CGG CCG CTG CAG TTA ATA ATT CTT
GAA TAA AAC-3' (reverse); SFB17: 5'-CAT GGA GGC CGA
ATT CCC GGG GAT CCG TTG TAC ATG CAA GTC ATG
GAG TG-3' (forward), 5'-GTT ATG CTA GTT ATG CGG CCG
CTG CAG CTA CCC GAT TGT ACG ATT ATA ATA ATC-3'
(reverse). Different AD and BD vectors were co-transformed into
yeast strain AH109 and grown on SD/-Ade-His-Leu-Trp medium
at 30°C for 3-5 days. Ten independent clones for each combination
were streaked on SD/-Ade -His-Leu-Trp medium and grown for
3-4 days at 30°C. There were three replications for each Y2H assay.

The Y2H assays were also performed in ProQuest Two-
Hybrid System (Invitrogen). The full CDSs of SBP1 and SSK1
were cloned into pDEST22 vectors to generate fusion proteins
containing the GAL4 activation domain, and full CDSs for
CULI, SFBI6, and SFB17 were introduced into pDEST32
vectors for generating fusion proteins with the GAL4 activation
domain using the Gateway technology (Invitrogen). The used
primers were as follows: SSKI: 5'-GAA TCA AAC AAG TTT
GTA CAA AAA AAT GTC GGC CGA GGA GGA GAA
GAA CGA CGC-3' (forward), 5'-TCA AAC CAC TTT GTA
CAA GAA AGC TGT CAG TCC TCA TCA ACT CCT TC-3’
(reverse); SBP1: 5'-GAA TCA AACAAGTTT GTA CAA AAA
AAT GGC TCT TCC TCA ACA CCA C-3’ (forward), 5'-TCA
AAC CAC TTT GTA CAA GAA AGC TGT TAC AAA TAT
ACC TCC ATG CCG-3’ (reverse); CULI: 5'-GAA TCA AAC
AAG TTT GTA CAA AAA AAT GGA ACG GAA AAT TAT
TGA G-3’ (forward), 5'-TCA AAC CACTTT GTA CAA GAA
AGC TGT CAT GCA AGA TAC TTG AAC ATG-3’ (reverse);
SFB16: 5'-GAA TCA AAC AAG TTT GTA CAA AAA AAT
GAT TTT CTT CAG GAT GAC ATTC-3’ (forward), 5'-TCA
AAC CAC TTT GTA CAA GAA AGC TGT TAA TAA TTC
TTG AAT AAA AC-3' (reverse); SFBI7: 5'-GAA TCA AAC
AAG TTT GTA CAA AAA AAT GAG ATT TAC ACT ACA
TAA G-3’ (forward), 5'-TCA AAC CACTTT GTA CAA GAA
AGC TGT TAA TAA TTA TTG AGT AAA AC-3' (reverse).
Different AD and BD vectors were co-transformed into
yeast strain MaV203 and grown on SD/-Ade-His-Leu-Trp
medium at 30°C for 3-5 days. Six independent clones for each
combination were streaked on SD/-Ade-His-Leu-Trp medium
and grown for 3-4 days at 30°C. There were three replications
for each combination.

Glutathione S-Transferase Pull-Down
Assays

The pGEX-4T-1 (CW biotech, Peking, China) vector was digested
by BamH I and Xho I (TaKaRa). The full CDS fragments for the
SBPI and SSK1 genes were amplified by PCR experiments. Using
BamH Iand Xho1, the PCR products were digested and then cloned
into the digested pGEX-4T-1 vector, respectively, to produce GST
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fusion proteins. For producing His,-tagged fusion proteins, the full
CDSs of CULI and SFBI7 were cloned into the pET-32a vector
(EMD Biosciences, Novagen) at BamH I and Xho I (Takara), while
the full CDS of SFB16 was cloned into the pET-32a vector at BamH
I and Hind III (Takara). The used primers were as follows: SBPI:
5'-CGG GAT CCATGG CTC TTC CTC AACACC ACT TTC-3’
(forward), 5'-CCG CTC GAG CAA ATA TAC CTC CAT GCC
G-3' (reverse); SSK1: 5'-CGG GAT CCA TGT CGG CCG AGG
AGG AGA AGA AC-3’ (forward), 5'-CCG CTC GAG GTC CTC
ATC AACTCCTTC-3' (reverse); CULI: 5'-CCG CTC GAG ATG
GAA CGG AAA ATT ATT GAG-3’ (forward), 5'-TTA CGG GAT
CCT GCA AGA TAC TTG AAC AT-3' (reverse); SFBI6: 5'-CGG
GAT CCATGATTT TCT TCA GGA TGA CAT TC-3’ (forward),
5'-CCG CTC GAG ATA ATT CTT GAA TAA AAC CAA AC-3’
(reverse); SFB17: 5'-CGG GAT CCA TGA ATT TCG ATA GTC
CTA TAC AC-3’ (forward), 5'-CCG CTC GAG CCC GAT TGT
ACG ATT ATA ATA ATC-3' (reverse).

All the constructed vectors were transformed into Escherichia
coli strain (BL21), and the transformed cells were cultured in LB
medium containing 60 pg/ml ampicillin at 16°C with shaking
at 220 rpm. When the ODy,, achieved 0.6, isopropyl p-D-1-
thiogalactopyranoside (IPTG) was added into the suspension
culture to induce protein expression, with the conditions being
22°Cfor 14 hand 0.2 mM IPTG.

To gather bacteria, centrifugation was carried out, and a PBS
buffer was used for suspending the bacteria. Subsequently, an
ultrasonic cell disruptor was set at 200 W for crushing, and the
ultrasonic frequency worked for 10 s, resting for 8 s for 30 min.
The GST-tagged fusion proteins were purified using Glutathione
Sepharose 4B (Hyclone, GE Healthcare Life Sciences, Logan, UT,
USA) and eluted with buffer comprising 25 mM Tris-HCI (pH 8.0),
150 mM NaCl, 3 mM DTT, and 15 mM reduced glutathione. The
His,-tagged fusion proteins were purified using Ni-NTA (EMD
Biosciences, Novagen) and eluted with buffer comprising 25 mM
Tris-HCI (pH 8.0), 150 mM NaCl, and 250 mM imidazole. All the
eluted proteins were dialyzed with buffer composed of 25 mM
Tris-HCI (pH 8.0), 150 mM NaCl, and 3 mM DTT (wash buffer).

For GST pull-down assays, equal amounts of GST-tagged fusion
protein and His,-tagged fusion protein were mixed and incubated
on ice for 3 h. Subsequently, we loaded the mixture onto Glutathione
Sepharose 4B resin columns. After washing five times with buffer,
the proteins were eluted with wash buffer supplemented with 15
mM reduced glutathione. The eluates were separated using 12%
SDS-PAGE, and then they were transferred into PVDF membranes
(Millipore, Billerica, MA, USA) and probed with anti-His (Sigma-
Aldrich, Merck KGaA, Darmstadt, Germany). GST and His, from
GensCript (Nanjing, China) were used as negative controls. There
were three replications for each pull-down assay.

Sequence Alignment and Phylogenetic
Analysis

We obtained the taxonomic relationships of the analyzed species
from NCBI (http://www.ncbi.nlm.nih.gov/guide/taxonomy).
Nucleotide and AA sequences were aligned using the Clustal W
program with the system’s default parameters (Thompson et al.,
1994). The phylogenetic trees were constructed using MEGA

7.0 (Kumar et al., 2016). To test the validity of the choice for tree
models, the ProtTest 2.4 server (http://darwin.uvigo.es/software/
prottest2_server.html) was applied. The tree was reconstructed
using a neighbor-joining (NJ) method on the basis of the
maximum composite likelihood model. The phylogeny was rooted
at midpoint and the confidence levels of the clusters were evaluated
through the bootstrap test (1,000 replicates), with default settings.

In order to predict the protein—protein binding sites (PPBSs),
a predictor called IPPBS-PseAAC was used (Jia et al., 2016). The
web server of IPPBS-PseAAC can be accessed at http://www.jci-
bioinfo.cn/iPPBS-PseAAC.

Statistical Analysis
All values were presented as the mean + standard deviation (SD).
To determine the significance of the differences between means,
Student’s t test was performed. A value P < 0.05 was considered
to be statistically significant.
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