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Abstract

S-RNase-mediated self-incompatibility (SI) prevents self-fertilization and promotes outbreeding to ensure genetic diversity in
many flowering plants, including pear (Pyrus sp.). Brassinosteroids (BRs) have well-documented functions in cell elongation, but
their molecular mechanisms in pollen tube growth, especially in the Sl response, remain elusive. Here, exogenously applied
brassinolide (BL), an active BR, countered incompatible pollen tube growth inhibition during the SI response in pear.
Antisense repression of BRASSINAZOLE-RESISTANT1 (PbrBZR1), a critical component of BR signaling, blocked the positive ef-
fect of BL on pollen tube elongation. Further analyses revealed that PbrBZR1 binds to the promoter of EXPANSIN-LIKE A3
(PbrEXLA3) to activate its expression. PbrEXLA3 encodes an expansin that promotes pollen tube elongation in pear. The sta-
bility of dephosphorylated PbrBZR1 was substantially reduced in incompatible pollen tubes, where it is targeted by
ARIADNE2.3 (PbrARI2.3), an E3 ubiquitin ligase that is strongly expressed in pollen. Our results show that during the Sl re-
sponse, PbrARI2.3 accumulates and negatively regulates pollen tube growth by accelerating the degradation of PbrBZR1 via
the 26S proteasome pathway. Together, our results show that an ubiquitin-mediated modification participates in BR signaling
in pollen and reveal the molecular mechanism by which BRs regulate S-RNase-based SI.

distinguish between self- (genetically related) and nonself-
(genetically unrelated) pollen and is mainly controlled by a
single highly polymorphic S locus (Kao and Tsukamoto
2004). Compared with nonself-pollen, self-pollen deposited
on the surface of the stigma shows a reduced germination

Introduction

The majority of flowering plants have both male and female
organs in the same flower (Charnov et al. 1976; Lloyd 1982;
Christopher et al. 2019), which greatly increases the probabil-

ity of self-fertilization. Because inbreeding commonly reduces
the adaptability of their offspring, hermaphroditic plants
have evolved many effective reproductive strategies to pre-
vent it from occurring (Barrett 1998). One such strategy is
self-incompatibility (SI), which relies on self-recognition be-
tween the pistil and pollen (de Nettancourt 2001; Qiao
et al. 2004). The S| response allows the pistil of a flower to

rate and inhibited pollen tube elongation in the style (Kao
and Tsukamoto 2004). Thus, incompatible pollen tubes are
unable to successfully transport sperm cells to the ovary.
S-RNase-based SI widely occurs in the Plantaginaceae,
Rosaceae, and Solanaceae and is one of the most common
forms of genetically controlled mate selection (Anderson
et al. 1989; Xue et al. 1996; Wang et al. 2003). During
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PbrBZR1 regulates pollen tube growth

fertilization, S-RNases, ribonuclease proteins encoded by the
female determinant, are specifically expressed in the style
(Kao and Tsukamoto 2004). They are indiscriminately trans-
ported to the growing compatible and incompatible pollen
tubes and are recognized by the male determinant-encoded
S-locus F-box protein (Anderson et al. 1986; Luu et al. 2000;
Meng et al. 2014; Wei et al. 2014). Nonself S-RNases can be
modified by ubiquitin and degraded via the 26S proteasome
pathway (Lai et al. 2002; Sijacic et al. 2004), while the pro-
tected self S-RNases exhibit cytotoxic properties, leading to
the arrest of pollen growth (Gray et al. 1991).

Phytohormones are important endogenous signaling sub-
stances that affect plant reproduction (Santner and Estelle
2009; Sankaranarayanan et al. 2013). For example, gene ontol-
ogy terms associated with gibberellins (GAs), auxin, abscisic
acid (ABA), and ethylene were found to be enriched in the
pre- and post-pollinated papilla cells of Arabidopsis
(Arabidopsis thaliana) (Matsuda et al. 2015). Similar results
were also found in transcriptome analyses of compatible
and self-incompatible pollination in pear (Pyrus bretschnei-
deri) and Brassica napus (Shi et al. 2017; Zhang et al. 2017).
Furthermore, the production of jasmonic acid (JA) was found
to be induced by S-RNases in apple (Malus X domestica) pol-
len tube, and JA acts as a resistance substance in the immune
response triggered by S-RNases (Gu et al. 2019). Pollination
with incompatible pollen promotes the synthesis of ethylene
and senescence in Dendrobium flowers (Ketsa et al. 2001).
Recently, phosphoproteomic analyses of pollination in B. na-
pus identified a multihormone crosstalk mechanism involv-
ing brassinosteroids (BRs), ABA, and ethylene during
stigmatic papillae rejection of donor pollen (Duan et al.
2020).

The BRs are a class of naturally occurring steroid phytohor-
mones that promote cell elongation (Divi and Krishna 2009;
Yamamuro et al. 2000). They are perceived through the
cell surface receptor-like kinase BRASSINOSTEROID-
INSENSITIVE 1 (BRI1), and downstream signal transduction re-
sults in the dephosphorylation of 2 closely related transcrip-
tion factors (TFs); BRASSINAZOLE-RESISTANT 1 (BZR1) and
BRI1-EMS-SUPPRESSOR 1 (BES1) (Wang et al. 2002; Yin et al.
2002). Subsequently, the dephosphorylated BZR1/BEST med-
iates various BR-related responses through binding to the pro-
moters of downstream target genes (He et al. 2005; Yin et al.
2005). Several studies have shown that BZR1 can integrate sig-
nals from multiple pathways to coordinate cell growth (Bai
et al. 2012; Li et al. 2018). In Arabidopsis, BZR1 functions as
an upstream regulator of genes encoding hydroxyproline-rich
glycoproteins related to pollen tube elongation (Li et al. 2020).
Although the SI response in brassicas is not regulated by
S-RNases, BRIT KINASE INHIBITOR1 acts as a repressor of
BZR1/BES1 in B. napus, and negatively regulates pollen germin-
ation and pollen tube growth (Duan et al. 2020). Therefore, a
signaling cascade mediated by BZR1 likely functions in SI, but
the detailed mechanism is still unclear.

Here, we show that the TF PbrBZR1 positively regulates
pollen tube growth in pear by directly binding to the
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promoter of PbrEXLA3 and activating its expression. A
pollen-specific E3 ubiquitin ligase, PbrARI2.3, captures de-
phosphorylated PbrBZR1 and mediates its degradation via
the ubiquitin/26S proteasome pathway. PbrARI2.3 accumu-
lates in the pollen tube of incompatible pollen, leading to a
reduction in the levels of dephosphorylated PbrBZR1, there-
by inhibiting pollen tube growth by downregulating the ex-
pression of PbrEXLA3. Therefore, our results show how an
E3 ubiquitin ligase-mediated BR pathway regulates pollen
tube growth, and demonstrate the mechanism by which
the PbrBZR1-PbrARI2.3 module participates in the S| re-
sponse in pear.

Results

Exogenous application of BL promotes incompatible
pollen tube growth

Because the Sl reaction mainly occurs in pollen tubes, we si-
mulated this process by treating pear pollen tubes with
PbrS-RNases produced in vitro using a prokaryotic system
(Chen et al. 2018). Two combinations of recombinant
S-RNase proteins (PbrS;-RNase and PbrS;-RNase) and
(PbrS;-RNase and PbrS;,-RNase) were incubated with
“Cuiguan” pollen with the S haplotype (S;Ss), and consti-
tuted the incompatible rPbrS-RNases (SI) treatment and
the compatible rPbrS-RNases (SC) treatment, respectively.
As expected, the SI treatment significantly inhibited pollen
tube growth compared with CK (control, untreated pollen)
and the SC treatment (Fig. 1, A and B). Because BRs are im-
portant regulators of cell elongation, we explored the role
of brassinolide (BL) in pollen tube growth during Sl signaling.
Liquid germination medium supplemented with BL at differ-
ent concentrations was used to enhance BR signaling in pol-
len tubes (Wang et al. 2021). The BL alleviated the inhibitory
effect of the SI treatment on pear pollen tube elongation in
a concentration-dependent manner (Fig. 1C). To detect
whether BR directly interacts with incompatible S-RNases,
an in vitro S-RNase activity assay was performed using yeast
(Saccharomyces cerevisiae) RNA as the substrate. Increasing
the concentration of BL did not affect the activity of incom-
patible S-RNase (Fig. 1D). Thus, BR appears to be a positive
regulator of incompatible pollen tube elongation.

PbrBZR1 is essential for BR-modulated pollen tube
elongation

To explore how BR regulates SI, we first examined the tran-
script profile of PbrBZR1 in pollen tubes by RT-qPCR. The
SI treatment did not affect the transcript level of PbrBZR1
(Supplemental Fig. S1). Enhancing BR signaling can induce
the conversion of phosphorylated (deactivated) BZR1/BES1
to dephosphorylated (active) BZR1/BES1 to trigger various
BR responses (He et al. 2019). Because phosphorylated pro-
teins can reversibly combine with Phos-tags fixed in the gel
during electrophoresis, their migration rate is slower than
that of dephosphorylated proteins, so they can be
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Figure 1. Effect of exogenous BL on incompatible pollen tube growth. A) “Cuiguan” pollen tube growth at 2 h after SC and SI treatments.
Bars = 50 um. The experiments were performed 3 times with similar results, and a representative picture is shown. B) Length of pollen tubes shown
in (A). Center line, median; box limits, upper and lower quartiles; whiskers, 1.5 X interquartile range; points, outliers. C) Length of SC- and Sl-treated
pollen tubes on medium with BL at indicated concentrations. Center line, median; box limits, upper and lower quartiles; whiskers, 1.5 X interquartile
range; points, outliers. For (B) and (C), at least 100 pollen tubes were measured per replicate in each treatment. All treatments were performed in 3
independent biological replicates. Different letters indicate significant differences as determined by Tukey's HSD test (P < 0.05). D) Activity of
incompatible S-RNases (PbrS;-RNase + PbrSs-RNase) incubated with exogenous BL. Data are mean = SD of 3 independent biological replicates.
CK, liquid germination medium; SC, compatible PbrS-RNase treatment; SI, incompatible PbrS-RNase treatment;

distinguished by differences in protein mobility (Kinoshita
et al. 2009). Here, the total proteins extracted from pear pol-
len tubes were separated on a Phos-tag gel and detected with
anti-PbrBZR1 antibody. The amount of dephosphorylated
PbrBZR1 protein was much lower in the SI treatment than
in the CK and SC treatment, leading to a substantial increase
in the ratio of phosphorylated to dephosphorylated PbrBZR1
in incompatible pollen tubes (Fig. 2A). We also examined the
protein dephosphorylation status and abundance of
PbrBZR1 in incompatible pollen tubes in response to BL.
Although BL application greatly reduced the ratio of phos-
phorylated to dephosphorylated PbrBZR1, dephosphory-
lated PbrBZR1 accumulated to higher levels in the CK and
SC treatment than in the SI treatment (Fig. 2A). Thus, Sl re-
duces the stability of the active (dephosphorylated) form of
PbrBZR1.

To investigate the function of PbrBZR1 in relation to
BR-regulated pollen tube growth, antisense oligodeoxynu-
cleotide (as-ODN) silencing technology was used to suppress
the expression of PbrBZR1 in pollen tubes. Transfection with
a PbrBZR1-antisense oligodeoxynucleotide (as-ODN-PbrBZR1)
remarkably reduced PbrBZR1 transcript levels (Fig. 2B) and
PbrBZR1 protein levels (Fig. 2C) in pollen tubes compared

those in the control (nothing added), the cytofection treat-
ment (transfection agent only), and the sense oligodeoxynu-
cleotide transfection (s-ODN-PbrBZR1) treatment. This also
led to significantly slower pollen tube growth on germination
medium containing exogenous BL (Supplemental Fig. S2A), in-
dicating that PbrBZR1 may positively modulate BR-controlled
pollen tube growth. Specific knockdown of PbrBZR1 did not
affect the growth of Sl-treated pollen tubes (Supplemental
Fig. S2B) but suppressed the induction of Sl-treated pollen
tube growth by exogenous BL (Fig. 2D), further confirming
that PbrBZR1 is necessary for BR signaling to regulate incom-
patible pollen tube growth.

PbrBZR1 enhances the transcription of PbrEXLA3 by
binding to its promoter

Expansins are a class of important cell growth modulators
that are involved in plant growth and development
(Cosgrove 2000). Given that Sl causes growth arrest in in-
compatible pollen tubes, we speculated that expansin pro-
teins may be involved in this process. By comparing
the reverse transcription quantitative PCR (RT-qPCR) results
of cross-pollination (CP; compatible reaction) and self-
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Figure 2. PbrBZR1 functional assay in pear pollen tubes. A) Protein level of PbrBZR1 in SC- and Sl-treated pollen tubes after addition of 100 nM BL or
DMSO, as determined by western blot analysis. Total proteins extracted from pollen tubes were separated on SDS-PAGE gels supplemented with
Phos-tag prior to immunoblotting with anti-PbrBZR1 antibody. Amount of phosphorylated PbrBZR1 protein in untreated pollen tubes (CK) grown
on medium containing DMSO was set to 1.00. Two asterisks represent phosphorylated form of PbrBZR1 (+P), whereas one asterisk represents de-
phosphorylated form of PbrBZR1 (—P). The experiments were performed 3 times with similar results, and a representative picture is shown. B)
Transcript levels of PbrBZR1 in untreated pollen (control) and pollen transfected with antisense oligodeoxynucleotide (as-ODN), sense oligodeox-
ynucleotide of PbrBZR1 (s-ODN), or transfection agent alone (cytofection), as determined by RT-qPCR assays. Data are mean =+ SD of 3 independent
biological replicates. Different letters indicate significant differences as determined by Tukey’s HSD test (P < 0.05). C) Protein level of PbrBZR1 in
pollen treated with as-ODN as determined by western blot analysis using anti-PbrBZR1 antibody. Amount of PbrBZR1 protein in control was set to
1.00. The experiments were performed 3 times with similar results, and a representative picture is shown. D) Length of PbrBZR1-suppressed pollen
tubes grown on medium containing 100 nM BL or DMSO under SC and SI treatments. Center line, median; box limits, upper and lower quartiles;
whiskers, 1.5 X interquartile range; points, outliers. At least 100 pollen tubes were measured per replicate in each treatment. All treatments were
performed in 3 independent biological replicates. Different letters indicate significant differences as determined by Tukey’s HSD test (P < 0.05). CK,
liquid germination medium; SC, compatible PbrS-RNase treatment; SI, incompatible PbrS-RNase treatment; DMSO, add 100 nM DMSO to the pol-
len medium; BL, add 100 nM BL to the pollen medium; IB, immunoblot.

pollination (SP; incompatible reaction) in pear Dpistils
(Supplemental Table S1), we identified 13 differentially ex-
pressed expansin genes in pear (Fig. 3A). Because we used
in vitro pollen culture to simulate the SI reaction in vivo,
the expansin genes that are highly expressed in pollen were
preferentially selected. Of the 4 expansin genes expressed
in pollen tubes (Supplemental Fig. S3), namely PbrEXP13.1,
PbrEXLA3, PbrEXP6.1, and PbrEXP3, 3 were downregulated
during the SI response (all except PbrEXP3) (Fig. 3B).
Subsequently, we detected the transcript levels of these
genes in BL-treated pollen tubes and found that all 3 were in-
duced by the BR signal (Fig. 3C).

Previous studies have shown that expansin genes encoding
cell wall proteins are tightly regulated by BZR1 in Arabidopsis
(Bai et al. 2012). We detected several putative E-box (a

specific recognition site of BZR1) elements in the promoters
of PbrEXP13.1, PbrEXLA3, and PbrEXP6.1 (Supplemental Fig.
S4A), so yeast one-hybrid (Y1H) assays were carried out to
detect whether PbrBZR1 can interact with their promoters.
In these analyses, the yeast cells containing pGAD-PbrBZR1
and pHIS2-pPbrEXLA3 could grow on SD/—Leu/—Trp/
—His/(—L/—T/—H) medium, but yeast cells harboring the
empty vector or other constructs could not (Fig. 3, D, E,
and F). We therefore deduced that PbrEXLA3 is a potential
target of PbrBZR1. Subsequently, an electrophoretic mobility
shift assay (EMSA) was conducted to investigate potential
binding. As shown in Supplemental Fig. S4B, the putative
E-box elements in the PbrEXLA3 promoter were distributed
in the regions of —340 to —355 bp (E-box-1), —1,151 to
—1157 bp (E-box-2), and —1,412 to —1418 bp (E-box-3)
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Figure 3. PbrBZR1 binds to the promoter of PbrEXLA3. A) Heat map illustrating transcript levels of 13 differentially expressed pear expansin genes in
CP- vs. SP-pollinated pistils. Heat map was scaled by row using the zero-to-one method. The color on the scale indicates the gene expression level
from 0.0 to 1.0. B) Transcript levels of PbrEXP13.1, PbrEXLA3, PbrEXP6.1, and PbrEXP3 in SC- and Sl-treated pollen tubes as determined by RT-qPCR
assays. Data are mean =+ SD of 3 independent biological replicates. Different letters indicate significant differences as determined by Tukey’s HSD test
(P < 0.05). C) Transcript levels of PbrEXP13.1, PbrEXLA3, and PbrEXP6.1 in BL-treated pollen tubes as determined by RT-qPCR assays. DMSO, add
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to (F) Yeast one-hybrid (Y1H) assays verifying interaction between PbrBZR1 and promoters of PbrEXP13.1 (D), PbrEXLA3 (E), and PbrEXP6.1 (F).
Screening marker was 3-amino-1,2,4-triazole (3-AT), which prevents leaky expression of HIS3 encoded in the pHIS2 vector. Transformed yeast cells
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from the start codon. PbrBZR1 protein bound the pPbrEXLA3
sequence (E-box-2) (Supplemental Fig. S4C and Fig. 3G).
With the addition of unlabeled probes (competitors), the
ability of PbrBZR1 to interact with the promoter of
PbrEXLA3 was gradually weakened (Fig. 3G). The band indica-
tive of binding was no longer visible when the E-box-2 site
was mutated (Fig. 3G). These findings show that PbrEXLA3
is a direct target of PbrBZR1.

Next, we studied the transcriptional regulation of
PbrEXLA3 by PbrBZR1 using a luciferase (LUC) reporter assay.
Specifically, the promoter region of PbrEXLA3 was fused with
the coding sequence (CDS) of firefly LUC (pPbrELA3:LUC),
and the PbrBZR1 CDS was fused with the 35S promoter to
generate the effector construct (35S: PbrBZR1) (Fig. 3H).
Significant induction of LUC activity was observed in
Nicotiana benthamiana leaves co-infiltrated with 35S:
PbrBZR1 and pPbrEXLA3:LUC (Fig. 3, | and J), indicating
that PbrBZR1 could activate the expression of PbrEXLA3.
Similarly, knockdown of PbrBZR1 in pollen tubes led to de-
creased transcript levels of PbrEXLA3 but not PbrEXP6.1 or
PbrEXP13.1 (Fig. 3K and Supplemental Fig. S5). Thus,
PbrBZR1 functions as an activator upstream of PbrEXLA3.

PbrEXLA3 positively regulates pollen tube growth in
pear

Next, RT-qPCR assays were performed to analyze the transcript
profile of PbrEXLA3 in the crosstalk between Sl and BR signal-
ing. The addition of exogenous BL induced PbrEXLA3 transcrip-
tion in Sl-treated pollen tubes, suggesting that PbrEXLA3 is
antagonistically regulated by SI and BR signals (Fig. 4A). To ex-
plore the function of PbrEXLA3 in pollen tubes, an as-ODN
method was used to silence the expression of its encoding
gene (Fig. 4B). Downregulation of PbrEXLA3 hindered the
elongation of pollen tubes (Fig. 4, C and D). We obtained puri-
fied PbrEXLA3-HIS fusion protein using a prokaryotic expres-
sion system. Then, the PbrEXLA3-HIS fusion protein was
added at different concentrations (10, 30, 60, 90 pg/ml) to ger-
mination medium to determine its effect on the elongation of
compatible and incompatible pollen tubes. As shown in
Supplemental Fig. S6, the addition of PbrEXLA3-HIS fusion pro-
tein accelerated pollen tube growth under SC treatment.
Furthermore, the self S-RNase-mediated inhibition of pear

Figure 3. (Continued)
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pollen tube elongation was remarkably reduced in the pres-
ence of PbrEXLA3 (Fig. 4E). Thus, PbrEXLA3 positively regulates
pollen tube growth in response to Sl and BR signals.

PbrARI2.3 interacts with PbrBZR1 to promote its
degradation

The results described above show that Sl affects the stability
of dephosphorylated PbrBZR1 (Fig. 2A). A yeast 2-hybrid
screening assay was carried out to study the post-
transcriptional modulation of PbrBZR1 during the SI re-
sponse. As a result, Pbr020065.1, which is highly expressed
in pollen and has a full-length CDS of 1,587 bp, was obtained
(Supplemental Fig. S7, A and B). Phylogenetic analysis indi-
cated that its predicted protein shows high sequence similar-
ity with the ubiquitin RING E3 ligase AtARI2 (Arabidopsis
ARIADNE 2) (Supplemental Fig. S7C; Mladek et al. 2003),
which contains a conserved C3HC4 RING-finger motif
(124-168 aa), a central RING-finger domain (IBR, 215-257
aa), and a second C3HC4 RING-finger motif (284-312 aa)
(Supplemental Fig. S7D). Thus, we designated Pbr020065.1
as PbrARI2.3 and named the 2 proteins in the same clade
PbrARI2.1 (Pbr017853.1) and PbrARI2.2 (Pbr006197.1).

To confirm this interaction, a series of protein—protein
interaction assays was conducted. First, the CDSs of 3
PbrARI genes were fused with pGAD vector to generate
PbrARI2.1-AD, PbrARI2.2-AD, and PbrARI2.3-AD, and the
CDS of PbrBZR1 was fused with the pGBD vector to generate
PbrBZR1-BD. In yeast 2-hybrid (Y2H) assays, only the yeast
cells coexpressing PbrBZR1-BD and PbrARI2.3-AD could
grow on selective medium (Fig. 5A), suggesting that
PbrBZR1 specifically interacts with PbrARI2.3. Next, bimol-
ecular fluorescence complementation (BiFC) assays were car-
ried out to determine the site of the PbrBZR1-PbrARI2.3
interaction in planta. In these analyses, the PbrBZR1 CDS
was fused with pSPYNE-35S to generate PbrBZR1-YFP",
and the PbrARI2.3 CDS was fused with pSPYCE-35S to gener-
ate PbrARI2.3-YFPC. A YFP signal was found in the nuclei of
Nicotiana benthamiana cells when both fusion proteins were
present (Fig. 5B). Consistent with this result, in the luciferase
complementation imaging (LCI) assays, we detected substan-
tial LUC activity when tobacco leaves were coinfiltrated with
PbrARI2.3-cLUC and PbrBZR1-nLUC, and no LUC activity in

were grown on SD/—Leu/—Trp (—L/—T) and SD/—Leu/—Trp/—His (—L/—T/—H) 30 or 50 mM 3-AT media in plates for 3 d. The experiments were
performed 3 times with similar results, and a representative picture is shown. G) Position of E-box-2 sequence in the PbrEXLA3 promoter. EMSA
results indicating binding of PbrBZR1-HIS fusion protein to PbrEXLA3 promoter. Labeled probes were incubated with PbrBZR1-HIS, after which
free and bound DNA fragments were separated by acrylamide gel electrophoresis. The experiments were performed 3 times with similar results,
and a representative picture is shown. E-box sequence (CACATG); Mutant E-box sequence (AAAAAA). H) Schematic representation of LUC report-
er vector containing the promoter of PbrEXLA3 and the effector vector containing PbrBZR1. 1) Transient expression assays showing that PbrBZR1
activates the expression of pPbrEXLA3:LUC. The experiments were performed 3 times with similar results, and a representative picture is shown. J)
Quantitative analysis of luminescence intensity as indicated in (I). The Y-axis unit is defined as the bioluminescence per pixel over 10 min. K)
Transcript level of PbrEXLA3 in PbrBZR1-suppressed pollen tubes as determined by RT-qPCR assay. For (J) and (K), data are mean =+ SD of 3 inde-
pendent biological replicates. Different letters indicate significant differences as determined by Tukey’s HSD test (P < 0.05). CP, compatible reaction;
CK, liquid germination medium; SC, compatible PbrS-RNase treatment; SI, incompatible PbrS-RNase treatment; SP, incompatible reaction.
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Figure 4. PbrEXLA3 functional assay in pear pollen tubes. A) Transcript levels of PbrEXLA3 in SC- and Sl-treated pollen tubes growing on medium
with BL at indicated concentrations, as determined by RT-qPCR assays. SI + BL, different concentrations of exogenous BL are added to incompatible
PbrS-RNase treatment. B) Transcript levels of PbrEXLA3 in untreated pollen (control) and pollen transfected with antisense oligodeoxynucleotide
(as-ODN), sense oligodeoxynucleotide of PbrEXLA3 (s-ODN), or transfection agent alone (cytofection), as determined by RT-qPCR assays. For (A)
and (B), data are mean =+ SD of 3 independent biological replicates. Different letters indicate significant differences as determined by Tukey’s HSD
test (P < 0.05). C) “Cuiguan” pollen treated with as-ODN for 2 h. Bars = 50 pm. The experiments were performed 3 times with similar results, and a
representative picture is shown. D) Length of pollen tubes shown in (C). Center line, median; Box limits, upper and lower quartiles; whiskers, 1.5 X
interquartile range; points, outliers. E) Length of SC- and SI-treated pollen tubes on medium with PbrEXLA3-HIS fusion protein at indicated con-
centrations. Center line, median; box limits, upper and lower quartiles; whiskers, 1.5 X interquartile range; points, outliers. Sl + PbrEXLA3-HIS, dif-
ferent amounts of PbrEXLA3 fusion proteins are added to incompatible PbrS-RNase treatment. For (D) and (E), at least 100 pollen tubes were
measured per replicate in each treatment. All treatments were performed in 3 independent biological replicates. Different letters indicate significant
differences as determined by Tukey’s HSD test (P < 0.05). CK, liquid germination medium; CK, liquid germination medium; SC, compatible
PbrS-RNase treatment.
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the controls (Fig. 5C). This interaction was confirmed by
coimmunoprecipitation (Co-IP) assays (using the anti-HA
antibody) of pear calli protoplasts cotransfected with
PbrBZR1-HA and PbrARI2.3-Flag (Fig. 5D).

Because PbrARI2.3 is a putative ubiquitin E3 ligase, we sus-
pected that PbrARI2.3 may affect the stability of the PbrBZR1
protein. We conducted an in vitro protein degradation
assay of the purified PbrBZR1-HIS fusion proteins using
plant proteins extracted from PbrARI2.3-overexpressing
(PbrARI2.3-OX) transgenic pear calli (Supplemental Fig. S8).
The PbrBZR1-HIS protein degraded faster in the presence
of proteins extracted from PbrARI2.3-OX calli than in the
presence of proteins extracted from WT, and all the
PbrBZR1-HIS protein had completely disappeared after 3 h
of incubation (Fig. 5, E and F). However, when the prote-
asome inhibitor MG132 was added to the mixture, the
PbrARI2.3-mediated degradation of PbrBZR1-HIS was sub-
stantially inhibited. These findings show that PbrARI2.3 pro-
motes the degradation of the PbrBZR1 protein through the
26S proteasome pathway.

Next, semi-in vivo pull-down assays were conducted to test
the affinity of PbrARI23 for the 2 forms (phosphorylated
and dephosphorylated) of PbrBZR1. Total proteins from
DMSO-treated or BL-treated WT calli were incubated with
the PbrARI2.3-GST fusion protein, and the resulting protein

Wang et al.

complex was immunoassayed with the specific PbrBZR1 anti-
body. After the obtained protein complexes were separated
by Phos-tag acrylamide gel electrophoresis, only the depho-
sphorylated form of PbrBZR1 was pulled-down by PbrARI2.3
(Fig. 5G), suggesting that PbrARI2.3 mainly captures the depho-
sphorylated form of PbrBZR1. Therefore, PbrARI2.3 interacts
with dephosphorylated PbrBZR1 and promotes its degradation.

PbrARI2.3 negatively regulates pollen tube growth via
ubiquitination of PbrBZR1

Next, the ubiquitin levels of PbrBZR1 in WT and
PbrARI2.3-OX transgenic calli were detected in an in vivo ubi-
quitination experiment. When the anti-PbrBZR1 antibody
was used to test the status of PbrBZR1 proteins, more of
the high-molecular-weight ubiquitinated form of PbrBZR1
(Ubi-PbrBZR1) was detected in PbrARI2.3-OX transgenic calli
than in WT controls (Fig. 6A). This result was supported by
immunoblotting assays using an anti-ubiquitin antibody.
Specifically, a stronger ubiquitin signal was detected in
PbrARI2.3-OX than in WT calli (Fig. 6B). Thus, PbrBZR1 is ubi-
quitinated, and this requires PbrARI2.3. Subsequently, in vitro
ubiquitination assays using purified PbrBZR1-HIS fusion pro-
tein and PbrARI2.3-GST fusion protein were conducted. In
these analyses, PbrBZR1 was ubiquitinated when the reaction

A c
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Figure 6. PbrBZR1 is a substrate of PbrARI2.3. A and B) Ubiquitination of PbrBZR1 by PbrARI2.3 in vivo. PbrBZR1 and ubiquitinated PbrBZR1 were
detected by immunoprecipitation using anti-PbrBZR1 (A) and anti-ubiquitin (Ubi) antibodies (B) from the wild-type (WT) and
PbrARI2.3-overexpressing (PbrARI2.3-OX) transgenic calli, respectively. C and D) Ubiquitination of PbrBZR1 by PbrARI2.3 in vitro. C) Anti-HIS
and (D) anti-Ubi antibodies were used to detect PbrBZR1-HIS and ubiquitinated PbrBZR1-HIS, respectively. E1, ubiquitin activating enzyme; E2,

ubiquitin conjugating enzyme; IP, immunoprecipitation, IB, immunoblot.
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Figure 7. PbrARI2.3 functional assay in pear pollen tubes. A) Transcript levels of PbrARI2.3 in untreated pollen (control) and pollen transfected with
antisense oligodeoxynucleotide (as-ODN), sense oligodeoxynucleotide of PbrARI2.3 (s-ODN), or transfection agent alone (cytofection), as deter-
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Different letters indicate significant differences as determined by Tukey’s HSD test (P < 0.05). B) “Cuiguan” pollen treated with as-ODN for
2.5 h. Bars = 50 pm. The experiments were performed 3 times with similar results, and a representative picture is shown. C) Length of pollen tubes
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factors were all present (Fig. 6, C and D), confirming that
PbrBZR1 is a direct substrate of PbrARI2.3 for ubiquitination.

Next, we used as-ODN silencing technology to verify the
role of PbrARI2.3. Transfection of pollen with an antisense
PbrARI2.3 oligodeoxynucleotide (as-ODN-PbrARI2.3) re-
sulted in significantly decreased PbrARI2.3 transcript levels
(Fig. 7A) and accelerated pollen tube growth (Fig. 7, B and
C). Considering the ubiquitin modification of PbrBZR1 by
PbrARI2.3, we speculated that PbrARI2.3 may regulate the ex-
pression of PbrBZR1-downstream genes by affecting the sta-
bility of PbrBZR1. As hypothesized, compared with the
control groups, pollen treated with as-ODN-PbrARI2.3 pro-
duced less PbrARI2.3 protein and consequently accumulated
more PbrBZR1 protein (Fig. 7, D and E). The transcript level of
PbrEXLA3 showed the same trend as the protein level of
PbrBZR1 (Fig. 7F), suggesting that the ability of PbrARI2.3
to regulate PbrEXLA3 depends on PbrBZR1.

To determine whether PbrARI2.3 is involved in S, its tran-
script and protein levels were detected. The transcript level
of PbrARI2.3 was increased in Sl-treated pollen tubes
(Supplemental Fig. S9). The abundance of PbrARI2.3 protein
in pollen tubes was quantified by immunoprecipitation with
a specific anti-PbrARI2.3 antibody. As shown in Fig. 7G, there
was substantially more PbrARI2.3 protein in Sl-treated pollen
tubes than in the CK and SC-treated pollen tubes. However,
the addition of exogenous BL did not affect the stability of
PbrARI2.3 protein. Thus, PbrARI2.3 responds to the Sl signal
both at the transcriptional and protein levels. Further func-
tional verification analyses showed that knockdown of
PbrARI2.3 in pollen through as-ODN treatment could inhibit
the effect of S-RNase on the elongation of incompatible pol-
len tubes (Supplemental Fig. S10). Since pollen tube growth
arrest and pollen cell death are both important hallmarks
of S-RNase-based SI, we detected pear pollen viability
after different as-ODN treatments (as-ODN-PbrARI2.3,
as-ODN-PbrBZR1, and as-ODN-PbrEXLA3) by fluorescein
diacetate (FDA) staining. The staining intensity of as-ODN-
transfected pollen was similar to that in the control
groups (Supplemental Fig. S11), indicating that the
PbrARI2.3-PbrBZR1-PbrEXLA3 pathway might not directly
participate in the regulation of pollen cell death.

Discussion

The Sl reproductive mechanism in plants allows for increased
opportunities for outcrossing events, ensuring continuous

Figure 7. (Continued)
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genetic variation within the population and reducing the
risk of inbreeding depression (Nasrallah 2000). During this
process, S-RNase has a toxic effect on incompatible pollen
that lands on the pistil, making it unable to grow and reach
the ovule (Hiratsuka and Tezuka 1980; Chen et al. 2018).
Ongoing studies have identified many hormonal molecules,
such as ABA (Wang et al. 2020), auxin (Chen and Zhao
2008; He et al. 2018), GAs (Singh et al. 2002; Cheng et al.
2004), and BRs (Ye et al. 2010; Vogler et al 2014) that appear
to control the fertilization process by influencing pollen tube
elongation. However, the exact roles of these plant hormones
in mediating SI and the molecular mechanisms of the regu-
latory responses remain to be elucidated.

A recent study has established that female SI in hetero-
stylous Primula is controlled by the BR-inactivating cyto-
chrome P450 CYP734A50 (Huu et al. 2016, 2022). The
deletion or inactivity of CYP734A50 or excessive accumula-
tion of BRs within the flower promotes the extension of
the style and changing of the female SI type (Huu et al.
2022). Here, we explored the effect of BL, an active BR, on pol-
len tube elongation and the molecular mechanisms under-
lying SI in pear. Application of exogenous BL promoted the
growth of incompatible pollen tubes in a dose-dependent
manner (Fig. 1C), suggesting that the BR signal functions as
an activator in the S| reaction of pear. Whereas some ions
and small molecules are known to affect protein activity
and/or affinity (Wu et al. 2003; Cao et al. 2009), the BL treat-
ments did not directly affect the activity of the S-RNases
(Fig. 1D). Thus, we speculate that BRs may regulate the SI
pathway by triggering its downstream signal components.

It is well known that BZR1 is involved in the regulation of
pollen development (Huang et al. 2013; Zhu et al. 2015; Kim
et al. 2021), but its specific role remains unclear. In apple pol-
len tubes, the transcription of MAMYC2 induced by S-RNases
depends on the JA signaling pathway (Gu et al. 2019). In the
current study, the SI treatment promoted the degradation
of dephosphorylated PbrBZR1 in pollen tubes even after
the addition of BL (Fig. 2A), suggesting that ubiquitin
participates in the SI-mediated posttranscriptional modifica-
tion of PbrBZR1 through a BR-independent signaling
pathway. In Arabidopsis, the DELLA-BZR1-PHYTOCHROME-
INTERACTING FACTOR4 (PIF4) transcription module
mediates the coordinated modulation of growth by GA, BR,
and light signals (Bai et al. 2012). In this ternary complex,
BZR1 acts as an important regulator that integrates signals
from multiple pathways to control cell elongation and

with similar results, and a representative picture is shown. E) Relative quantitative analysis of PbrARI2.3 and PbrBZR1 protein levels by western blot-
ting. Data are mean =+ SD of 3 independent biological replicates. Different letters indicate significant differences as determined by Tukey’s HSD test
(P < 0.05). F) Transcript level of PbrEXLA3 in pollen tubes shown in (B). Each sample contained 0.1 g of pollens, and the data are mean =+ SD of 3
independent biological replicates. Different letters indicate significant differences as determined by Tukey’s HSD test (P < 0.05). G) Protein levels of
PbrARI2.3 in SC- and SI-treated pollen tubes after the addition of 100 nM BL or DMSO, as determined by western blot analysis. Total proteins ex-
tracted from pollen tubes were immunoprecipitated with anti-PbrARI2.3 antibody. DMSO, add 100 nM DMSO to the pollen medium; BL, add
100 nM BL to the pollen medium. The experiments were performed 3 times with similar results, and a representative picture is shown. CK, liquid
germination medium; SC, compatible PbrS-RNase treatment; SI, incompatible PbrS-RNase treatment.
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seedling etiolation. In Brassica napus, a transcriptional cascade
involving BZR1 is important for BR to regulate SlI-mediated
pollen tube elongation (Duan et al. 2020), although the SI
mechanism in Brassica differs from the S-RNase-based SI
mechanism in pear. Here, knockdown of PbrBZR1 reduced
the length of pollen tubes, compared with those in the con-
trols (Supplemental Fig. S2), similar to the positive role of
OsBZR1 in pollen maturation in rice (Oryza sativa) (Zhu
et al. 2015). Furthermore, downregulation of PbrBZR1 in pol-
len reduced the positive effect of BL on incompatible pollen
tube elongation (Fig. 2D), suggesting that PbrBZR1 is essential
for BR-regulated SI.

Expansins are extracellular proteins that loosen the cell
wall in a pH-dependent manner during plant growth. They
function in cell enlargement (Cosgrove 2000) and cell wall
disassembly during fruit ripening (Rose and Bennett 1999),
abscission, and other cell separation events (Cho and
Cosgrove 2000). Emerging evidence has indicated that expan-
sins are related to the hormonal regulation of plant tolerance
to various stresses (Ding et al. 2008; Zhao et al. 2012). Here,
we observed that PbrEXLA3 expression was modulated by
both Sl and BR signals, and BR appeared to function as an ac-
tivator upstream of the SI signal (Fig. 4A). In Arabidopsis, 2
hypocotyl elongation-related expansin genes, EXP1 and
EXP8, are the common downstream targets of PIF4 and
BZR1 (Bai et al. 2012). Consistent with this, we found that
PbrBZR1 transcriptionally activated PbrEXLA3 through dir-
ectly binding to its promoter (Fig. 3). Two other
BR-induced expansin genes, PbrEXP6.1 and PbrEXP13.1, which
are not the direct targets of PbrBZR1, may be regulated by
other BR signaling factors, such as homologs of BZR1
(Wang et al. 2013). Although expansins have unique physical
effects on the cell wall, there is no direct data to prove that
they participate in pollen tube growth during SI. Here, knock-
down of PbrEXLA3 resulted in reduced elongation of pollen
tubes (Fig. 4, C and D), and the addition of prokaryotic-
expressed PbrEXLA3 greatly weakened the effect of incom-
patible S-RNases on pollen tubes (Fig. 4E). Therefore,
PbrEXLA3 positively regulates the growth of pollen tubes
and may act as a defensive agent after self S-RNase enters pol-
len tubes, just like MdD1 in apple (Gu et al. 2019).

Ubiquitination is an important post-translational modifi-
cation by which cellular proteins are targeted for degrad-
ation. This process is implicated in the control of almost all
biological events (Pickart 2001). Previous studies have re-
ported that BZR1/BES1 proteins undergo ubiquitination in
the crosstalk between multiple signaling pathways (Wang
et al. 2013; Kim et al. 2014; Yang et al. 2017). Here, we found
that PbrARI2.3 interacted with the dephosphorylated
form of PbrBZR1 to mediate its degradation through the
26S proteasome pathway (Figs. 5 and 6). ARI proteins belong
to a large family of E3 ubiquitin ligases with RING-
between-RING fingers domains (Mladek et al. 2003). Most
information about the function of ARI proteins has been ob-
tained from studies on the immune response of animals
(Wenzel et al. 2011; Dove et al. 2016; Xiong et al. 2022).
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The transcription of some members of the ARI gene family
is affected by diverse external stresses (Mladek et al. 2003),
so it is possible that ARI genes in plants are involved in re-
sponses to specific environmental conditions. Here, Sl treat-
ment induced pollen-specific expression of PbrARI2.3 at the
transcript and protein levels (Supplemental Fig. S9 and
Fig. 7G), indicating that PbrARI2.3 plays an important role
in the Sl response. Functional verification analyses showed
that PbrARI2.3 inhibits pollen tube elongation by reducing
the stability of PbrBZR1 (Fig. 7B—E). Correspondingly, the in-
creased abundance of PbrBZR1 led to the up-regulation of
PbrEXLA3 expression (Fig. 7G). This result further confirms
that the PbrARI2.3-PbrBZR1 module functions upstream of
PbrEXLA3.

In conclusion, we propose a model to explain how BRs
regulate the growth of incompatible pollen tubes in pear
(Fig. 8). Under normal conditions, BR-induced dephosphory-
lated PbrBZR1 promotes pollen tube growth by transcrip-
tionally activating PbrEXLA3. When self S-RNase enters the
pollen tube, a large amount of PbrARI2.3 captures depho-
sphorylated PbrBZR1 and promotes its degradation, which
eventually leads to the growth arrest of incompatible pollen
tubes. When the incompatible pollen tubes are treated with
exogenous BR, most PbrBZR1 is present in the dephosphory-
lated form, which greatly increases the probability of its bind-
ing to the PbrEXLA3 promoter, thus partially alleviating the
inhibitory effect of incompatible S-RNases on pollen tube
growth. In addition to direct degradation of RNA in self-
pollen, S-RNases regulate the growth of pollen tubes by trig-
gering other pathways including depolymerization of the ac-
tin cytoskeleton and scavenging of tip-localized reactive
oxygen species (Wang et al. 2010; Chen et al. 2018). A previ-
ous study showed that BR can change the configuration of
the actin cytoskeleton and the localization of the auxin trans-
porter PIN-FORMED2 (PIN2) to control plant growth and
gene transcription (Lanza et al. 2012). The results of the pre-
sent study show that BR participates in the S| response
through the PbrARI2.3-PbrBZR1-PbrEXLA3 pathway, but
it is not clear whether BR regulates SI-mediated cytoskeletal
depolymerization in a similar manner. Overall, these results
provide information on the role of BRs in S-RNase-based SI
and demonstrate how a ubiquitin modification mechanism
participates in controlling plant cell growth.

Materials and methods

Plant materials and culture conditions

Pollen was collected from “Cuiguan” pear (Pyrus pyrifolia)
trees growing in the Fruit Experimental Yard of Nanjing
Agricultural University, China. Pollen grains were isolated
from mature flowers and cultured in vitro as previously de-
scribed (Xia et al. 2023). In vivo pollination experiments
were conducted with a cross-compatible pair, with
“Cuiguan” as the male parent and “Dangshansuli” as the fe-
male parent. Treated pollen tubes were examined under a


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad208#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad208#supplementary-data

2368 | PLANT PHYSIOLOGY 2023: 192; 2356-2373

Wang et al.

A Brassinosteroids B Brassinosteroids Sl Brassinosteroids Sl + BR
eee (NN () [N N
PBrARIZ3 %A s a0 PHrARIZ3
'PLrARIZ3 POrARIZ3
+ PbrARI2.3 + PbrARI2.3 +++ POrARI2 3
w A A
® [ ) ®
& @ - @ - @
@ [ ) G54 ® [/
- 268 268 268
- proteasome proteasome proteasome
E-box PbrEXLAZ == E-box PDIEXLASZ e E-box PDIrEXLAS s
Pollen tube growth Pollen tube growth Pollen tube growth

Figure 8. Model of participation of PbrBZR1-PbrARI2.3 complex in BR-mediated pollen tube growth during Sl in pear. A) Under normal conditions,
PbrARI2.3 barely accumulates, leading to the inability to degrade the BR-activated dephosphorylated (active) form of PbrBZR1. Dephosphorylated
PbrBZR1 promotes pollen tube growth by activating PbrEXLA3 transcription. B) Under SI conditions, PbrARI2.3 accumulates and captures depho-
sphorylated PbrBZR1 to mediate its degradation through the 26S proteasome pathway. Thus, little PbrBZR1 is available to bind to the PbrEXLA3
promoter and regulate its transcription. As a result, pollen tube growth is inhibited. C) Under BR-sufficient and SI conditions, most PbrBZR1 protein
exists in the dephosphorylated (active) form, so it cannot be completely degraded by PbrARI2.3. Thus, the dephosphorylated PbrBZR1 can act on
PbrEXLA3 to alleviate the Sl-induced inhibition of pollen tube growth. Circle “P” represents phosphorylation modification; Circle “U” represents
ubiquitination modification; plus sign represents the ability of PbrBZR1 to activate PbrEXLA3 expression (the more plus signs, the stronger the abil-

ity); Cross symbol represents the inhibition of PbrEXLA3 transcription.

light microscope, and pollen tube length was measured using
Image) software. Each treatment was repeated 3 times, and at
least 100 pollen tubes were counted each time. The pear calli
used for genetic transformation were cultivated on medium
as previously described (Ming et al. 2022). The pear calli were
grown in the dark at 25 °C and subcultured every 15 d.

PbrS-RNase and BR treatments

For the SC and SI treatments, prokaryon-expressed
PbrS-RNase fusion proteins with a HIS-tag (SC, PbrS,-Rnase
and PbrS;,-Rnase; Sl, PbrS;-Rnase and PbrSs-Rnase) were
added to pollen cultures (“Cuiguan”; S; or Ss cultures, re-
spectively). For the BR treatments, BL at different concentra-
tions (1, 50, and 100 nM) was added to pollen cultures
containing incompatible PbrS-RNases. The final concentra-
tion of recombinant PbrS-RNases was 0.15 U.

S-RNase activity analysis

Torula yeast RNA was used as a substrate to measure S-RNase
activity as previously described (Gu et al. 2019). The recom-
binant PbrS;-RNase and PbrSs-RNase (30 pg/mL) were incu-
bated in reaction buffer containing BL at different
concentrations (1, 50, and 100 nM) at 37 °C for 15 min.
After adding the termination solution, the absorbance of
the supernatant at 260 nm was measured using a UV-2450
spectrophotometer (Shimadzu, Kyoto, Japan).

FDA staining assays
The FDA staining solution was prepared by dissolving 5 mg
FDA in 1 mL acetone. The stain solution was sealed and

stored at 4°C. One pollen suspension cultured for 2.5 h was
mixed with 10 pl FDA solution to give a final concentration
of 1 uM and then the mixture was incubated in the dark for
5 min. A 40-pL aliquot of the mixture was removed from the
bottom of the tube, dropped onto a slide, and observed and
photographed under a LSM800 confocal microscope (Carl
Zeiss, Jena, Germany). The changes and development status
of pollen were observed, and the number of surviving pollen
grains (indicated by green fluorescence) was counted (laser
wavelength, 488 nm; detection wavelength, 481-549 nm;
Master gain, 650; Digital gain, 1.0). The total number of pollen
grains was counted under visible light. Five randomly se-
lected fields of view were analyzed for each treatment, and
the data were used to calculate the pollen staining rate.

Extraction of total RNA and RT-qPCR analysis

Total RNA was extracted and RT-qPCR assays were per-
formed as described by Wang et al. (2021). Pyrus UBQ was
used as the internal control gene. The primers used are
shown in Supplemental Table S2.

Antisense oligodeoxynucleotide experiment

Both phosphorothioated as-ODN and phosphorothioated
sense ODN (s-ODN) were designed using RNAfold software
(http://ra.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi).
The candidate as-ODN sequences of the target regions were
evaluated using Soligo software (http://sfold.wadsworth.org/
soligo.pl). The as-ODN treatment was conducted as described
by Chen et al. (2018). Before the as-ODN treatment, we first
pre-cultured the pollen to ensure the consistency of its
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germination rate. The phosphorothioated ODN sequences are
listed in Supplemental Table S2.

Phylogenetic analysis

Phylogenetic analysis was performed using MEGA version 7.0
as previously described (Sun et al. 2021). The sequence data
of the ARIADNE (ARI) proteins in pear and Arabidopsis can
be obtained from the Pear Genome Project database (http://
dx.doi.org/10.5524/100083) and the Arabidopsis Information
Resource (https://www.arabidopsis.org), respectively.

Generation of transgenic pear calli

To generate overexpression pear calli the PbrBZR1 CDS
was cloned and inserted into pRIT01-AN-GFP. Transgenic
pear calli were obtained by Agrobacterium tumefaciens
(LBA4404)-mediated genetic transformation as previously
described (Wang et al. 2021). The primers used are listed in
Supplemental Table S2.

Protein extraction and immunoblotting assays

The total plant proteins were extracted from pear calli or pol-
len tubes using the Plant Protein Extraction Kit (CWBIO,
Beijing, China). Briefly, 1 g samples were ground in liquid ni-
trogen and then incubated in 5 ml Plant Protein Extraction
Agentat 0 °C for 0.5 h. The supernatant was collected by cen-
trifugation and then detected by a western blot assay. For the
Phos-tag gel electrophoresis assay, the proteins were sub-
jected to 12% (w/v) SDS-PAGE supplemented with 50 uM
Phos-tag and 10 mM Mn?*. The separated proteins were
transferred to a polyvinylidene difluoride membrane,
and PbrBZR1 protein was detected using an anti-PbrBZR1
antibody. Monoclonal antibodies (anti-actin, anti-HIS,
anti-GST, anti-Ubi, anti-FLAG, anti-HA, and anti-GFP) were
prepared by Abmart (Shanghai, China). Polyclonal antibodies
(anti-PbrBZR1 and anti-PbrARI2.3) were prepared by the
ABclonal Co. Ltd. (Wuhan, China). Protein abundance was
analyzed using Image) software.

Y1H assays

The promoter fragments of PbrEXP13.1, PbrEXLA3, and
PbrEXP6.1 were separately inserted into the pHIS2 vector, while
the PbrBZR1 CDS was inserted into the pGADT7 vector.
The self-activation of promoters was suppressed by 3-amino-
1,2,4-triazole (3-AT). The Y187 yeast (Saccharomyces cerevisiae)
cells carrying the recombinant pHIS2 and pGADT7 plasmids
were grown on selective medium lacking Leu, Trp, and His
(=L/—=T/—H) to detect interactions. The empty pGADT7 vec-
tor was used as the control. The primers used are listed in
Supplemental Table S2.

EMSAs

The EMSAs were conducted using a LightShift
Chemiluminescent EMSA kit (Thermo Fisher Scientific,
Waltham, MA, USA). The PbrBZR1 CDS was inserted into
the pET-32a vector with a HIS tag. The PbrBZR1-HIS protein
was mixed with the biotin-labeled E-box probe, and

PLANT PHYSIOLOGY 2023: 192; 2356-2373 | 2369

incubated at 24 °C for 20 min. The free and bound probes
were separated by acrylamide gel electrophoresis. The probe
sequences are listed in Supplemental Table S3.

Dual-LUC reporter assays

The promoter fragment of PbrEXPLA3 was inserted into the
pGreenll 0800-LUC vector to generate the reporter construct
(pPbrEXLA3:LUC), and the PbrBZR1 CDS was inserted into
the pGreenll 62-SK vector to generate the effector construct
(35S:PbrBZR1). A. tumefaciens (GV3101) cells harboring 35S::
PbrBZR1 and pPbrEXLA3:LUC were coinfiltrated into
Nicotiana benthamiana leaves and then the change in LUC
activity was detected using a charge-coupled device camera
(Andor Technology, Belfast, Ireland, UK). The primers used
are listed in Supplemental Table S2.

Y2H assays

The Y2H experiments were conducted using a Y2H kit
(Clontech, Mountain View, CA, USA) following the manu-
facturer’s protocol. The PbrBZR1 CDS was inserted into the
pGBDT7 vector, while the PbrARI2.1, PbrARI2.2, and
PbrARI2.3 CDSs were each inserted into the pGADT7 vec-
tor. Different combinations were transferred into Y2H
yeast cells. The yeast cells were then grown on selective me-
dium lacking Trp, Leu, His (—=T/—L/—H) to detect possible
interactions. The primers used are listed in Supplemental
Table S2.

BiFC assays
The PbrBZR1 and PbrARI2.3 CDSs were inserted into
the pSPYNE and pSPYCE vectors to generate

PbrBZR1-YFPN and PbrARI2.3-YFPS, respectively. Then, A. tu-
mefaciens (GV3101) cells harboring PbrBZR1-YFPN and
PbrARI2.3-YFPS were coinfiltrated into N. benthamiana
leaves. The YFP signal in infiltrated N. benthamiana leaves
was detected (laser wavelength, 514 nm; detection wave-
length, 490-540 nm; Master gain, 700; Digital gain, 1.0) using
a LSM800 confocal microscope (Carl Zeiss, Jena, Germany).
Cells were also stained with DAPI (Thermo Fisher
Scientific) as a nucleus-specific marker. The primers used
are listed in Supplemental Table S2.

LCI assays

The PbrBZR1 and PbrARI2.3 CDSs were inserted into the
pCAMBIA1300-CLuc and pCAMBIA1300-NLuc vectors to
generate PbrBZR1-NLuc and PbrARI2.3-ClLuc, respectively.
Then, A. tumefaciens (GV3101) cells harboring PbrBZR1-
NLuc and PbrARI2.3-CLuc were coinfiltrated into
N. benthamiana leaves. The LUC activity in the N. benthami-
ana leaves was detected using a charge-coupled device cam-
era (Andor Technology). The primers used are listed in
Supplemental Table S2.

Co-IP assays
The PbrBZR1 and PbrARI2.3 CDSs were inserted into
the pEarlyGate201 and pEarlyGate202 vectors to generate
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PbrBZR1-HA and PbrARI2.3-FLAG, respectively. The
PbrBZR1-HA and PbrARI2.3-FLAG plasmids were co-
transfected into pear calli protoplasts, which were then incu-
bated for 5 h at 25 °C. The supernatant of protoplasts and
anti-FLAG agarose beads were incubated in test tubes for
3 h. The beads were washed 5 times with immunoprecipita-
tion buffer and then HA and FLAG were detected using
anti-HA and anti-FLAG antibodies, respectively. The primers
used are listed in Supplemental Table S2.

Semi-in vivo pull-down assays

The PbrARI2.3 CDS was inserted into the pGEX-4T-1 vector
to generate PbrARI2.3-GST fusion protein. Total protein ex-
tracts from 10-day-old WT pear calli were incubated with
glutathione-Sepharose beads containing PbrARI2.3-GST
for 2h at 4 °C. The PbrBZR1 protein pulled down by
PbrARI2.3-GST was detected using an anti-PbrBZR1
antibody.

In vitro protein degradation assays

The PbrBZR1 CDS was inserted into the pET-32a vector to
generate the PbrBZR1-HIS fusion protein. Total protein ex-
tracts from 10-day-old WT and PbrARI2.3-OX pear transgen-
ic calli were incubated with PbrBZR1-HIS for indicated times
at 22 °C. The residual protein levels were detected with the
anti-HIS antibody. For the MG132 treatment, the pear calli
were pretreated with 50 yM MG132 for 1 h.

In vitro and in vivo ubiquitination assays

For in vitro ubiquitination assays, calli extracts were incu-
bated with a reaction buffer containing recombinant
PbrBZR1-HIS fusion protein at 30 °C for 16 h and then the
incubation solution was immunoprecipitated with anti-HIS
and anti-Ubi antibodies. For in vivo ubiquitination assays,
WT and transgenic calli pear transgenic calli were prepared.
The PbrBZR1 proteins were immunoprecipitated with an
anti-PbrBZR1 antibody using the Pierce classic IP kit
(Thermo Fisher Scientific) following the manufacturer’s
protocol. The eluted proteins were detected with an
anti-Ubi antibody.

Statistical analysis

ANOVA and Tukey's honestly significant difference (HSD)
tests were used to determine statistical significance. In figures
and tables, different letters indicate significant differences
(P < 0.05).

Accession numbers

Sequences of genes mentioned in this article are listed in
the Pear Genome Project database (http://dx.doi.org/
10.5524/100083) under the following accession numbers:
PbrBZR1 (Pbr020081.1), PbrARI2.1 (Pbr017853.1), PbrARI2.3
(Pbr006197.1), PbrARI2.3 (Pbr020065.1), PbrEXP13.1 (Pbr01
2636.1), PbrEXP2.2 (Pbr013129.1), PbrEXP2.3 (Pbr017279.1),
PbrEXP8.3 (Pbr002929.1), PbrEXPS.1 (Pbr003748.1), Pbr
EXP5.3 (Pbr019282.1), PbrEXP5.1 (Pbr039073.1), PbrEXLA3
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(Pbr033313.1), PbrEXLB13  (Pbr013752.1), PbrEXLB1.4
(Pbr022160.1), PbrEXP16 (Pbr009385.1), PbrEXP6.1 (Pbr0038
83.1), PbrEXP3 (Pbr033539.1).
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