Current Biology

FERONIA receptor kinase-regulated reactive oxygen
species mediate self-incompatibility in Brassica rapa

Graphical abstract

Self-incompatible s Self-pollen (3\
pollination Ol O .
/o Cogp = Rejected

o S T?

/. SP11/SCR
LA o

? Papilla cell

Compatible—pollen(g\ Accepted

<
Compatible O
pollination

J_Pollen coat peptides?

Highlights
e Self-pollination increases and compatible-pollination
decreases stigmatic ROS

e Reducing ROS can break down Sl response

e Self-pollination-induced ROS increase is regulated by FER-
Rac/Rop-Rboh module

e FER-Rac/Rop-Rboh module-dependent stigmatic ROS
regulate compatible response

Zhang et al., 2021, Current Biology 37, 1-13
July 26, 2021 © 2021 The Author(s). Published by Elsevier Inc.
https://doi.org/10.1016/j.cub.2021.04.060

Authors

Lili Zhang, Jiabao Huang, Shiqi Su, ...,
Xiansheng Zhang, Alice Y. Cheung,
Qiaohong Duan

Correspondence

jbhuang2018@outlook.com (J.H.),
yuxiangyuan126@126.com (Y.Y.),
duangh@sdau.edu.cn (Q.D.)

In brief

To avoid inbreeding depressing, most
plants use self-incompatibility to reject
self-pollen and promote out-crossing.
Zhang et al. find that self-pollination
increases and compatible-pollination
decreases stigmatic ROS, which are
controlled via a FERONIA-Rac/Rop-Rboh
module, underlying both the rejection of
self-pollen and the acceptance of
compatible-pollen.
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SUMMARY

Most plants in the Brassicaceae evolve self-incompatibility (Sl) to avoid inbreeding and generate hybrid vigor.
Self-pollen is recognized by the S-haplotype-specific interaction of the pollen ligand S-locus protein 11
(SP11) (also known as S-locus cysteine-rich protein [SCR]) and its stigma-specific S-locus receptor kinase
(SRK). However, mechanistically much remains unknown about the signaling events that culminate in self-
pollen rejection. Here, we show that self-pollen triggers high levels of reactive oxygen species (ROS) in stigma
papilla cells to mediate Sl in heading Chinese cabbage (Brassica rapa L. ssp. pekinensis). We found that stig-
matic ROS increased after self-pollination but decreased after compatible(CP)- pollination. Reducing stig-
matic ROS by scavengers or suppressing the expression of respiratory burst oxidase homologs (Rbohs),
which encode plant NADPH oxidases that produce ROS, both broke down SI. On the other hand, increasing
the level of ROS inhibited the germination and penetration of compatible pollen on the stigma, mimicking an
incompatible response. Furthermore, suppressing a B. rapa FERONIA (FER) receptor kinase homolog or Rac/
Rop guanosine triphosphatase (GTPase) signaling effectively reduced stigmatic ROS and interfered with SI.
Our results suggest that FER-Rac/Rop signaling-regulated, NADPH oxidase-produced ROS is an essential Sl
response leading to self-pollen rejection.

INTRODUCTION So far, only two proteins, the M-locus protein kinase (MLPK)’
and ARM-repeat containing 1 (ARC1) E3 ubiquitin ligase,® have

To promote out-crossing and prevent inbreeding, many flower-  been identified as the direct downstream effectors of SRK.

ing plants utilize a genetically controlled mechanism called self-
incompatibility (Sl) for the selective rejection of self-incompat-
ible pollen at the stigma surface of the female organ pistil. In
the Brassicaceae, self-pollen is recognized through the S-
haplotype-specific interaction of the pollen-coat encoded S-lo-
cus protein 11 (SP11)/S-locus cysteine-rich protein (SCR)
peptide (SP11/SCR) and the stigma papilla cell-membrane-
localized S-locus Ser/Thr receptor kinase (SRK).'™ The recog-
nition of self-pollen induces autophosphorylation of SRK and a
signaling cascade in the papilla cells that ultimately lead to self-
pollen rejection.>® Mechanistically, much remains unknown
about the signaling events that culminate in self-pollen
rejection.

MLPK was identified as a positive regulator of the S| response
in Brassica rapa (B. rapa), but it remains unclear how it functions
and whether it is required throughout the Brassicaceae.”® 2
ARC1 is phosphorylated by SRK and targets proteins required
for compatible (CP) responses for degradation, leading to the
blocking of hydration and metabolic activation of self-pol-
len.'3~"° Efforts to introduce S| from various Brassicacea into
the self-compatible Arabidopsis thaliana®®* suggest that
more components are likely to be involved for the rejection of
self-pollen during Sl response in the Brassica family plants.
Reactive oxygen species (ROS) are known to play important
roles in diverse physiological processes,?* > including pollen
tube growth.?>?”3* Many flowering plants constitutively
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Figure 1. Stigmatic ROS increase after self-pollination and decrease after compatible-pollination

(A and B) Stigmatic ROS. Unpollinated (UP), Sl-pollinated, or CP-pollinated stigmas, stained with H,DCFDA, if not specified. Average ROS signals were measured
in Imaged; ROS in control stigmas were set at 1 for comparative analyses. Unless otherwise indicated, bar graphs or line graphs denote the mean, +SD for all
stigmatic ROS data and + SEM for all the pollen tube growth data. Dots indicate each data point. n denotes the numbers of stigmas. Asterisks or n.s. directly
above the data bars indicate significant difference (two-tailed t test; “p < 0.05; **p < 0.01) or no significant difference compared with the data bar on the far left,
although ** or n.s. above the brackets show comparisons between the data bars as indicated. Each experiment was repeated at least three times with consistent

results.

(C) Co-imaging of ROS with the Pl-stained cell wall in papilla cells.
Scale bars in (A) and (B), 500 um; (C), 10 um. See also Figure S1.
accumulate more ROS in mature than bud-stage stigmas,®*8
suggesting a potential involvement of ROS in pollen-stigma inter-
actions. It was reported that high concentrations (between 40 mM
and 100 mM) of the ROS inhibitor N-acetyl-L-cysteine (NAC)
completely abolished stigmatic ROS in ornamental kale
(B. oleracea var. acephala), but self-pollen was still rejected. How-
ever, the treatment condition also drastically blocked compatible
pollen attachment and germination,®® rendering a clear conclu-
sion for ROS involvement in S| or CP response impossible.

In this study, we examined stigmatic ROS during Sl and CP re-
sponses in heading Chinese cabbage (B. rapa L. ssp. pekinensis),
an important vegetable crop in which Sl is widely utilized to pro-
duce hybrid seeds.®® We found that stigmatic ROS increase after
self-pollination and decrease after compatible-pollination. Manip-
ulating stigmatic ROS had strong impacts on pollen germination
and tube growth in both Sl and CP responses. These ROS-medi-
ated responses are NADPH oxidase-dependent and controlled
by B. rapa FERONIA receptor kinase (FER)-Rac/Rop signaling.
Our results establish that FER-regulated stigmatic ROS increase
is crucial for the Sl response of the Brassicaceae.

RESULTS

Stigmatic ROS increase after self-pollination

and decrease after compatible-pollination

To determine whether ROS are involved in the Sl response of the
Brassicaceae, we stained Chinese cabbage stigmas at different
time points after Sl or CP pollination, with the general ROS probe
2/, 7’-dichlorodihydrofluorescein diacetate (H,DCFDA).>¢-28:40:4
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Compared with the steady-state level of ROS in unpollinated
(UP) stigmas (Figure 1A), ROS started to show significant in-
crease as early as 1 min after self-pollination and reached the
maximum level, about 3-fold that of unpollinated stigmas, within
30 min (Figures 1A and 1B). To the contrary, ROS was notably
reduced by 5 min after compatible-pollination and continued to
decrease within 60 min after pollination (MAP) (Figures 1A and
1B), consistent with the time course of Sl and CP responses (Fig-
ures STA-S1C). Co-staining stigmas with H,DCFDA and the cell
wall indicator propidium iodide (Pl) showed that ROS was
located in the cytoplasm of papilla cells, near the periphery of
the plasma membrane (Figure 1C). Similar changes of ROS after
Sl or CP responses were also observed in stigmas stained with
two other often-used ROS probes, hydroxyphenyl fluorescein
and dihydroethidium, and in stigmas from two other cultivars,
DHB848 and R16, but not in mechanically stressed stigmas (Fig-
ures STE-S1I). These results suggest that the increase and
decrease of stigmatic ROS is a specific response induced by
Sl and CP, respectively.

The increase of stigmatic ROS after self-pollination

is S-haplotype specific

To explore the molecular mechanism of the stigmatic ROS in-
crease after self-pollination, we suppressed the expression of
SRK to reduce SP11/SCR-triggered signaling and then examined
the change of ROS. Efficient transformation of heading Chinese
cabbage is still difficult to accomplish, but antisense oligodeoxyr-
ibonucleotide (AS-ODN) has been used successfully to suppress
target genes in pollen tubes***® and in stigmas.*”*® Because
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Figure 2. The increase of stigmatic ROS after self-pollination is S-haplotype specific

(A) Stigmas in feeding assays maintain typical SI and CP phenotypes.

(B and C) gqRT-PCR analysis of BrSRK46 in S,¢ stigmas or BrSRK53 in Ss3 stigmas treated with S- or AS-BrSRK46 (V).
(D and E) Aniline blue staining showing the growth of self- or compatible-pollen in Sy (D) or Ss3 stigmas (E) with S- or AS-BrSRK46(V) treatment.
(F and G) ROS of Sy¢ (F) or Ss3 stigmas (G) with S- or AS-BrSRK46(V) treatment, before and after SI or CP. Scale bars, 500 um. Detailed statistical analysis

methods are shown in the STAR Methods.
See also Figure S2.

the hypervariable region of SRK (SRK(V)) is important for the inter-
action specificity between SP11/SCR and SRK,* we treated Sy¢
(cultivar 14CR) or Ssz (cultivar ZY15) stigmas with S- or AS-
BrSRK46(V) to specifically target BrSRK46 and S- or AS-
BrSRK46(C) to target the conserved region of BrSRK46 and
BrSRK53 (Figure S2A), as confirmed by quantitative RT-PCR anal-
ysis (Figures 2A-2C, S2B, and S2C). AS-BrSRK46(V) treatment
specifically broke down Sl of S 46 stigmas, but not that of Ss3 stig-
mas, as demonstrated by bundles of self-pollen tubes penetrating
S46 stigmas, but not Ss3 stigmas (Figures 2D and 2E). However,
AS-BrSRK46(C) treatment significantly weakened Sl of both Sys
stigmas and Ss3z stigmas (Figures S2D and S2E). In contrast,
neither of the above treatments impacted the growth of compat-
ible-pollen tubes (Figures 2D, 2E, S2D, and S2E). AS-BrSRK46(V)
treatment also specifically reduced ROS of unpollinated S5 stig-
mas as well as suppressed the increase of ROS triggered by
self-pollination (Figure 2F) but did not affect ROS of Ss5 stigmas
before and after self-pollination (Figure 2G). However, AS-
BrSRK46(C) treatment significantly reduced ROS of both S4¢ stig-
mas and Ss3 stigmas, before and after self-pollination (Figures
S2G and S2H). In contrast, S-BrSRK46(V)- or S-BrSRK46(C)-
treated S,¢ stigmas and Ss3 stigmas maintained typical Sl pheno-
types and similar levels of ROS to mock-treated stigmas (Figures
2D-2G and S2D-S2H). These results strongly support that both
the ROS production in unpollinated stigmas and the increase of
stigmatic ROS levels after self-pollination depend on functional
SRK.

High levels of stigmatic ROS are essential to reject self-
pollen
We then tested whether self-pollen-induced stigmatic ROS in-
crease is essential for self-pollen rejection. Stigmas were pre-
treated with different concentrations of ROS scavengers,
CuCly, Tiron, KI, or sodium benzoate, and then self- or compat-
ible-pollinated. Results established that these scavengers all
effectively reduced the stigmatic ROS levels before and after
self-pollination (Figures 3A and S3A-S3C), and they significantly
weakened or completely broke down Sl in a dose-dependent
manner, as demonstrated by the increasing number of self-pol-
len tubes in scavenger-treated stigmas (Figures 3A and S3B).
Importantly, and contrary to 100 mM NAC treatment in Lan
et al.,*® ROS scavengers at the indicated concentrations did
not inhibit compatible-pollen growth (Figures 3A and S3B), indi-
cating the stigma and pollen viability was not affected. Taken
together, these results demonstrated unambiguously that the in-
crease of stigmatic ROS is essential for self-pollen rejection.
Next, we speculated that the rapid induction of high ROS
levels after self-pollination is utilized to arrest self-pollen, similar
to the ROS burst in a wide range of plant-pathogen interactions
to inhibit the invading pathogens.“®** To prove this, we carried
out a “stigma transfer experiment” (Figure S3D) by first polli-
nating stigmas with self-pollen for 0-60 min to induce different
levels of ROS elevation and then transferring them onto 3 mM
CuCl, medium for further cultivation. Compared to the typical
S| phenotypes in stigmas that were not transferred, an average
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Figure 3. High levels of stigmatic ROS are essential to reject self-pollen

(A) ROS and the growth of self- or compatible-pollen in scavenger-treated stigmas.

(B and C) The growth of self- or compatible-pollen (B) and stigmatic ROS (C) in stigmas transferred to CuCl2-medium after SI.
(D) ROS and the growth of self- or compatible-pollen in stigmas with applied ROS.

(E) Pollen growth and ROS in dual self- or compatible-pollinated stigmas. Scale bars, 500 um. Detailed statistical analysis methods are shown in the STAR

Methods.
See also Figure S3.

of 80 self-pollen tubes were salvaged and grew into the Sl 0 stig-
mas, which were immediately transferred after self-pollination,
but only 42 and 10 self-pollen tubes grew into the SI 15 and SlI
30 stigmas (Figures 3B and S3F). These results correlated with
ROS of S1 0, SI 15, SI 30, and S| 60 stigmas were all significantly
reduced at 3 min after transferring onto 3 mM CuCl, medium,
compared to those onto 0 mM CuCl, (Figures 3C and S3E). In
contrast, growth of compatible-pollen tubes was not affected
in comparably treated stigmas (Figure 3B). Although ROS re-
turned to a lower level in SI 60 stigmas (Figure 3C), no self-pollen

4 Current Biology 317, 1-13, July 26, 2021

tubes were salvaged (Figures 3B and S3F), possibly because
prolonged exposure to high levels of ROS had irreversibly ar-
rested the self-pollen grains on the stigma.

We also investigated whether high levels of ROS are inhibitory
to compatible pollen. When xanthine/xanthine oxidase (X/XO) or
FeSO, (Fe?*-mediated Fenton reaction) were applied onto the
stigma, they generated ROS to a level comparable to that in S|
15 stigmas (Figures 3D and S3G) and inhibited compatible-pol-
len (Figure 3D). These results therefore suggest that ROS have
a general, non-selective, inhibitory effect on pollen.
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Figure 4. NADPH oxidases are key components for stigmatic ROS production in pollen-stigma interactions

(A and B) The growth of self- or compatible-pollen and ROS in stigmas with DPI treatment.

(C-E) The effect of S1- or AS1-BrRbohF treatment on BrRbohF expression (C), ROS (D), and the growth of self- or compatible-pollen (E).

(F) The length of compatible-pollen tubes at 1.5 HAP (F) in stigmas treated with S1- or AS1-BrRbohF.

(G) The growth of wild-type (WT) pollen tubes at 0.5 HAP in Arabidopsis (compatible cruciferous plant) atrbohD-3 and atrbohD-4 T-DNA mutant stigmas.
Scale bar in (G), 100 um; others, 500 um. Detailed statistical analysis methods are shown in the STAR Methods. See also Figures S4 and S5.

Self- and compatible-pollen trigger local changes in
stigmatic ROS status

We also examined the change of ROS in dual self- and compat-
ible-pollination on a single stigma, mimicking a natural pollination.
Consistent with a previous report,?' dual self- and compatible-pol-
linations at the same time (0 min) or 15 min apart both showed the
absence of self-pollen tubes at the S| half and bundles of compat-
ible-pollen tubes penetrating the CP half of each stigma (Figures
3E and S3H). Moreover, both self- and compatible-pollination eli-
cited their typical stigmatic responses, resulting in higher levels of
ROS atthe Sl half and lower levels of ROS at the CP half (Figures 3E
and S3H). Consistently, significantly higher or lower levels of ROS
were also observed at the Sl half or the CP half, respectively, than
the unpollinated half of each stigma in these assays (Figure S3lI).
Together, our results imply that, in a natural pollination process,
when a stigma encounters a mix of self- and compatible-pollen
grains, the induced local increase or decrease of ROS would arrest
self-pollen but allow compatible-pollen in the vicinity to germinate.

NADPH oxidases are key ROS-producing enzymes in Sl
reaction

NADPH oxidases are involved in ROS production and conserved
across animals, fungi, and plants.***® To examine the

involvement of NADPH oxidases in the ROS production during
pollen-stigma interactions, we treated stigmas with diphenyle-
neiodonium chloride (DPI), a common inhibitor for NADPH oxi-
dases.?®?® We found that pretreatment with 2 mM DPI followed
by stigma transfer to basic PGM allowed the growth of self-pol-
len tubes into the stigma (Figures 4A, S4A, and S4B) although not
affecting compatible-pollen (Figures 4A, S4A, and S4B). Further-
more, 2 mM DPI treatment was adequate to reduce ROS before
pollination and also blocked the ROS increase after self-pollina-
tion (Figure 4B). However, overdose or prolonged DPI treatment
inhibited the growth of both Sl and CP pollen (Figures S4A and
S4B). Together, these results demonstrate that NADPH oxidases
are the prime candidate enzymes involved in producing ROS
during pollen-stigma interactions.

Among the 13 NADPH-oxidase-encoding genes in B. rapa
genome,®®® (B. rapa RESPIRATORY-BURST OXIDASE
HOMOLOGSs, BrRbohs) BrRbohD1, BrRbohD2, BrRbohF, and
BrRbohl were the most abundantly expressed in the stigma
(Figure S4C). Similar to that in Arabidopsis,’**°> BrRbohs
showed plasma membrane localization in agro-infiltrated to-
bacco leaves (Figure S4D). AS1-BrRbohF treatment, not
mock or S1-BrRbohF, dramatically reduced the abundance of
BrRbohF transcript, reduced ROS before pollination, and
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Figure 5. The involvement of NADPH-oxi-
dase-dependent stigmatic ROS in the Sl
response of other Brassica species

(A and B) The growth of self-pollen (A) and ROS
before and after Sl (B) in radish stigmas treated with
DPI.

(C and D) The growth of self-pollen (C) and ROS
before and after S| (D) in ornamental kale stigmas
treated with DPI. Scale bars, 500 um. Detailed sta-
tistical analysis methods are shown in the STAR
Methods.
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The accumulation of ROS*™=¢ and de-
fense-related proteins®® in mature stigmas
of many angiosperms suggests that basal
levels of stigmatic ROS, believed to be
associated with defending the reproduc-
tive parts against pathogen attacks, might
also have inhibitory effect on compatible
pollination. We found that compatible-pol-
len tubes in AS1-BrRbohF-treated stigmas
were significantly longer than that in mock
or S1-BrRbohF-treated stigmas at 1.0 or
1.5 HAP (Figures 4F and S4H), suggesting
that reducing the basal ROS level pro-
motes the growth of compatible pollen.
To further study the effect of ROS on
the growth of compatible pollen, we
utilized Arabidopsis thaliana, which is a
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blocked self-pollen-triggered ROS increase by 10 min after
self-pollination (Figures 4C and 4D). Importantly, AS1-BrRbohF
effectively broke down S| and promoted the growth of self-pol-
len tubes in an AS-ODN-concentration-dependent manner
without notable impacts on the growth of compatible-pollen
tubes (Figures 4E and S4E-S4G). Furthermore, treatments
with AS-ODN against BrRbohD1, BrRbohD2, and BrRbohl all
reduced the expression of the corresponding target genes,
suppressed the levels of stigmatic ROS, and weakened the
strength of SI (Figures S41-S4M). Although there was some
cross-suppression of other BrRboh homologs with each of
the AS-ODNs (Figures S4N and S40), our results nevertheless
support that the four BrRboh genes have redundant functions
in ROS production during the Sl response.

To investigate the involvement of ROS during Sl responses of
other cruciferous plants, we treated radish (Raphanus sativus)
and ornamental kale (B. oleracea var. acephala) stigmas with
DPI. These DPI-treated stigmas showed the breakdown of S
(Figures 5A and 5C) and the reduction of ROS before and at
10 min after self-pollination (Figures 5B and 5D), indicating that
NADPH-oxidase-regulated ROS production could be a common
strategy adopted by the Brassicaceae to reject self-pollen.
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typical compatible cruciferous model
plant?’°°" and has abundant mutant re-
sources.®® ROS in Arabidopsis stigmas
were DPI sensitive (Figure S5A), and their
level was obviously reduced after pollination, but not responsive
to mechanical stress (Figures S5B and S5C). RbohD is widely ex-
pressed and mediates diverse functions in many plant spe-
cies.*®® Two independent transfer DNA (T-DNA) insertional
mutant alleles for RbohD, rbohD-3 or rbohD-4, showed signifi-
cantly lower levels of ROS compared to that in wild-type stigmas
before and after pollination (Figures S5D-S5G). Furthermore,
pollen tubes in rbohD-3 or rbohD-4 mutant stigmas were signif-
icantly longer than that in wild-type stigmas at 0.5 or 1.0 HAP
(Figures 4G and S5H). Together, these results suggest that
NADPH oxidases are key ROS-producing enzymes for maintain-
ing basal ROS in unpollinated stigmas and they are suppressed
during CP reactions to facilitate pollen tube growth but are
induced during Sl reactions to arrest self-pollen.

0 1mM

NADPH oxidases are regulated by Rac/Rop signaling
during pollen-stigma interactions

Furthermore, NADPH oxidase activity was found significantly
increased or decreased at 5, 10, and 15 min after self- or
compatible-pollination, respectively, compared to that in unpol-
linated stigmas (Figure 6A), suggesting that NADPH oxidase ac-
tivity is tightly controlled in pollen-stigma interactions. Rac/Rop
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Figure 6. NADPH-oxidase-dependent ROS production during pollen-stigma interaction is mediated by Rac/Rop GTPases

) NADPH-oxidase activity in UP, SI, or CP stigmas.

H

A
(B-
(E-
(H).
(

D) The growth of self- or compatible-pollen (B), NADPH oxidase activity (C), and ROS (D) in GDP-treated stigmas.
H) The effect of S1- or AS1-BrROP2 treatment on BrROP2 expression (E), NADPH oxidase activity (F), the growth of self- or compatible-pollen (G), and ROS

1) The length of compatible-pollen tubes at 1.5 HAP in stigmas with S1- or AS1-BrROP2 treatment.

(J and K) N-terminal of BrRbohF (BrRbohF-N), not the C-terminal of BrRbohF (BrRbohF-C), interacts with BrROP2 in yeast two-hybrid assays (J) and pull-down

assays (K). Scale bars, 500 um. Detailed statistical analysis methods are shown
See also Figure S6.

guanosine triphosphatases (GTPases), intracellular molecular
switches that quickly convert between the guanosine diphos-
phate (GDP)-bound inactive form and the GTP-bound active
form,®® are well-established regulators of NADPH oxidases in
various plant systems.®*°® Treating stigmas with GDP, which
shifts Rac/Rops to be predominantly the inactive form, drasti-
cally weakened the strength of Sl without affecting compatible-
pollen (Figure 6B). GDP treatment also inhibited NADPH oxidase
activity (Figure 6C) and reduced ROS in the stigma (Figure 6D).
These results together are consistent with Rac/Rop GTPases
being important regulators of NADPH-oxidase-dependent ROS
production during the Sl responses.

We further identified BrROP2 as the most highly expressed
ROP in the stigma among all the tested Rac/Rop GTPase-en-
coding genes in B. rapa (Figure S6A). AS1-BrROP2 treatment
effectively reduced the transcript of BrROP2 (Figure 6E) and in-
hibited NADPH oxidase activity in the stigma (Figure 6F). This
treatment also promoted the growth of self-pollen tubes without
affecting the growth of compatible-pollen tubes into the stigmas
(Figures 6G, S6B, and S6C). In contrast to the ROS increase in
mock- or S1-BrROP2-treated stigmas, AS1-BrROP2-treated
stigmas showed significantly reduced ROS before and at
10 min after self-pollination (Figure 6H). Consistent with our
finding that reducing ROS before pollination released the

in the STAR Methods.

inhibitory effect on the growth of compatible pollen (Figures 4F
and 4G), compatible-pollen tubes in AS1-BrROP2-treated stig-
mas were also longer than that in mock or S1-BrROP2-treated
stigmas at 1.0 HAP or 1.5 HAP (Figures 6l and SED). Moreover,
results from yeast two-hybrid and protein pull-down assays
both showed direct interactions between BrROP2 and BrRbohF
proteins (Figures 6J and 6K), consistent with Rac/ROP GTPases
regulating the activity of NADPH oxidases through direct protein-
protein interaction.®*%%” These results suggest that BrROP2-
regulated activation of BrRbohF underlies the rapid increase of
stigmatic ROS during S| response as well as the maintenance
of basal ROS in unpollinated stigmas.

BrROP2-regulated ROS production functions
downstream of FER signaling during pollen-stigma
interactions

FER receptor kinase functions as cell surface receptor for Rac/
Rops.?® We therefore examined whether FER regulates the
ROS production and pollen tube growth in the stigma. Arabidop-
sis transgenic plants containing FER,,.:FER-GFP confirmed that
FER-GFP co-localized with the membrane indicator FM4-64 at
the plasma membrane of the stigmatic papilla cells (Figures
S7A and S7B).°°%® Knockout mutations in FER, for example,
fer-4252% and sireéne (srn),?° led to the reduction of ROS before
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Figure 7. FERONIA-Rac/Rop signaling controls stigmatic ROS during pollen-stigma interaction
(A and B) ROS (A) and the growth of wild-type pollen tubes (B) in two alleles of Arabidopsis FER mutant stigmas, fer-4 and srn (in ecotype C24).

(C) BrROP2 interacts with BrFER1 in pull-down assays.
(D and E) The effect of S1- or AS1-BrROP2 treatment on BrROP2 expression (D)

and NADPH oxidase activity (E).

(F) ROS and the growth of compatible-pollen tubes at 1.5 HAP in S1- or AS1-BrFER1-treated stigmas.

(G and H) ROS (G) and the growth of self- or compatible-pollen tubes (H) in S1- or AS1-BrFER1-treated stigmas.

Scale bars in (A) and (B), 100 um; others, 500 um. Detailed statistical analysis methods are shown in the STAR Methods.

(I and J) Model for the FER-Rac/Rop signaling-Rboh module-regulated ROS production during Sl response and CP response in Chinese cabbage. In summary,
FER-Rac/Rop signaling-Rboh module mediates the basal level of ROS in mature stigmas before pollination but is downregulated by compatible-pollen to
facilitate compatible-pollination (I). After pollination with self-pollen, SP11/SCR-stimulated signaling pathways could directly or indirectly result in the activation of
FER-Rac/Rop signaling-Rboh module to promote the generation of high levels of ROS, leading to self-pollen rejection (J). Our results show that the ROS increase
is S-haplotype specific, suggesting potential SP11/SCR-triggered SRK signaling mediates the FER-regulated response. The nature of compatible-pollen trigger

in B. rapa remains to be determined; it is possible that pollen coat proteins

70,71

could be involved. Molecular interactions between the SCR/SRK signaling

pathway and FER remain to be investigated. Dash lines and ? indicate “to be determined.”

See also Figure S7.

and after pollination, compared to that in wild-type stigmas (Fig-
ures 7A and S7C). Furthermore, wild-type pollen tubes growing
in fer-4 and srn mutant stigmas were significantly longer than
those in wild-type stigmas at 0.5 or 1.0 HAP (Figures 7B and
S7D), implying that FER-regulated ROS in unpollinated stigmas
are inhibitory to early growth of pollen on the stigma.

We further tested whether suppressing the expression of
B. rapa FER homologs would affect pollen-stigma interactions

8 Current Biology 317, 1-13, July 26, 2021

in Chinese cabbage. Three Arabidopsis FER homologs were
identified in B. rapa (Figure S7E). BrFER1, the only full-length
FER protein (Figure S7E), functioned in the same complex
together with BrROP2 by protein pull-down assays (Figure 7C).
AS1-BrFER1 treatment, which effectively suppressed its expres-
sion (Figures 7D and S7F), significantly inhibited the activity of
NADPH oxidases (Figure 7E) and reduced ROS of unpollinated
stigmas (Figure 7F). Furthermore, AS1-BrFER1 treatment
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promoted the growth of compatible-pollen tubes at 1.0 or 1.5
HAP (Figures 7F and S7G), suggesting that the basal levels of
ROS in unpollinated stigmas from Chinese cabbage or Arabi-
dopsis are regulated by FER signaling and play an inhibitory
role for pollen tube growth during the compatible responses.

Next, we tested whether suppressing BrFER1 influences the
ROS production triggered by self-pollination and interferes with
Slin Chinese cabbage. AS1-BrFER1 treatment completely abol-
ished the self-pollen-triggered ROS increase (Figure 7G) and
significantly weakened the Sl response, with an average of ~50
self-pollen tubes grown into the stigmas although not noticeably
impacting the CP response (Figures 7H and S7H). Interestingly,
considerably lower concentrations of AS-BrFER1 (Figures 7
and S7; 5 uM) and AS-BrROP2 (Figures 6 and S6; 5 pM) were
needed to break down SI than that of AS-BrRbohs (Figures 4
and S4; 40 uM), likely reflecting relatively high level of Rboh
expression from multiple genes during Sl responses. Taken
together, these results support that the FER-Rac/Rop GTPase-
Rboh signaling module mediates rapid ROS production during
S| responses and is also important for maintaining the basal
levels of ROS in unpollinated stigmas.

DISCUSSION

ROS play important roles during development and responses to
external stimuli;*®?%"“% in angiosperms, such as A. thaliana and
B. oleraceae, they accumulate to considerably higher levels in
the mature stigmas than in bud stage stigmas.®>*~*® Our study
here demonstrates that, in heading Chinese cabbage, the FER-
Rac/Rop-Rboh signaling module mediates a basal ROS level in
mature stigmas before pollination and controls changes in the
stigmatic ROS status elicited by Sl and CP (Figures 71 and 7J).
Involvement of FER-regulated ROS has been well established
during different steps of plant reproduction.?>27-28:34:67.68 FER
regulates the accumulation of ovular ROS to support pollen
tube rupture and sperm release for fertilization.?®%”:%% |ts male
counterparts, ANX1 and ANX2, act redundantly to maintain
ROS in pollen to ensure pollen tube integrity.?” As shown here
and in Liu et al.,”® FER is crucial for maintaining Arabidopsis stig-
matic ROS, which is suppressed upon pollination to promote
pollen tube growth (Figure 7A). The determination of how ROS
underlie Sl and CP responses on the stigma here reveals another
important functional role for these ubiquitous signaling interme-
diates. Elucidating the linkage between stigmatic ROS status
and FER-Rac/Rop-Rboh signaling provides mechanistic insight
into a pollen-stigma interactive process crucial for pollen accep-
tance or rejection on the receptive surface of the pistil (Figures 71
and 7J).

Although it is clear that activating ROS production is crucial for
the Sl response, how self-pollen recognition triggers the FER-
Rac/Rop-regulated process remains to be investigated. Never-
theless, stigmatic ROS are developmentally regulated in orna-
mental kale®® and in Chinese cabbage (Figure S2K), similar to
the typical increase of SRK expression and Sl strength from
bud to mature stage stigmas in Brassica flowers.”’ Together
with S-haplotype-specific increase of stigmatic ROS after self-
pollination (Figure 2), these observations strongly suggest that
the SP11/SCR-stimulated signaling interacts with and activates
the FER-Rac/Rop-Rbohs module to generate high levels of ROS

¢ CellP’ress

to reject self-pollen (Figure 7J). It would be interesting to investi-
gate whether SRK or MLPK might phosphorylate and activate
FER, thereby conferring S-haplotype-specific regulation of
FER-Rac/ROP-Rbohs during Sl responses (Figure 7J). Pollen
grains secrete a large number of pollen coat proteins (PCPs),”?
which might be recognized specifically by their cognate recep-
tors from the stigma to mediate germination of compatible pol-
len, such as the PCP-B class peptides in Arabidopsis.”®’" The
fact that the FER-Rac/Rop-Rboh module is also responsible
for maintaining the basal stigmatic ROS levels and downregu-
lated upon CP to promote compatible-pollen growth (Figure 71)7°
is consistent with the signaling pathway being highly versatile,
thus conserved to support CP and block Sl pollination.

To establish how ROS impact various cellular events to regu-
late specific biological processes has remained challenging,
largely due to their complex activities and the broad range of
their target molecules. The utilization of NADPH-oxidase-depen-
dent ROS to reject self-pollen on the stigma could be grounded
on their toxic effects.®'*":"*"> As NADPH oxidases produce su-
peroxide in the apoplast of stigmatic papilla cells, high levels of
ROS at the contact site of a self-pollen grain could immediately
cause its arrest. Interestingly, although Sl-induced ROS did not
cause cell death in stigmatic papilla cells, compatible-pollinated
stigmas in Brassica species rapidly initiate cell death.*’*87®
Therefore, self-pollen arrest is not a result of the pollen grain
just simply succumbing to an overwhelming injury caused by
Sl-induced ROS. Instead, given the intimate connection be-
tween ROS and many cellular events associated with pollen
growth, such as Ca®* homeostasis,””**®"" actin organization,”®
or cell wall restructuring,?””® high levels of stigmatic ROS could
inhibit these key processes during the Sl response. Alternatively,
the actin cytoskeleton could be prevented by the elevated stig-
matic ROS from focalizing at the contact site with the pol-
len,”*~®2 thus prohibiting the delivery of secretory vesicles to
support pollen growth.'®

CP-induced decline together with self-pollen-triggered in-
crease in stigmatic ROS being conserved in sporophytic Sl sys-
tems (Figures 1, 2, and 5) suggest that the functional versatility of
ROS must be well suited as a mediator of varied pollen re-
sponses, perhaps acting as a rheostat to fine-tune events that
underlie Sl or CP responses. Remarkably, the self-pollen-
induced increase and compatible-pollen-induced decline of
stigmatic ROS are both locally restricted (Figures 3E, S3H, and
S3l), thus ensuring selective arrest of self-pollen without inter-
fering with compatible pollen tube development in the vicinity.
The inhibitory effect of ROS in unpollinated stigmas on compat-
ible pollen growth (Figures 4F, 4G, 6l, 7B, and 7F) and the accu-
mulation of higher levels of ROS in mature stigmas than bud
stage stigmas®> % (Figure S2K) are consistent with ROS
fostering a defense function against pathogen attack before
pollination.®>*~*® However, the role of ROS on pollen-stigma inter-
actions has been ambiguous,®® largely due to high concentra-
tions of ROS inhibitors impeding the growth of both compatible
and Sl pollen (Figure S4A). However, at sub-inhibitory levels,
such as 2 mM DPI, they effectively broke down SI (Figures 4A,
4B, S4A, and S4B), similar to kaempferol, another ROS scav-
enger, treatment of ornamental kale stigmas.®® Results from
combined pharmaceutical and genetic suppression studies
here therefore unequivocally establish ROS as crucial for the SI
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response, providing the foundation for further research on how
stigmatic ROS are regulated during Sl response for self-pollen
rejection.

ROS also participate in other extensively studied Sl systems,
the PCD-based S| in Papaveraceae’®®*®° and the S-RNase-
based Sl in Pyrus pyrifolia,®®®” where stylar signals trigger inhibi-
tion of self-pollen tubes. Although these and the Brassicacea
systems differ from one another,>84588 the remarkable coin-
cidence of ROS being a central component of their respective
S| response suggests that Sl-induced ROS increase in the
signal-receptive side of the interaction might be a common event
leading to self-pollen rejection.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Myc Abmart M20002; RRID: AB_2861172
Anti-GST Abmart M20007; RRID: AB_2864360
Anti-His Abmart M30111; RRID: AB_2889874
Goat Anti-Mouse Abmart M21001; RRID: AB_2713950

Bacterial and virus strains

Agrobacterium tumefaciens LBA4404 TransGen Biotech®® N/A

E. coli DH5a. (Trans-T1) TransGen Biotech CD501-01
E. coli BL21 (DE3) TransGen Biotech CD601-02
Chemicals, peptides, and recombinant proteins

DPI Sigma-Aldrich 43088
CuCl, Sigma-Aldrich 222011

Kl KaiTong GB/T 1272-200
Tiron BBI Life Sciences TB0951
Na-Benzoate Sigma-Aldrich B3420
Xanthine/Xanthine Oxidase Sigma-Aldrich X1875
FeSO, Sigma-Aldrich F8263
H.DCFDA Med Chem Express HY-D0940
DHE Yuanye Bio-Technology S40454
HPF Maokang Bio-Technology MX4805
FM4-64 Maokang Bio-Technology MX4016
Aniline Blue Sigma-Aldrich 415049
pCAMBIA1300 BrRbohD1/D2/F/| This study N/A
pCXSN-56 BrFER1-N This study N/A
PGEX-4T-1 BrROP2 This study N/A
PET-32a BrRbohF-N This study N/A
pGADT7 BrROP2 This study N/A
pGBKT7 BrRbohF-N This study N/A
pGBKT7 BrRbohF-C This study N/A
Critical commercial assays

GSH agarose beads BEAVER 70601-100
TALON beads Clontech 635606
Plant total protein extraction kit Coolaber PTEO01-50T
NADPH-oxidase activity kit mibio mi249150
RNAprep pure Micro Kit TIANGEN DP420
HiScript ll11st Stand cDNA Synthesis Vazyme R212-01/02
Kit (+gDNA wiper)

HiScript 1IQ RT SuperMix for gPCR Vazyme R222-01
Hipure PCR Pure Mini Kit Magen D2121-03
pPEASY —Basic Seamless Cloning and Assembly Kit TransGen Biotech CU201-03
TIANprep Mini Plasmid Kit TIANGEN DP103
Experimental models: organisms/strains

A.thaliana: Col-0 Salk collection N/A
A.thaliana: C24 Salk collection N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
A.thaliana: rbohD-3 Salk collection Salk_070610C
A.thaliana: rbohD-4 Salk collection CS9555
A.thaliana: fer-4 Salk collection GK-106A06
A.thaliana: srn Previous study®® N/A
A.thaliana: FER,:FER-GFP Previous study®® N/A
B.rapa: ZY15 This study N/A

B.rapa: 14CR This study N/A
B.rapa: DHB 848 Seedland N/A
B.rapa: R16 This study N/A
Raphanus sativus: Weixianging 40 This study N/A

B. oleracea: Kamome red Takii Seed FHB571
Oligonucleotides

Table S1 (Primers for Arabidopsis mutant This study N/A
confirmation)

Primer for the border of atrbohD Previous study®® N/A

Table S2 (Gene Accession numbers) This study N/A

Table S8 (S- or AS-ODNs) This study N/A

Table S4 (Primers for qRT-PCR) This study N/A
AtACTIN2 Primer for RT-PCR Previous study®’ N/A
Software and algorithms

ImageJ Rueden et al.??; https://imagej.net/Welcome J2

Prism Alliance Development Group; V8.0

https://www.graphpad-prism.cn/

RESOURCE AVAILABILITY

Lead contact
Further information and request for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Qiaohong
Duan (duangh@sdau.edu.cn).

Materials availability
Plant materials and plasmids generated in this study will be made available on request, but we may require a payment and/or a
completed Materials Transfer Agreement if there is potential for commercial application.

Data and code availability
This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experiments performed with heading Chinese cabbage (Brassica rapa L. ssp. pekinensis) plants were mostly done using two self-
incompatible cultivars, 14CR (a double haploid line with an S haplotype) and ZY15 (a multi-generational inbred line with an Ss3
haplotype) for self-pollination or cross-pollination. Two other Chinese cabbage cultivars, R16 (a double haploid line) and DHB848
(a commercial line), and two other Brassica species, radish (Raphanus sativus, a high-generation inbred line named “Weixianging
40”) and Ornamental kale (B. oleracea var. acephala, a commercial line named ‘Kamome red”) were used to verify the regulation
of Sl by stigmatic ROS. Seeds of Chinese cabbage, radish and ornamental kale were germinated in potted soil (Pindstrup substrate).
Vernalization was performed in a growth chamber with 10°C/5°C, 14/10 h light/dark cycles, and light intensity of 100 umol/m2/s. After
1 month of vernalization for 1 week-old Chinese cabbage and radish seedlings, and 3 months of vernalization for 7~8-leaf stage orna-
mental kale plants, these plants were planted in soil under greenhouse conditions with 25°C/15°C, 16/8 h light/dark cycles, and light
intensity of 300 pmol/m2/s. The Arabidopsis thaliana T-DNA insertional mutants fer-4 (GK-106A06), AtrbohD-3 (Salk_070610C), Atr-
bohD-4 (CS9555) are in Columbia ecotype; the y-ray mutant siréne (srn)° is in C24 ecotype. Primer sequences for AtRbohD T-DNA
mutant confirmation were listed in Table S1. Seeds of Arabidopsis and Nicotiana benthamiana were germinated and grew in potted
soil in a green house.
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METHOD DETAILS

Excised stigma-feeding assays and pollen tube visualization

Excised stigmas were treated as previously described*”*® in PGM (5 mM CaCl,, 5 mM KClI, 0.01% H3zBO3, 1 mM MgSQ,- 7H,0, 10%
sucrose, 0.8% agarose, pH7.5) or treatment medium (PGM supplemented with different concentrations of corresponding chemi-
cals). Chemicals (Key resources table) used in the feeding assays include DPI, CuCls, Tiron, Kl, Na-Benzoate, Xanthine/Xanthine Ox-
idase, and FeSO,4. Mock medium has the same amount of corresponding solvent.

Chinese cabbage flowers at stages analogous with A. thaliana stage 12 to stage 13 flowers,*® i.e., they just start to open but before
anther dehiscence, were emasculated. Stigmas were cut at 3 mm away from the stigmatic surface and inserted into basic PGM or the
treatment medium and kept in a chamber with constant temperature (22.5°C) and humidity (45%). After 6 hours of treatment, stigmas
were transferred to basic PGM medium and manually pollinated with similar amount of self- or cross—pollen grains so that each
stigma was covered with only one layer of pollen grains. Stigmas were maintained in the same condition for 6 hours after pollination
(HAP) then processed for aniline blue staining to visualize pollen tubes following the procedure as previously reported.’* After polli-
nation, stigmas were fixed in Canoy’s fixative (methanol: acetic acid = 3:1), softened in 10 M NaOH, and stained in 0.1% aniline blue.
Pollen tubes were visualized by epifluorescence (Ex375-328/DM415/BA351p) on a Nikon Eclipse Ni. Images were captured by a DS-
Ri2 digital camera. The effect of chemicals on Sl or on compatible pollinations were assessed by the number of pollen tubes that had
penetrated the stigma papilla cells.

ODN design and treatment

Sense- and antisense-oligodeoxyribonucleotide (S-ODN and AS-ODN) were used to target the following genes (accession numbers
shown in Table S2): BrRbohF, BrRbohD1, BrRbohD2, BrRbohl, BrROP2, and BrFER1. S- or AS-ODNs were designed based on Sfold
(https://sfold.wadsworth.org/cgi-bin/soligo.pl). BLAST program (https://blast.ncbi.nim.nih.gov/Blast.cgi) was used to assess potential
off-target effect. The ODNs were synthesized in Beijing Genomics Institution (BGI). Three bases at both 5’ and 3’ end of S-ODN and AS-
ODN were phosphorothioate-modified to maintain stability. The sequences of S-ODNs and AS-ODNs were listed in Table S3. ODN
treatment of stigmas followed the methods of the stigma feeding assays*’**® with some modifications. Stigmas of just open flowers
were excised at the style 1 mm away from the top, inserted in PGM containing the S- or AS-ODN and treated for 1 hour. Two hours
after pollination, stigmas were subjected to aniline blue assay for observation of pollen and pollen tube growth through microscopy.

Stigmatic ROS detection

Probe 2',7'-Dichlorodihydrofluorescein diacetate (Ho,DCFDA), dihydroethidium (DHE), hydroxyphenyl fluorescein (HPF) are
commonly used for ROS detection.®:28:40:41:95-98 Thege three ROS probes (Key resources table) were used to get consistent con-
clusions about ROS status. If not specified, HoDCFDA was used for ROS staining. Protocol for stigmatic ROS staining using
H,DCFDA followed that of ovular ROS staining.?® Stigmas were soaked in MES-KCI buffer (MES 10 mM, KCI 5 uM, CaCl, 50 uM,
pH 6.15) for 30 min, stained with 50 uM H,DCFDA for 1-2 hours, then washed at least 3 times before observation. This minimized
signal variations due to dye accessibility issues. Staining conditions for DHE and HPF were similar as above described with the
following modifications: DHE was used at 20 uM in Tris-HCI buffer (10 mM Tris, pH 7.5) for 1 hour; HPF was used at 10 uM in
0.2 M PBS buffer (pH 6.1) for 2 hours. Comparable results were obtained in experiments tested with all three dyes, providing con-
fidence for the observed changes in ROS levels.

A Nikon Eclipse Ni and equipped with a DS-Ri2 digital camera was used for imaging. HoDCFDA and HPF were observed under
eGFP epifluorescence (Ex470-440, DM4951p, BA525/550). DHE were observed under eRFP epifluorescence (EX 560/540,
DM590, BA5901p). If not specified, the exposure times for all comparative samples were exactly the same within one experiment.
Between different experiments, exposure times were similar (e.g., between 800 ms to 900 ms under the 4x objective lens). Imaged
was used to quantify the average signal intensity in regions of interest (usually the whole stigma). Average ROS signals in control stig-
mas were set at 1 for comparative analyses.

NADPH-oxidase activity test

Stigmas were treated with the corresponding chemicals, S- or AS-ODNs, or pollination as indicated. For samples involving pollina-
tion, unpollinated or stigmas at 5, 10, 15 min after self- or cross-pollination were washed 6 times in 1.5 mL microfuge tubes with the
MES-KCI buffer, i.e., the same buffer for stigma ROS staining, before frozen in liquid N,. NADPH-oxidase activity was measured
following the instructions (mlbio). In brief, 0.05 g stigma tissue (~100 stigmas) was ground in liquid nitrogen, extracted in buffer
(0.2 M NaH,PO4, 0.2 M Na,HPO4, pH7.2), and centrifuged at 3000 rpm for 20 min at 4°C. The crude extracts were used to measure
NADPH-oxidase activity spectrophotometrically at 340 nm using FAD and NADPH as substrates.

RNA isolation, cDNA synthesis and quantitative RT-qPCR

Total RNA was extracted by the Plant total RNA extraction kit (TIANGEN, Beijing, China). Briefly, thirty stigmas were homogenized in
500 pL lysis buffer with a RNase-free pestle in a microtube. The mix were vortexed for 30S, centrifuged at 12000 rpm for 10 min at
4°C. The supernatant was carefully transferred to a new centrifuge tube without disturbing the interphase and equal volume 70%
ethanol was added into supernatant to precipitate the RNA. The RNA solution was then loaded onto an isolation column for RNA pu-
rification. The pellet was washed twice, followed by a DNase | (TAKARA) digest step to remove genomic DNA contamination. Finally,

e3 Current Biology 317, 1-13.e1-e4, July 26, 2021


https://sfold.wadsworth.org/cgi-bin/soligo.pl
https://blast.ncbi.nlm.nih.gov/Blast.cgi

Please cite this article in press as: Zhang et al., FERONIA receptor kinase-regulated reactive oxygen species mediate self-incompatibility in Brassica
rapa, Current Biology (2021), https://doi.org/10.1016/j.cub.2021.04.060

Current Biology ¢? CellP’ress

total RNA was eluted by RNase free ddH,0. The quality was assessed by 1% agarose gel electrophoresis and the quantification was
performed using a Nanodrop 2000C (Thermo Scientific) spectrophotometer. cDNA synthesis was performed using a cDNA reverse
transcript kit (Vazyme, Nanjing, China) according the manufactural instructions.

For RT-gPCR, the 20 pL reaction mixture was set up as follow: 2 x ChamQ SYBR gqPCR Master Mix (Vazyme) 10 uL, cDNA 0.4 pL,
gene specific primes 0.4 ul+0.4 ul, RNase free ddH,0 8.8 L. The sequence of each primer used in this study was subjected to primer
blast (NCBI) to ensure the specificity to the target gene. The specificity of the amplicons was further confirmed by the melt curves,
which only showed a single peak. PCR was performed in a gTOWER® gPCR machine (Analytikjena, Germany) followed the parameter
setting: 95°C for 30's, 95°C for 10's, 60°C for 22 s, 40 cycles. 222Ct method was used to analyze the expression level of each gene.
BrACTIN 2 or AtACTIN2 were used as the internal control.

Molecular cloning and infiltration with Agrobacteria

Full length CDS for BrRbohF, BrRbohD1, BrRbohD2, and BrRbohl were amplified with gene specific primers (Key resources table)
using Phanta Max Super-Fidelity DNA Polymerase (Vazyme). PCR reaction included heat activation at 95°C for 3 min, denaturation at
95°C, for 15 s, annealing at 60°C for 15 s, extension at 72°C for 3 min and final extension at 72°C for 5 min, 35 cycles. After purification
using the PCR product purification Kit (Magen), the DNA fragments were ligated to a GFP-fusion pCambia1300 vector.?® The recom-
binant vector with the target DNA fragment was transformed into Agrobacterium tumefaciens LBA4404%° via electric pulse-mediated
method. For infiltration,®” the agrobacteria cells were spin down at 4000 rpm for 10 min at 4°C. The pellet was resuspended to an
ODeoonm = 0.6 ininfiltration buffer (10 mM MES, 10 mM MgCl,, 0.5% glucose, pH = 6.5). Before infiltration, acetosyringone was added
to a final concentration of 100 pM. Leaves from 5-6 week-old tobacco plants (Nicotiana benthamiana) were infiltrated using a 1 mL
syringe. Two days after infiltration, the leaves were either microscopically observed or used for protein isolation.

Recombinant Protein expression and Purification, pull down assay

The cDNA encoding the N-terminal of BrRbohF protein (BrRbohF-N, 1-345aa) were constructed into the PET-32a vector for His-tag
fusion and expressed in E. coli BL21. Full-length cDNA fragment of BrROP2 was constructed into the PGEX-4T-1 vector for GST-tag
fusion and expressed in E. coli BL21. The cDNA encoding the N-terminal of BrFER1 protein (BrFER1-N, 1-788 aa) were constructed
into the pCXSN-56 vector for Myc-tag fusion and expressed in tobacco leaves by infiltration with Agrobacteria following the proced-
ure described as above. For each expression vector, the insertion was confirmed using PCR and enzyme digestion, and sequence
accuracy confirmed by Sanger sequencing. Full list of primers for RT-gPCR and for molecular clone was shown in Table S4.

For protein expression and purification, 100-200 mg tobacco leaves containing BrFER1-myc were grinded in liquid nitrogen, mixed
in 1 mL extraction buffer in a 1.5 mL centrifuge tube and stayed on ice for 20 min. After centrifuge at 12000 rpm for 15 min at 4°C, the
supernatant was transferred into a new centrifuge tube as total protein. BL21 cells containing BrROP2-GST or BrRbohF-N were
induced using 1 mM IPTG at 37°C. The cells were spin down and the precipitate was resuspended with 5 mL PBS (140 mM
NaCl, 2 mM KCI, 2 mM KH2PO4, 10 mM Na2HPO4-7H20). After sonication (SCIENTZ JY92-lIN, China, voltage 220V, power
650W), the protein was purified by GSH-beads (BEAVER) or TALON beads (Clontech) as needed. The eluted proteins were electro-
phoresis separated by 10% SDS-PAGE and detected by the corresponding anti-body after western blot.

For pulldown assays, 50 pg purified protein was added to 50 uL of pre-washed GST magnetic beads (BEAVER) and incubated for 2h at
RT. The beads were washed for 4 times, 5 min each time. The magnetic beads were mixed with 50 uL. PBS with the SDS loading buffer
and boiled for 5 min. After western blot, the protein was detected with the primary antibody (anti-GST/His/MYC antibody, 1:5000 in 5%
milk, Abmart) and HRP conjugated secondary antibody (1:10000 in 5% milk, Abmart). The membrane was wash three times with TBST at
5 min interval and subjected to HRP detection kit (Vazyme) analysis with chemiluminescence imaging system (TIAN NENG, Beijing).

For Yeast two hybrid, full-length cDNA of BrROP2 and the cDNA encoding the N-terminal of BrRbohF protein (BrRbohF-N, 1-387
aa) or the C-terminal of BrRbohF (BrRbohF-C, 767-949 aa) were constructed into pGADT7 vector and pGBKT7 vector,'’° respec-
tively. For Y2H, set up the following reaction: 100 uL Y,HGlod competent cells (TransGen Biotech), 2 ng BD plasmid, 10 pL pre-
treated Carrier DNA and 500 uL PEG/LiAc, mixed well. After heat shock treatment in the water bath at 42°C for 30 min, the cells
were resuspended in 0.5 mL of sterile 0.9% NaCl and 100 pl cells were coated on SD/-Leu/-Trp agar plate for 2 days or SD/-
Leu/-Trp/-His/-Ade plates and incubated at 30°C for 4 days. Pick several colonies from SD/-Leu/-Trp agar plate, streak on SD/-
Leu/-Trp/-His/-Ade X-a-Gal agar plates, incubate at 30°C for days.

QUANTIFICATION AND STATISTICAL ANALYSIS

Bar graphs with dots were generated in Prism, bar graphs without dots were generated in Excel. Unless otherwise indicated, bar graphs
or line graphs denote the mean, +/— s.d for all stigmatic ROS data, and + sem for all the pollen tube growth data. Dots indicate each data
point. n denotes the numbers of stigmas. Asterisks or n.s. directly above the data bars indicate significant difference (two-tailed t test,
*p < 0.05, **p < 0.01) or no significant difference compared with the data bar on the far left, while ** or n.s. above the brackets show com-
parisons between the data bars as indicated. Each experiment was repeated at least three times with consistent results. Full information
regarding the statistical analyses used in this study is shown in the legend of Figure 1 and also briefly mentioned in each figure legend.
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