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Flowering plants have evolved numerous intraspecific and interspecific prezygotic
reproductive barriers to prevent production of unfavourable offspring’. Within a
species, self-incompatibility (SI) is a widely utilized mechanism that rejects self-pollen*?
to avoid inbreeding depression. Interspecific barriers restrain breeding between
species and often follow the Sl x self-compatible (SC) rule, that is, interspecific pollen
is unilaterally incompatible (UI) on Sl pistils but unilaterally compatible (UC) on

SC pistils** . The molecular mechanisms underlying S, Ul, SC and UC and their
interconnectionsin the Brassicaceae remain unclear. Here we demonstrate that the
SIpollen determinant S-locus cysteine-rich protein/S-locus protein 11 (SCR/SP11)*?
orasignal from Ul pollen binds to the Sl female determinant S-locus receptor kinase
(SRK)*?, recruits FERONIA (FER)”® and activates FER-mediated reactive oxygen
species production in SIstigmas'®! to reject incompatible pollen. For compatible
responses, diverged pollen coat protein B-class”?** from SC and UC pollen differentially
trigger nitric oxide, nitrosate FER to suppress reactive oxygen species in SC stigmas to
facilitate pollen growth in anintraspecies-preferential manner, maintaining species
integrity. Our results show that SRK and FER integrate mechanisms underlying
intraspecificand interspecific barriers and offer paths to achieve distant breeding in

Brassicaceae crops.

In flowering plants, prezygotic reproductive barriers may occur at
one or more check points before fertilization to prevent production
of unfavourable offspring'. In nature, the stigma of an open flower is
exposed to pollen from its own species, closely and distantly related
interspecies, therefore must respond accordingly. Within aspecies, SI
is widely utilized as a mechanism to avoid inbreeding depression and
promote hybrid vigour by rejecting self-pollen and accepting intraspe-
cific cross-compatible (CP) pollen?*?. Between species, interspecific
incompatibility maintains species integrity and often follows the SIx SC
rule, thatis, interspecific pollenis Ul on Sl pistils but UC on SC pistils**™®.
Sofar, littleisknown about the molecular mechanisms regulating these
compatibility systems and their interconnections in the Brassicaceae.

In Brassicaceae SI, self-pollenis recognized by the ligand-receptor
interaction betweenthe pollen-expressed SCR/SP11anditsreceptor, the
stigma-expressed, plasma membrane-localized SRK>?. This activates
two downstream positive regulators of SI, the M-locus protein kinase
(MLPK)®and ARM-repeat containing 1 (ARC1) E3 ubiquitin ligase'. How

MLPK functions remains unclear>>”. ARC1 targets compatible factors
such as the exocyst component EXO70A1 for degradation, blocking
pollen hydration®'*'8, We discovered that the female fertility regula-
tor FER receptor kinase”® maintains a stigmatic gate in Arabidopsis
thaliana" and has a dual role in rejecting SI pollen and facilitating SC
pollen germination in Brassica rapa*®* by signalling a rapid elevation
of stigmaticreactive oxygen species (ROS) orits decline, respectively.

SRK controls rejection of Ul pollen

Wefirst characterized pollen-induced responses during SI, SC, Ul or UC
pollinationin B.rapa and A. thaliana stigmas by depositing pollen from
B.rapa, closely related interspecific Brassica oleracea, more distant
intergeneric Barbarea vulgaris and A. thaliana"* (Fig.1a). Of particu-
lar interest is crosses involving B. vulgaris owing to its high resistance
to fungal and insect pathogens®?, but intergeneric barriers prevent
introgression of its desirable traits into Brassica crops.
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Fig.1|SRK controlsstigmaticROSinSItorejectintraspecificand
interspecific pollen. a, Open flowers and phylogenetic tree for Brassicaceae
species from maximum likelihood analysis using internal transcribed spacer
sequences. Distantly related Cochlearia danica served as an outgroup. Scale
bar, mean number of nucleotide substitutions per site. b, Aniline blue staining
showingintraspecificand interspecific pollen growth in mature and bud-stage
B. rapastigmas. ¢, H,DCFDA staining of ROS in unpollinated (UP) or pollinated
B.rapastigmas.d,e, Relaxed Sland Ulin AS-BrSRK46-treated B. rapa S, stigmas
(d) and stigmas from SRK-defective B. rapa, BrSRK*™ (e).f,g, Intraspecificand

We used B. rapa var. pekinensis, an economically important vegetable
crop also called heading Chinese cabbage, as a representative Sl spe-
cies for pollen-induced responses on the stigma. A hallmark of Slin
Brassicaceae is that its strength is developmentally regulated, due to
the progressive increase in the amount of SRK accumulation from bud
stage to maturity” (Extended DataFig. 1a). Compared with extensive CP
pollen tube penetration into mature B. rapa stigmas, Sl and interspe-
cific pollen were severely inhibited (Fig. 1b and Extended Data Fig. 1b).
Bud-stage B. rapa stigmas were comparably well penetrated by both SI
and B.oleraceapollen, reflecting the involvement of an SRK-mediated
mechanismin Ul, mimicking SI. However, they remained impenetrable
by B.vulgarisand A. thaliana pollen (Fig.1b and Extended Data Fig. 1b),
anditislikely thateventhelowlevel of SRKin bud-stage B. rapa stigmas
isenough to reject intergeneric pollen.

Giventhatthe profile of SRK expression aligns with that of ROS accu-
mulation’®, we examined whether stigmatic redox status has a crucial
rolein the Ul response. Like the SI-induced stigmatic ROS increase'®"
but contrary to CP-induced ROS decline, Ul pollen stimulated notable
ROS increase in mature B. rapa stigmas. Bud-stage stigma ROS was
reduced by B. oleracea pollen but was increased by B. vulgaris and
A. thaliana pollen by 10 min after pollination (Fig. 1c and Extended
DataFig. 1c,d). Furthermore, sequestrating ROS by sodium salicylate
(Na-SA)****not only broke the barrier for B. oleracea pollen on mature
B.rapastigmas butalso the barrier for B. vulgaris pollen on bud-stage
stigmas (Extended Data Fig. 1e-g). Together, these results support Ul
pollen-induced ROS being essential for their rejection on Sl stigmas.

Next, we tested whether SRK, in addition to rejecting Sl pollen, also
underlies the Ul response. Treating S, B. rapa with AS-BrSRK46 (anti-
sense oligodeoxyribonucleotide (AS-ODN) that specifically suppresses
BrSRK46)%°, allowed the penetration of B. oleracea pollen tubes into
mature stigmas and B. vulgaris pollen tubes into bud-stage stigmas,
consistent with ROS reduction (Fig. 1d and Extended Data Fig. 2a-d).
Moreover, ‘B. rapafast plant self-compatible (FPsc)’ expresses a trans-
membrane domain-deleted SRK, hereafter named BrSRK*™, failed
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interspecific pollen (f) and ROS responses (g) in stigmas from SC A. thaliana,
thatis, wild type (WT), and stigmas from SI A. thaliana expressing A. halleri S,
genes (A. tha-S;;). The valuesin the b-gimages, shown as average +s.d.,
indicate average number of pollentubesin the stigma (b,d,e,f) and average
ROS intensity (c,g). The same dataare also presented in box plots withall data
points (Extended DataFigs. 1, 2).Scalebars, 0.5 cm (a), 500 pum (b-e) and

200 pm (f,g). Eachexperiment was repeated at least three times with
consistentresults.

to respond with Sl and Ul pollen-triggered ROS increase and showed
compromised rejection of Sland Ul pollen (Fig. 1e and Extended Data
Fig. 2e-j). Together, these results clearly demonstrate that SRK not
only controls Slbut also therejection of interspecificand intergeneric
pollen.

Furthermore, A. thaliana, a typical SC Brassicaceae with loss-of-
function mutations or complete deletions of the SRK and/or SCR
genes®?*?, allowed pollen penetration from A. thaliana, B. rapa,
B.oleracea and B. vulgaris, and showed stigmatic ROS reduction after
pollination. However, transgenic A. thaliana expressing SP11/SCR, SRK
and ARC1 from the A. halleri of S, (referred to as A. tha-S; hereafter),
which recapitulates SI?%, strongly inhibited interspecific pollen and
rapidly increased stigmatic ROS (Fig. 1f,g and Extended Data Fig. 2k-m).
In addition, B. oleracea S, pollen was similarly rejected by B. rapa
stigmas of several different S-haplotypes (Extended Data Fig. 2n),
suggesting that SRK variations do not differ in their function in UL
Together, these results demonstrated unambiguously that SRK and
SRK-dependent high stigmatic ROS levels positively correlate with the
rejection of Ul pollen, similar to the Sl response.

Uland Sl activate SRK-FER-regulated ROS

Given the role of FER in regulating ROS®*%, we suppressed BrFERI in
B.rapastigmas by AS-ODN or crossed fer-4 mutant into Sl Arabidopsis,
and observed effective inhibition of Sland Ul pollen-triggered stigmatic
ROSincrease, and marked Sland Ul breakdown (Fig. 2a,b and Extended
Data Fig. 3a-g). Suppressing BrANJEA1 (BrANJ1), which complexes
with FER™, or BrRBOHF, which produces ROS™, also severely inhibited
ROS increase and compromised Sl and Ul pollen rejection (Extended
Data Figs. 3h-1and 4). Furthermore, yeast two-hybrid, bimolecular
fluorescent complementation (Extended Data Fig. 5a,b) and protein
pull-down assays demonstrated that BrSRK46 interacted with BrFER1
(Fig.2c,d). Furthermore, protein extracts from Sland Ul pollen, and SI
determinant BrSCR46, markedly augmented BrSRK46-HA pulled down
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Fig.2|Uland SIconverge onstigmatic ROS activation for pollenrejection
viathe SRK-FER interaction. a,b, Treating B. rapa stigmas with AS-BrFER1
or crossingfer-4into Sl A. thaliana stigmas, S,/fer-4, relaxed Sland UL. The
valuesinthea,bimages, shownasaverage+s.d., indicate average number

of pollentubesinthe stigma. The same dataare also presented in box plots
with all data points (Extended DataFig. 3). c-e, Pull-down (pd) (c,d) and
co-immunoprecipitation (co-IP) (e) assays showing protein extracts from SI
and Ul pollen. BrSCR46 augmented the BrSRK46-BrFER1 interaction. The
proteinsamples were derived from the same experiment and the blots were
processed in parallel (c-e). For gel source data, see Supplementary Fig.1. Scale
bars, 500 pm (a) and 200 pm (b). Each experiment was repeated at least three
times with consistent results.

by MBP-BrFER1 (kinase domain (KD)), whereas CP pollen extracts and
BrSCR12 had no effect (Fig. 2c,d and Extended Data Fig. 5c-f). Moreover,
when co-expressedintobacco leaves, BrSCR46 enhanced BrFER1-MYC
co-immunoprecipitation with BrSRK46-HA and ROS production in
tobacco leaves (Fig. 2e and Extended Data Fig. 5g-i). Together, these
results suggest that SCR from Sl pollen?? and an unknown signal from Ul
pollentrigger SRK-dependent activation of FER-regulated ROS produc-
tion by boosting SRK-FER interaction toreject theincompatible pollen.

We then explored how the FER-ROS signalling pathway might con-
nect with known SRK signalling™ 8, Suppressing BrMLPK and BrARC1 by
AS-ODN allowed the penetration of Sl as well as B. oleracea pollen tubes
inmature B. rapa stigmas (Extended Data Fig. 6a-d). However, although
AS-BrMLPK inhibited Sl and Ul-triggered ROS increase, AS-BrARC1
did not (Extended Data Fig. 6e,f). Together, these results suggest that
after SRK senses Sland Ul pollen, it activates two parallel intracellular
signalling pathways: the FER to ROS pathway that mediates pollen
rejection, possibly involving MLPK, and the ARC1-mediated pathway
for the degradation of compatible factors required for pollen growth.

FER and PCP-Bs favour SC over UC pollen

We used A. thaliana for pollen-induced responses on SC stigmas.
Although pollen tubes from B. rapa, B. oleracea or B. vulgaris all pen-
etrated A. thaliana stigmas by 6 h after pollination (HAP) (Fig. 1f),
UC pollen tubes were much shorter than SC pollen tubes when examined
earlier (1HAP) (Fig. 3a), suggesting amore stringent barrier for UC pol-
len. We determined that FER has animportant role in suppressing UC
polleninA. thaliana stigma as B. rapa pollen hydrated considerably
faster and their tubes were much longer in fer-4 stigmas than those in
wild type by 1.5HAP (Fig. 3b). Moreover, simultaneous deposition of A.
thaliana with B. rapa pollen, or A. thaliana with B. oleracea pollen on
the same A. thaliana stigma showed a notable reduction in stigmatic
barrier strength in fer and rbohd stigmas (Fig. 3c and Extended Data
Fig. 7a-c). UC pollen was also slower than SC pollen in inducing ROS
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Fig.3|Species-preferential interactionbetween PCP-Bs and FER maintains
interspeciesbarrier.a, InA. thalianastigmas, A. thaliana pollen tubes were
longer thanthose of B. rapa, B. oleracea and B. vulgaris at 1HAP. b, Faster hydration
and growth of B. rapa pollen on A. thaliana fer-4 stigmas. The orange plots
indicate relative pollen width and the blue plotsindicate pollen tube length.
Theequatorial diameter of a pollengrain, indicated by white dashed lines, was
measured inImage] for pollen width. ¢, Relaxed interspecies barrier in fer-4
stigmas. Ratios of pollen tube lengthinintraspecies and interspecific crosses
areused asameasure for barrier strength. Ina-c, thearrowsindicate pollen
tube front.d,e, Species-preferential ROS reductionin A. thaliana stigmas by
pollen (d) and PCP-Bs (e) fromintraspecies and interspecies. f, Pull-down assay
showing AtPCP-By competed dose-dependently with GST-BrPCP-B3 for

interaction with A¢FER (ED)-FLAG. The protein samples were derived from the
same experimentand the blots were processed in parallel (f). For gel source
data, see SupplementaryFig.1.Scale bars,200 pm (a-e) and 20 pm (pollenin
b).Forbox plots (a-e), the centre line indicates the median, the box limits
denote the lower and upper quartiles, the dotsindicate individual data points,
and the whiskers denote the highest and lowest data points. Pvalues were
determined by two-tailed Student t-tests. n (in blue) indicates the number of
stigmas or pollen grains. Inf, for the data bar, average + s.d.is shown; average
intensities from three biological replicates of the blot are represented on the
left (two-tailed t-test, n=3). Each experiment was repeated at least three times
with consistentresults.
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Fig.4|Compatible pollinationinduces NO to suppress FER-mediated ROS
production. a, DAF-FM DA staining of pollination-induced NO responses and
pollenhydrationin A. thaliana stigmas. The equatorial diameter of a pollen
grain, indicated by white dashed lines, was measured in Image]J for pollen
width. b,c, Species-preferential elevation of NO in A. thaliana stigmas.

d,e, FER-dependent NO elevationin A. thaliana stigmas induced by pollen (d)
and AtPCP-By (e). The valuesinthe a-eimages, shown as average +s.d., indicate
average NO intensity (a-e) and equatorial diameter of pollen grains (a). The
same dataare also presented in box plots with all data points (Extended Data
Fig.8).f,g, Nitrosation of FER. BrFER1was nitrosated in vitro by the NO donor
GSNO (f), and AtFER-GFP from transformed A. thaliana stigmas was nitrosated
invivo by SC pollination (g). h,i, Pull-down assays showing that nitrosation

of FERinvitro (h) and by pollination (i) reduced itsinteraction with the
downstream ROP2 signalling module. The protein samples were derived from
the same experiment and the blots were processed in parallel (f-i). For gel
sourcedata, see Supplementary Fig.1.Scale bars, 200 pm (a-e) and 50 pm
(pollenina).Forboxplots (b,c), the centrelineindicates the median, the box
limits denote the lower and upper quartiles, the dots indicate individual data
points, and the whiskers denote the highest and lowest data points. n (in blue)
indicates the number of stigmas or pollen grains. Pvalues were determined by
two-tailed Student t-tests. Each experiment was repeated at least three times
with consistentresults.

decline (Fig. 3d), consistent with FER-mediated ROS functioning as a
barrier in SC stigmas to discriminate against interspecific pollen for
speciesintegrity.

Pollen coat proteins B-class (PCP-Bs) are highly polymorphic
cysteine-rich peptides that are widespread in the Brassicaceae
(Extended Data Fig. 7d,e) and are important for pollen hydration'> ™,
InA. thaliana, PCP-By binds to FER and reduces stigmatic ROS to allow
pollen growth™. We therefore examined the efficacy of PCP-Bs from
different speciesinsuppressing ROS. On A. thaliana stigmas, AtPCP-By
induced amarked reduction of ROS asearly as 5 min after treatment, but
BrPCP-B3 (ref.'?) reduced ROS to comparable levels only by 60 min after
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treatment. Reciprocally, B. rapa stigma ROS responded to BrPCP-B3
earlier than A. thaliana stigmas (Fig. 3e and Extended Data Fig. 7f,g).
Moreover, species-specific PCP-B-induced ROS suppression was reca-
pitulated in Arabidopsis roots, which also express FER? (Extended Data
Fig. 7h,i), thus providing further support. Pull-down assays showed
that AtPCP-By competed dose-dependently with BrPCP-B3, but not
vice versa, for interaction with the AtFER extracellular domain (ED)
(Fig.3fand Extended DataFig. 7j). Together, these results suggest that
the species-specific match between PCP-Bs and FERisimportantfora
rapid compatibility response and serves as an interspecific barrier to
favour intraspecific pollen for fertilization.



Compatible polleninduced-NO reduces ROS

As signalling of ROS and nitric oxide (NO) is intimately engaged*’,
we investigated whether NO regulates stigmatic ROS during SC and
UC responses. In A. thaliana stigmas, NO levels increased rapidly, as
early as2 min after pollination with SC pollen, reaching a maximum by
5 min after pollination, and declined sharply to pre-pollination level,
paralleling that of pollen hydration (Fig. 4a, upper panel, and Extended
Data Fig. 8a,b). However, B. rapa pollen and BrPCP-B3 were notably
slower than A. thaliana pollen and AtPCP-By, respectively, in stimulat-
ingNOinA. thalianastigmas (Fig.4b,c). Furthermore, unlike wild type,
fer-4 stigma NO was non-responsive to SC pollination and A¢PCP-By
treatment (Fig. 4d,e and Extended Data Fig. 8c,d). Species-preferential
PCP-B-induced NO increase was also recapitulated in roots (Extended
DataFig.8e-g). Theintraspecific and interspecific pollen and respective
PCP-B-induced differential NO increases (Fig. 4b,c) were opposite to
theirinduced changesinROS (Fig.3d,e), revealing aninverse functional
relationship between NO and ROS in discriminating against interspecific
compatible pollen.

Additional observations further supported therole of NOinregulating
stigmatic ROS and pollen growth. Scavenging A. thaliana stigmaNO by
cPTIO* suppressed SC-induced NO increase and ROS reduction and
prevented SC pollen growth (Extended Data Fig. 8h,i). Pollination
experiments carried outin NO-deficient®3*and NO-overaccumulating™
mutants similarly supported the importance of NO involvement
(Extended Data Fig. 8j-p). Furthermore, in B. rapa, stigmatic NO
responded similarly, stimulated by SC but not by SI or Ul pollen
(Extended Data Fig. 9a,b). Scavenging or increasing NO by cPTIO or
S-nitrosoglutathione (GSNO), respectively, also induced opposite
changes in ROS and pollen growth in B. rapa stigmas (Extended Data
Fig.9c-h). Theseresults established firmly that NOis specifically induced
in stigmas by compatible pollen for ROS reduction and pollen growth.

NO nitrosates FER in compatible response

A major bioactivity of NO is S-nitrosation of specific cysteinesin many
proteins®**¥, Given the role of FER and RBOHs examined here (Extended
DataFigs.3and4), they could be targets for nitrosation. A tandem mass
tag-switch analysis®*® of GSNO-treated MBP-BrFER1 showed nitrosa-
tion of Cys730, and Cys752inthe KD, which are conserved among FERs
from many Brassicaceae species (Fig. 4f and Extended Data Fig. 9i-1).
AtFER-GFP in transformed A. thaliana stigmas®* was also nitrosated
after SC pollination (Fig. 4g), suggesting that nitrosation of FER has
important roles during the compatible response.

Nitrosation of proteins may affect their stability, biochemical proper-
tiesand interaction with other proteins®*. GSNO-treated BrFER1 (KD)
andaCys730Trp (BrFERC730W) conversion, whichmimicsnitrosation*°,
both showed compromised interaction with its downstream BrROP2
signalling complex (Fig. 4h and Extended Data Fig. 9m,n). We also
observed substantial reduction in AtFER-GFP pulled down by AtROP2in
A.thaliana stigmas with SC pollen (Fig. 4i). Moreover, stigma-expressed
RBOHSs were also nitrosated in vitro and by pollination (Extended
Data Fig. 90-t), similar to immunity signalling-induced nitrosation.
Together, these results indicate that stigmatic ROS decline is a con-
sequence of compatible pollination-stimulated NO, nitrosating FER
to inactivate downstream RAC/ROP-regulated RBOH-dependent
ROS production, and the already produced RBOHs to rapidly quell
ROS-producing activity in stigmas.

Breaking the barrier for distant breeding

Having established the mechanisms underlying the interspecific bar-
rier at the stigma, we next explored to what extent breaking the bar-
rier might promote distant breeding. We treated B. rapa pistils with
Na-SA toreduce the levels of ROS and GSNO to increase NO levels, or

AS-ODNstodisrupt the BrSRK-BrFER interaction and BrFER-to-BrRBOH
signalling, then pollinated them with Sland Ul pollen. By 12 days after
pollination, SI B. rapa pollen, B. oleracea pollen and B. vulgaris pol-
len all resulted in enlarged ovules with developing embryos in these
treated pistils (Fig. 5a,b and Extended Data Fig.10). Additional barriers
beyond the stigmamust have precluded robust cross-fertilization and
hampered hybrid embryo development (Fig. 5a,b and Extended Data
Fig.10). Combining the strategies used here with embryo rescue, an
invitro culture technique widely utilized in distant breeding*, should
allow successful development of interspecific hybrid embryos into
viable plants.

Discussion

Upon pollination, pollen and stigma engage in a series of communica-
tions to facilitate growth of desirable pollen and discourage invaders
and less desirable pollen'. Exploring SI, Ul, SC and UC together in one
study, we demonstrate how the interplay betweentwo receptorkinases,
SRK and FER, provides the capacity to perceive different pollen signals
to fine tune the stigmatic redox conditions and determine acceptance
orrejection of pollen fromintraspecies or sympatricinterspecies with
similar flowering time. As summarized in our working model (Fig. 5¢c),
we demonstrate how incompatible signals from Sland Ul pollen acti-
vate FER-mediated ROS production for pollenrejection in Sl stigmas,
functioning in parallel with ARC1-mediated processes?. We also dem-
onstrate how the species-preferential interaction of PCP-Bs and FER
leads to interspecific barriers in SC stigmas.

The Brassicaceae includes many important vegetable and oil crops.
Breeding within a speciesis far from maximizing hybrid vigour owing
to the relatively narrow genetic diversity. Breeding between species
enrichesgermplasmresourcesbutisrestricted by interspecific barriers,
rendering distant breeding with slim chances of success. Achieving
interspecific and intergeneric fertilization here by breaking the stig-
maticbarrierinB.rapa,inparticular the production of hybrid embryos
with the fungal-resistant and insect-resistant B. vulgaris** (Fig. 5a,b),
represents a remarkable feat and major breakthrough, enabling
introgression of desirable traits into crops from distant species.
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Methods

Plant materials and growth conditions

Stigmas from B. rapa var. pekinensis, also known as heading Chinese
cabbage, and A. thaliana were mostly used for pollination responses. For
interactions on SIstigmas, B. rapa stigmas fromadouble haploid line of S,
were pollinated with pollenfromB.rapa S, or S;,as Slor CP pollinations,
orpollenfromB.oleracea (S,;), B. vulgaris (SC) and A. thaliana (SC) as Ul
pollinations. For interactions on SC stigmas, a variety FPsc with a defec-
tiveallele of SRK thatlacks the coding sequence for the transmembrane
domainand SCA. thaliana were used. B. rapa stigmas from S, S1, So, S40
and S,; were pollinated with B. oleracea (S,¢) for haplotype-dependent
analysis. TransgenicSIA. thaliana®, pAtFER::AtFER-GFP* plants, homozy-
gous fer-4 (GK-106A06, GABI-Kat)?, srn (the y-ray mutant)*, hot5-4
(FLAG_298F11, Versailles Genomic Resource Centre)®, noal (CS6511)°,
rbohd-3 (Salk_070610C)" and rbohd-4 (CS9555)"° mutants and their
corresponding wild-type plants Col-0, C24 or WS have been previously
described. Transgenic plants pAtFER::GFP-AtRBOHD were generated by
the Agrobacterium tumefaciens-mediated floral dip method*. S,;/fer-4was
generated by crossing fer-4 mutantinto Sl Arabidopsis (S,; of A. halleri);/
indicates that these two genetic modifications are in the same Arabidopsis
plant.

Seeds of B. rapa, B. oleracea and B. vulgaris were germinated in
pottedsoil (Pindstrupsubstrate, Denmark). Vernalizationwas performed
inagrowth chamber with 10 °C-5°C, 14 h-10 hlight-dark cycles, and
light intensity of 100 mmol m™2s™. After 1 month of cold treatment
for 1-week-old B. rapa, and 3 months for 7-8 leaf stage B. oleracea and
B.vulgaris plants, these plants were planted in soil under greenhouse
conditions with 25 °C-15 °C,16 h-8 hlight-dark cycles, and light inten-
sity of300 mmol m2s™.Seeds of A. thaliana and Nicotiana benthamiana
were germinated and grew in potted soilinagreenhouseat22 °C,16-8 h
light-dark cycle with a relative humidity of 60%.

Statistical analysis

Datainvolving ROS, NO, pollen hydration and pollen tube length were
presented as box plots generated in GraphPad Prism v8.0.1. Unless
otherwise indicated, the centre line of box plots denotes the median,
the box limits denote the lower and upper quartiles, and the whiskers
denote the lowest and highest data points. Protein plots and quan-
titative PCR with reverse transcription (QRT-PCR) related data were
presented as data bars (average +s.d., n=3). Data involving changes
of stigmaNO over time after pollination were presented as aline chart
(average * s.d.; nindicates the number of stigmas). All statistics data
were labelled with the exact Pvalue, and dotsin databars and box plots
denoteindividual data points. Each experiment was repeated at least
three times with consistent results.

Stigma treatment and pollen growth observation

Compatibility was demonstrated by the number of pollen tubes that
had penetrated the stigma papilla cells. Stigma feeding assays followed
that of refs.'*, B. rapa flowers that have just opened but before anther
dehiscence, or bud-stage flowers were emasculated and cut at 3 mm
away from the stigmatic surface. Excised stigmas were inserted into
basic PGM (5 mM CaCl,, 5 mM KCl, 0.01% H,BO,, 1 mM MgSO0,*7H,0,
10% sucrose and 0.8% agarose, pH 7.5) or the treatment medium and
kept in achamber with constant temperature (22.5 °C) and humidity
(45%) for the indicated period of time (S-ODNs or AS-ODNs for 1 h;
Na-SA, GSNO and cPTIO for 6 h). Treated stigmas were transferred to
basic PGM medium and manually pollinated with similar amount of SI,
CP or various Ul pollen and maintained in the same condition for 6 h
orasindicated. Stigmas were then fixed in Canoy’s fixative (ethanol to
aceticacid 3:1), softenedin10 MNaOH, and stained in 0.1% aniline blue.
Pollen tubes were visualized by epifluorescence (Ex375-328, DM415
and BA351p) on a Nikon Eclipse Ni. Images were captured by a DS-Ri2
digital camera.

For in planta treatment, just open flowers, or bud-stage flowers, on
inflorescences of B. rapa plants were treated twice at a30-mininterval,
with S-ODN and AS-ODN, Na-SA, GSNO or the corresponding mock
solution, supplemented with 0.0125% Tween, then pollinated with a
similar amount of SI, CP, B. oleracea or B. vulgaris pollen. The number
of enlarged ovules was counted at 12 days after pollination. Embryo
clearing and observation followed that of ref. ** with modifications.
Enlarged ovules were cleared in Hoyer’s medium (7.5 g gum arabic,
100 g chloral hydrate, 5 ml glycerol and 60 ml H,O) for 5 days, then
observed under differential interference contrast on a Nikon Eclipse
Nimicroscope equipped with a DS-Ri2 digital camera.

The effect of chemicals or the mutation of stigma-expressed genes
onthe growth of intraspecific or interspecific pollen on SC A. thaliana
stigmas was demonstrated by the rate of pollen hydration or pollen
tubelength. SCA. thalianaflowers were emasculated at stage 12 (ref. *¢),
culturedin PGMfor 14 h, then pollinated with A. thalianapollen or B.rapa
pollen. For pollen hydration,images were taken at each time point after
pollinationunder differential interference contrast on aNikon Eclipse Ni
microscope equipped with a DS-Ri2 digital camera. The equatorial diam-
eters of pollen grains at various time points were measured in ImageJ
v1.53c. For pollentubelength, A. thaliana stigmas with A. thalianapollen,
B. rapa pollen or B. oleracea pollen were processed for aniline blue
staining at 1 or 1.5 HAP. In dual-pollination assays, A. thaliana WT
and fer-mutant pistils (or other mutant pistils) were simultaneously
pollinated with A. thaliana pollenonhalf and either B.rapa or B. oleracea
pollen on the other half of the same stigma, with a clear boundary in
between. Pollen growth from each half of the stigma was clearly con-
fined tothe corresponding half of the pistils and readily distinguishable.

ODN design and treatment

ODN design and treatment of stigmas followed that of ref. °. S-ODNs
and AS-ODNs were used to target the following genes (accession
numbers shown in Supplementary Table 1): BrSRK46, BrFER1 and
BrRBOHF. S-ODNs or AS-ODNs were designed based on Sfold (https://
sfold.wadsworth.org/cgi-bin/soligo.pl). The BLAST program (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) was used to assess potential off-target
effect. The ODNs were synthesized in the 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 Supplementary Table 2. Stigmas
were excised at the style 1 mm away from the top, inserted in PGM
containing the S-ODN or AS-ODN and treated for 1 h. Stigmas were
subjected to aniline blue assay at 6 HAP to observe pollen growth.

Staining of ROS and NO

For stigmatic ROS staining, B. rapa stigmas or A. thaliana stigmas, unpol-
linated or at 10 min after pollination with SI, CP or Ul pollen, were pre-
treated in MES buffer (10 mM MES, 5 pM KCl and 50 puM CacCl,, pH 6.15)
for 30 min, stained with 50 pM H,DCF-DA (2’,7’-dichlorofluorescein
diacetate; Sigma-Aldrich) for 30 min, respectively, then washed at
least three times in buffer before observation. For stigmatic NO stain-
ing, B. rapa stigmas or A. thaliana stigmas before or after pollination
were soaked in Tris buffer (10 mM Tris-HCl and 10 mM KClI, pH 7.5) for
30 min, stained with 20 pM DAF-FM DA (3-amino,4-aminomethyl-
2’,7’-difluorescein diacetate; Thermo Scientific) for 1 h, then washed
atleast three times in buffer before observation.

For treatments, stigmas were first soaked in MES buffer for 30 min,
then treated with S-ODNs or AS-ODNs, chemicals, peptides or pollen
extracts at indicated concentration and duration in MES buffer sup-
plemented with 0.0125% Tween 20. After washing three times in MES
buffer, treated stigmas were stained for ROS or NO as above described.

Forroot ROS or NO staining, 3-day-old A. thaliana seedlings or 2-day-
old B.rapaseedlings were soaked in the corresponding buffer for 30 min,
treated with 0.1 uM of AtPCP-By or BrPCP-B3 for the indicated period of
time, then stained with 50 pM H,DCF-DA or 20 uM DAF-FM DA for 1 h.
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Imaging was carried out under eGFP epifluorescence (Ex470-440,
DM4951p and BA525/550), using a Nikon Eclipse Niand equipped with
aDS-Ri2 digital camera. The exposure time for all comparative samples
were exactly the same within one experiment. Average ROS or NO signals
outlinedinthe dotted areawere measuredinImage] v1.53¢c; ROS or NO
in control stigmas were set at 1 for comparative analyses.

For comparison, stigmas were directly stained with the same con-
centrations of H,DCF-DA or DAF-FM DA for 10 min without buffer pre-
treatment, and imaged under a confocal microscope (Zeiss LSM880).
Changes of ROS and NO were consistent with those imaged under
wide-field fluorescence microscope. Wide-field observation, due toits
considerably high expedition to sample entire stigma specimens, was
used for the massive amount of datagathering required for this study.

For ROS staining of infiltrated tobacco leaves, agrobacterium cells
containing BrFER1-MYC, GFP-BrRBOHD2 and BrSRK46-HA were mixed
and infiltrated into tobacco leaves. Two days after infiltration, 10 pM
GST-BrSCR12 or GST-BrSCR46 were injected into the same leaf and
treated for10 min. Nitro blue tetrazolium (NBT) staining* was used to
detect ROS of theinfiltrated leaves. Theleaves were vacuuminfiltrated
with 5 mg mI™NBT (in10 mM sodium citrate, pH 7.0) for 40 minatroom
temperature. Leaves were then decolourized three times by boiling
in decolourized solution (95% ethanol to glycerine 3:1) for 10 min.
The images were captured by a digital camera and measured for ROS
intensity inImageJ v1.53c. For ROS staining of protoplasts, protoplasts
wereisolated from the aboveinfiltrated tobacco leaves co-expressing
BrFER1-MYC, GFP-BrRBOHD2 and BrSRK46-HA, following that of ref.
8_Protoplasts were then treated with buffer, BrSCR12 and BrSCR46,
respectively, for 15 min, before staining with 10 uM H,DCF-DA for
10 min. Protoplasts from tobacco leaves infiltrated with buffer were
stained for ROS as a control.

Enzymaticactivity of RBOHs

Stigmasbefore orafter pollinationor treatment were washed threetimes
with the MES buffer and then freezed in liquid N,. Enzymatic activity
of RBOHs was measured following the manufacturer’s instructions
(NanjingJCbio).Inbrief, approximately 0.05 g stigmatissue (approxi-
mately 100 stigmas) was ground in liquid N,, extracted in buffer (0.2 M
NaH,PO, and 0.2 M Na,HPO,, pH 7.2) and centrifuged at 4,000g for
20 min at 4 °C. The resulting supernatant was used to measure RBOH
activity spectrophotometrically at 340 nm using FAD and NADPH as
substrates. The result was shown as the average of three technical
replicates of one sample.

RNAisolation and qRT-PCR

Total RNA was extracted via the SteadyPure Universal RNA Extrac-
tion Kit (AG21017, Accurate Biotechnology) and reverse transcribed
with HiScript Il 1st Strand cDNA Synthesis Kit (Vazyme). qRT-PCR
was performed on a QuantStudio 3 system (Applied Biosystems) with
ChamQ SYBR qPCR Master Mix (Vazyme), using BrACTIN2 as internal
controls. Alist of gene-specific primers used for QRT-PCRis included
inSupplementary Table 3.

Molecular cloning

Forthe BrSRK46-HA or BrRBOHD2-GFP construct, sequences encoding
the full length of BrSRK46 or BrRBOHD2 were amplified from B. rapa
stigma cDNA using 2x Phanta Max Master Mix (Vazyme). The fragment
was cloned into the modified pCAMBIA1300 vector with a HA or GFP
tag using pEASY-Basic Seamless Cloning and Assembly Kit (TransGen
Biotech). For the GST fusion protein constructs, sequences encoding
BrPCP-B3 (residues1-76), BrSCR46 (residues1-78), BrSCR12 (residues
1-76), fulllength of BrROP2, C-terminal cytoplasmic region of BrRBOHD1
(CT; residues 758-923), BrRBOHD2 (CT; residues 614-904) and BrR-
BOHF (CT; residues 767-949) were amplified and clonedintoa pGEX-4T-1
vector. For the MBP fusion protein constructs, sequences encoding
ED of BrFERI1 (residues 14-420), KD of BrFER1 (residues 486-783),

mature AtPCP-By (residues 23-76) and AtROP2 were amplified and
clonedintoa pMAL-p2X vector. For the FLAG fusion protein construct,
the ED of AtFER (residues 29-446) and the KD of BrSRK46 (residues
448-860) were amplified and cloned into the pFLAG-CTS vector. For the
MYC fusion protein construct, BrFER1 (residues 1-788) was amplified
and cloned into pCXSNF. For the bimolecular fluorescent complemen-
tation constructs, the KD of BrSRK46 (residues 448-860) and BrFER1
(residues 486-783) were amplified and cloned into pDONR207 by the
Gateway BP reaction via Gateway BP Clonase Enzyme Mix (Invitrogen
Life Technologies) and cloned into the pEARLY GATE 201 vector or
PEARLY GATE 202 by the LR reaction via Gateway LR Clonase Enzyme
Mix (Invitrogen Life Technologies). For the yeast two-hybrid constructs,
the KD of BrSRK46 (residues 448-860) and the KD of BrFER1 (residues
486-783) were amplified and cloned into the pGADT7 or pGBKT7 vec-
tors. For MBP-BrFER1“*°Y (KD), the mutant fragment was amplified
from the MBP-BrFER1 (KD) vector with appropriate PCR primers using
the Fast Mutagenesis System (TransGen Biotech) according to the
manufacturer’s instructions. A list of gene-specific primers used for
the above constructsisincluded in Supplementary Table 4.

Protein expression and purification

The constructs of GST, MBP and FLAG fusion protein were transformed
into Escherichia coli BL21 (DE3) for protein expression. After induc-
tion by 0.5 mM IPTG at 37 °C for 4-6 h, the cells were spun down and
resuspended in 5 ml PBS (140 mM NaCl, 2 mM KCl, 2 mM KH,PO, and
10 mM Na,HPO,.7H,0). Sonicated (SCIENTZ) protein was purified by
magnetic GSH beads (BEAVER), amylose magnetic beads (PuriMag
Pro) or anti-FLAG magnetic beads (BeyoMag), respectively. The eluted
proteinwas separated by SDS-PAGE and detected by the corresponding
antibody after western blot.

For peptide preparation, MBP-A¢PCP-By and GST-BrPCP-B3 were
expressedinE. coliBL21cells and purified by corresponding magnetic
beads. The AtPCP-By (residues 23-76) peptides were also synthesized
by Scilight Biotechnology with more than 95% of purity. The peptides
were diluted to1 mM in sterile ddH,0 as stock solution.

For proteins expressed in tobacco leaves, Agrobacterium tumefa-
ciens GV3101 (Weidi) cells containing corresponding constructs were
infiltrated into N. benthamianaleaves following standard procedure*.
In brief, Agrobacterium cells were spun down at 5,000g for 10 min at
4 °C and resuspended to an optical density at 600 nm of 0.6 in the
infiltration buffer (10 mM MES, 10 mM MgCl, and 0.5% glucose, pH 6.5),
with 100 pM acetosyringone added before infiltration. Leaves from
5-6-week-old tobacco plants were infiltrated using al-ml syringe. Two
days after infiltration, leaves were homogenized inliquid N,, mixed in
1mlplant protein extraction buffer (75 mMKAc,300 mM NaCl,100 mM
arginine, 10 mM EDTA, 0.25% Triton X-100, pH 7.4,1 mM PMSF and
1 mM cocktail protease inhibitor) inal.5-ml centrifuge tube and stayed
onice for 20 min. After centrifuge at 13,800g for 10 min at 4 °C, the
supernatant was transferred into a new tube for pull-down or co-IP
assays.

Protein interaction assays

For theyeast two-hybrid assay of BrFER1 (KD) and BrSRK46 (KD), vector
construction, yeast transformation, growth on drop out medium and
X-Gal staining followed standard procedure?.

For the bimolecular fluorescent complimentary assay, the pEARLY
GATE 201 containing BrFER1 (KD)-nYFP and the pEARLY GATE 202
containing BrSRK46 (KD)-cYFP were transformed into Agrobacterium
tumefaciens strain GV3101. Equal volumes of two cultures were mixed
andinfiltrated into N. benthamianaleaves as described above. Two days
afterinfiltration, imaging was carried out under eGFP epifluorescence
(Ex470-440, DM4951p and BA525/550), using a Nikon Eclipse Ni and
equipped with a DS-Ri2 digital camera.

For the pull-down assay of BrSRK46-HA by MBP-BrFER1 (KD), Br
SRK46-HA protein was extracted from infiltrated tobacco leaves,



mixed with amylose magnetic beads (PuriMag Pro)-bound MBP-BrFER1
(KD) bait protein for 6 hat 4 °C. The beads were washed three timesin
pull-down buffer (50 mM Tris-HCI, pH 7.0,100 mM NaCl and 0.1% Tri-
ton X-100 (v/v)) and boiled in SDS-PAGE loading buffer for 5 min. The
proteins were then processed for SDS-PAGE, western blot and immu-
nodetection by anti-MBP antibody (1:15,000; Abmart) or anti-HA anti-
body (1:5,000; Abmart), and with anti-mouse horseradish peroxidase
(HRP)-conjugated secondary antibody (1:15,000; Abmart) followed by
the HRP detection kit (Vazyme) analysis with a chemiluminescence
imaging system (TIAN NENG). For the effect of peptides, GST-BrSCR46
or GST-BrSCR12, or protein extracts from SI (S,4), CP (S;,) pollen or
interspecific (B. oleracea) pollen onthe interaction of BrSRK46-BrFER1
(KD), 0.5 pM peptides or 0.65 mg ml™ protein extracts were incubated
with BrSRK46-HA protein for 1 h before the pull-down assay.

For the co-IP assay of BrFER1-MYC by BrSRK46-HA, GV3101 Agro-
bacterium cells containing 355::BrSRK46-HA or 355::-BrFERI-MYCwere
mixed and infiltrated together into N. benthamiana leaves. Two days
afterinfiltration, 10 uM GST-BrSCR12 or GST-BrSCR46 were infiltrated
into thesameleafand treated for 10 min. Theleaves were then used for
protein extraction. Aliquots of 1 ml supernatant were incubated with
100 pl anti-HA magnetic beads (PuriMag Pro) at 4 °C overnight with
rotation. After washing three times, the beads were boiled and the
proteins were processed for SDS-PAGE, western bolt and immunode-
tectionby anti-MYC antibody (1:5,000; Abmart) and anti-HA antibody
(1:5,000; Abmart) and anti-mouse HRP-conjugated secondary antibody
(1:10,000; Abmart).

For the pull-down assay of MBP-BrFER1 (KD) by GST-BrROP2, MBP-
BrFER1 (KD) proteinwas treated with1,2and 5 mM GSNO for 3 hatroom
temperature, then mixed with GSH bead (BEAVER)-bound, GST-BrROP2
bait protein for 6 h at 4 °C. The beads were boiled and processed for
SDS-PAGE, western bolt and immunodetection by anti-MBP antibody
(1:15,000; Abmart) or anti-GST antibody (1:5,000; Abmart), and with
anti-mouse HRP-conjugated secondary antibody (1:15,000; Abmart).
MBP-BrFER1¢**" (KD), without GSNO treatment, was processed simi-
larly for the pull-down assay with GST-BrROP2.

For the pull-down of AtFER-GFP by MBP-AtROP2, MBP or MBP-At
ROP2bait proteins were bound with amylose magnetic beads (PuriMag
Pro) for 6 h and washed three times with pull-down buffer. A. thaliana
stigmas from pAtFER::AtFER-GFP transgenic plants, unpollinated or
10 min after pollination, were used for total protein extraction. AtFER-
GFP protein was incubated with corresponding bait protein for 8 h at
4 °C. After washing three times, the beads were boiled and processed
for SDS-PAGE, westernbolt andimmunodetection by anti-GFP antibody
(1:10,000; Abmart) or anti-MBP antibody (1:15,000; Abmart), and with
anti-mouse HRP-conjugated secondary antibody (1:10,000; Abmart).

For the pull-down assay to examine peptide competition, anti-FLAG
magnetic bead (BeyoMag)-bound A¢FER (ED)-FLAG bait protein was
incubated with GST-BrPCP-B3 with rotation at4 °Cfor 2 h, thenincreas-
ing concentrations of AtPCP-By peptides were added for competition
at4 °Cfor3 h. The competition by GST-BrPCP-B3 peptides with MBP-
AtPCP-By in interaction with AtFER (ED)-FLAG bait protein was per-
formed similarly. The beads were boiled and processed for SDS-PAGE,
western bolt and immunodetection by anti-FLAG antibody (1:5,000;
Abmart), anti-GST antibody (1:5,000; Abmart) or anti-MBP antibody
(1:15,000; Abmart), and anti-mouse HRP-conjugated secondary anti-
body (1:5,000; Abmart).

Protein nitrosation assay

In vitro S-nitrosation assay followed that of ref. > with modifications,
using Pierce S-Nitrosylation Western Blot Kit (90105, Thermo Scien-
tific). Purified proteins of GST-BrRBOHD1(CT), GST-BrRBOHD2 (CT),
GST-BrRBOHF (CT) and MBP-BrFER1 (KD) were desalted by acetone
precipitation and resuspended in HENS buffer (100 mM HEPES, pH 7.0,
1mMEDTA, 0.1 mM neocuproine and 2.5% SDS). Approximately 150 pg
proteins per sample were incubated with1 mM GSNO in a reaction

volume of 100 plHENS buffer for 2 h at room temperaturein the dark.
The sample was precipitated with cold acetone and resuspended in
100 pl HENS buffer. After incubation at 50 °C for 1 h with200 mM
N-ethylmaleimide (Solarbio) and at room temperature for 30 min,
the sample was precipitated with cold acetone and resuspended in
HENS buffer. The sample was treated with 60 mM sodium ascorbate
and 0.4 mMiodoTMTzero label reagent for 2 h. All the above steps
were carried out in the dark. The proteins were finally precipitated
by cold acetone and resuspended in 2 M urea buffer. Aliquots of each
protein were separated by SDS-PAGE and then analysed by immunob-
lotting with anti-TMT antibody (1:5,000; Thermo Scientific) and goat
anti-mouse IgG (H+L)-HRP (1:10,000; Thermo Scientific) were used for
detection of nitrosated protein. In parallel, the proteins were detected
forloading with anti-GST antibody (1:5,000; Abmart) or anti-MBP anti-
body (1:15,000; Abmart), and goat anti-mouse IgG-HRP (1:10,000;
Abmart).

For the analysis of S-nitrosation in stigmas before and after pollination,
200 stigmas (approximately 0.1g) from A. thaliana plants expressing
PALFER::AtFER-GFPor pAtFER::GFP-AtRBOHD, unpollinated or at 10 min
after pollination withintraspecific compatible pollen (WT Arabidopsis
pollen), were homogenized inliquid N,and resuspended in 0.7 ml of the
plant protein extraction buffer. Protein extracts, 1.5 mg in 150 pl, were
precipitated with cold acetone and resuspended in HENS buffer for the
detection of nitrosated proteins similar toin vitro nitrosation detection.

Mass spectrometry analysis of nitrosated residue

Mass spectrometricidentification of S-nitrosated cysteine residues was
carried out by ShanghaiBioprofile Biotechnology (China). The protein
pellets were resolved with HENS buffer and N-ethylmaleimide (Sigma)
was used to block the free cysteine. The S-nitrosation sites of protein
were reduced by the sodium ascorbate (Sigma) specifically and then
labelled withiodoTMT zero reagent (Thermo Scientific). The processed
proteins were digested with trypsin in 50 mM NH,HCO; overnight at
37 °C. The peptides were then desalted with C18 cartridge (Thermo
Scientific). TheiodoTMT-labelled peptides were enriched by anti-TMT
resin as instructed by the manufacturer (Thermo Scientific). Then,
theenriched peptides wereloaded into liquid chromatography-mass
spectrometry for analysis. The Q Exactive HF-X mass spectrometer
coupled to Easy nLC1200 (Thermo Scientific) were performed on a
2-htime gradient for peptide mass spectrometry detection. The mass
spectrometry raw datawere imported into MaxQuant software v1.6.0.16
for data interpretation and protein identification against the B. rapa
genome database® (http://brassicadb.cn). The search results were
filtered and exported with aless than 1% false discovery rate at the site
level, peptide-spectrum-matched level and protein level. MaxQuant
analysis was filtered only for those nitrosated sites (iodoTMT labelled)
that were confidently localized (class I, localization probability of more
than 0.75) and the score of the modified peptide was more than 40.

Bioinformatic analysis

Allsequences analysed were retrieved from the B. rapa genome data-
base*® (http://brassicadb.cn), NCBI GenBank*® (https://www.ncbi.nlm.
nih.gov/genbank) or EnsemblPlants™ (http://plants.ensembl.org/index.
html) or Phytozome* (https://phytozome-next.jgi.doe.gov). C. danica
was selected as the outgroup to infer the species relationships among
B.rapa, B. oleracea, B. vulgaris, A. thaliana, Raphanus sativus, Arabi-
dopsis lyrataand A. halleri. The maximum likelihood tree based on the
alignment of nuclear ribosomalinternal transcribed spacers from the
above-mentioned species wasinferred under a Tamura-Neinucleotide
substitution model with1,000 bootstraps. For the phylogenetic tree of
RBOHSs, PCPs and SRKs, corresponding sequences were aligned using
the MUSCLE algorithm implemented in MEGA X*?, and constructed
using the neighbour-joining method in MEGA X with1,000 bootstraps.
The amino acid sequence of PCP-Bs and FER alignment was performed
by the online software Clustal Omega** (https://www.ebi.ac.uk/Tools/
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msa/clustalo) with default parameters then import into ESPript
3.0 (ref. >) (https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi) to
generate pictures.

Figure preparation

Average ROS and NO signals, pollen grain width and pollen tube length
were measured by ImageJ v1.53¢ (https://imagej.net). Histograms were
prepared by GraphPad Prismv8.0.1 (https://www.graphpad-prism.cn).
The main figures were assembled in Adobe Illustrator; all other figures
were assembled in Adobe Photoshop. Some cartoon components were
from www.figdraw.com for model drawing.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Thesource datafor Figs.1-5and Extended Data Figs.1-10 are provided
with the paper. Raw, uncropped gels and gene accession numbers used
inthis paper are showninthe Supplementary Information. Source data
are provided with this paper.
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Extended DataFig.1|ROS underlies therejection ofinterspecific pollen
duringUl. a, The developmentally regulated Sland the progressive increasein

tosample entire stigmaspecimens, was used for the massive amount of data
gatheringrequired for this study. d, ROS intensity in unpollinated (UP) or

pollinated B. rapa stigma. See Fig.1c. e-g, Scavenging ROS by Na-SA suppressed
stigmatic ROS induction, and promoted the growth of Sl pollen and B. oleracea
polleninmature and B. vulgaris pollenin bud-stage B. rapa stigmas. Scale bars,
500 pm. Databar (a): average + SD. Average relative expression levels from
threebiological replicates of stigmas (two tailed t-test, n = 3). Box plots (b-g):
centre line, median; box limits, lower and upper quartiles; dots, individual data
points; whiskers, highest and lowest data points. n (in blue), number of stigmas.
Pvalues, two-tailed t-tests. Each experiment was repeated at least thrice with
consistentresults.

theamount of SRK from bud stage to maturity. b, The number of intra-and
various interspecific pollen tubes in mature or bud-stage B. rapa stigmas.
Mature B. rapa stigmas rejected Sland all the interspecific pollen examined,
butbud-stage B. rapa stigmas allowed the growth of Sl pollen and interspecific
B.oleraceapollen,andstillrejected intergeneric B. vulgarisand A. thaliana
pollen.SeeFig.1b. ¢c,Imaging of H,DCFDA-stained ROS under confocal
microscope and under wide-field fluorescence microscope showed comparable
changes of ROSin B. rapa stigmas Dotted line outlined the area for ROS
quantification. Wide-field observation, withits considerably high expedition
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Extended DataFig.2|SRK underlies therejection of interspecific pollen
during Ul a, Quantitative RT-PCR showing AS-BrSRK46 treatment reduced
BrSRK46 expressionin mature B. rapa stigmas (S,,) and further reduced its
already low level in bud-stage stigmas (S,). b, AS-BrSRK46 treatment of mature
B. rapastigmas (S,) broke the inhibition to B. oleracea pollen not B. vulgaris
pollen. AS-BrSRK46 treatment of bud-stage stigmas (S,,) broke inhibition to
B.vulgarispollen.SeeFig.1d. c,d, AS-BrSRK46 treatment reduced ROSin
mature B. rapa stigmas (S,,) and further reducedits already low ROS in bud-
stage stigmas (S,.). e-g, Sequence alignment (e), phylogenetic analysis (f) and
expression of SRKin FPsc (Brara.G02663) (g). SRK from FPsc lacks the coding
sequence for the transmembrane domain and we name it BrSRK“™ hereafter.
h-j, Mature and bud-stage stigmas of FPsc were defective in Sland Ul pollen-
triggered ROSincrease (h, i) and therejection of Sland Ul pollen (j). See Fig. 1e.

k, SRK13 expression from SIA. thaliana stigmas transformed with Arabidopsis
halleri AhSP11/SCR13-AhSRK13-AhARCI1. These three transgenes wereina
single construct.l, m, The number of intra- or interspecific pollen tubes (I) and
ROS changes (m) in SCA. thaliana stigmas and in SIA. thaliana stigmas. See
Fig.1f,g.n, B. oleracea pollen of S,.-haplotype was rejected in B. rapa stigmas of
S46:S12, S0, S40, OT S35, showing the dependence on SRK but the independence of
SCR-SRKinteractionintherejection of interspecific pollen. Scale bars, 500 pm
(c,d, h,i,n). Databars (a, g, k): average + SD. Average relative expression levels
fromthreebiological replicates of stigmas (two tailed t-test, n = 3). Box plots
(b-d, h—j,I-n): centreline, median; box limits, lower and upper quartiles; dots,
individual data points; whiskers, highest and lowest data points. n (inblue),
number of stigmas. Pvalues, two-tailed t-tests. Each experiment was repeated
atleast thrice with consistentresults.
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Extended DataFig. 3 | FER/AN] signalling regulates stigmatic ROS during
Ul. a, b, Quantitative RT-PCR showing AS-BrFER1 treatment suppressed the
expression of BrFERI(a) and promoted the growth of Sl pollen and B. oleracea
pollenin mature B. rapa stigmas and B. vulgaris pollenin bud stage (b) B. rapa
stigmas. See Fig.2a.c,d, AS-BrFER1treatment suppressed Sland Ul-induced
ROSincreaseinmature and bud stage B. rapa stigmas at10 MAP. e, f, The
expression of FER and SRK in stigmas of A. tha (Sl)/fer-4 (e) and loss of FER in SI
A.thaliana promoted the growth of Sl pollen, B. oleracea pollen and B. vulgaris
polleninSIA. thalianastigmas (f). See Fig.2b. g, Loss of FERin SI A. thaliana

suppressed Sland Ul-induced ROS increase in A. tha (Sl)/fer-4 stigmas at 10 MAP.

h, Domainstructures of BrANJs proteins showing only BrANJ1 haveintact

extracellular andintracellular domain. i, j, AS-BrANJ1 treatment suppressed
the expression of BrANJ1(i) and promoted the growth of Sl pollen and B. oleracea
polleninmature B. rapa stigmas and B. vulgaris polleninbud stage B. rapa
stigmas (j). k, I, AS-BrANJ1 treatment suppressed Sland Ul-induced ROS
increasein mature (k) and bud stage (I) B. rapa stigmas at 10 MAP. Scale bars,
Scalebars, 500 um (c, d, j, k,1),200 um (g). Databars (a, e, i): average + SD.
Average relative expression levels from three biological replicates of stigmas
(two tailed t-test, n =3). Box plots (b-d, f, g, j-1): centre line, median; box limits,
lower and upper quartiles; dots, individual data points; whiskers, highest and
lowest data points. n (inblue), number of stigmas. Pvalues, two-tailed t-tests.
Each experiment was repeated at least thrice with consistent results.
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Extended DataFig.4|ROS are produced by RBOHs during Ul. a, Quantitative
RT-PCRshowing AS-BrRBOHF treatment suppressed the expression of BrRBOHF.
b, c, AS-BrRBOHF treatment suppressed Sland Ul-induced ROS increase in
mature (b) and bud-stage (c) B. rapa stigmas at 10 MAP.d, The RBOH enzymatic
activity in mature B. rapa stigmas were increased after pollination with Sland
Ul pollenbutdecreased after pollination with CP pollen. e, AS-BrRBOHF
treatment promoted the growth of SIpollen and B. oleracea pollenin mature
and B.vulgaris polleninbud-stage B. rapa stigmas. Scale bars, 500 um. Databar

(a):average = SD. Average relative expression levels from three biological
replicates of stigmas (two tailed t-test, n = 3). Data bars (d): Average activity of
ROS producing enzymes from three technical replicates of one stigmasample
containing 100 stigmas (two tailed t-test, n = 3). Box plots (b, ¢, e): centreline,
median; box limits, lower and upper quartiles; dots, individual data points;
whiskers, highest and lowest data points. n (in blue), number of stigmas.
Pvalues, two-tailed t-tests. Each experiment was repeated at least thrice with
consistent results unless otherwise specified.



a . b
__AD -Trp-Leu _ DIC  YFP/DIC
5 |BFERI(KD) 518, 0
= — L
& [ompty vector 2 |Ex
g glL*
& -Trp-Leu-His-Ade z|a
4 N
3 | BFER1(KD) e
a
©B. rapa (S,;) o
c protein extract (PE, 30 min) £8 4.0 P i’
S <
=S upP dB.rapa(Sl, S,q) B.rapa (Sl, S ;) B.ole(Ul, S,s) B-rapa (CP, S,,) «%(E,, % ¥ d
~ ci= 3.0 2 o
&, gD ¢4 o
gz £g s xEl &
RS g8 2.0 <] 3
) x o T
& 1.0 1 13 12 é!
15 o
N \\ . \??’ treatment
A % \0? (30 min)
A% ¢ ?6
d prey: BrSRK46-HA e stigmas ROS , B-rapa(S,) stigmas » B rapa(S,,)stigmas
bait: MBP-BrFER1(KD) B. rapa (S,q) B.rapa(S,,) © ©
P=5.3x10° Eos- 5 510 P=4.3x10°
P=6.8x10° £ @ A @
= -8X > c [=3 [
‘g,fs‘ a2 %2.0— I §
5 : 9 . 2.0
=S © m15 1] 9
2 c E:r =] £
c
3 O & 2 2
oL o o} e o
£3 ~ £05- & =
=" ¥ 0 T 7 0
R %- 8 ) 8
1h) @ NI AL
oo(‘e%c,?*b‘%o\’*\ treatment \K‘e 60?‘ treatment
6 7R (30 min) o© (30 min)
BrSRK46 HA crude protein
from tobacco leaves
9 5
prey: BrSRK46-HA prey: BIFER1-MYC P=1.0x10
bait: MBP-BrFER1(KD) IP: BrSRK46-HA = -
o
.%)325 c 25 P=0.0287 % P=0.3480
3 P=6.0x10° ) . BrFER1 = ;
8220 . 3520 4u|BIEERT 1|BrRBOHD2 5, 60 . e 4
& £2 BrREOHD2 BrSRK46 & e °
e BE ¢ BrSRK46 4 MBISCR12 & ]
28 sa - 2buffer 40 T
S N
8 g2 - s(Br
= £ 05 1% buffer BrsRkas = 20
2rbuffer 204BrSCR46 -% 6 16 16
©
d o -
g g QL ond iny x ¢ g QY b ondinjection
jection O o> €
"0@%0@\9’0 (10 min) Xq/ 007 X X%‘%O%@Q (10 min)

BrSRK46-HA crude protein

from tobacco leaves BI’SRK4G—HA + BrFER1-MYC

protoplasts from tobacco leaves co-expressing

'{\(’} 1stinjection
«,\‘0 BrFER1+BrRBOHD2+BrSRK46

BrFER1+BrRBOHD2+BrSRK46
protoplasts from tobacco leaves
infiltrated with buffer only buffer BrSCR12

Extended DataFig. 5|See next page for caption.

BrSCR46

P=1.2x107
4ot P=03277 ©
25+ =
2 s & 1
S 2.0 X &
NEREE-
5 K-
»n 1.5 . T
9 ==
101 77
7
0.5
i
RN \)(@ qi\q’ Q}g’ 2" treatment
07 X0 ‘e, (15 min)
‘X’L 2 x%
e protoplasts from tobacco 1t
&0 leaves co-expressing

BrFER1+BrRBOHD2+BrSRK46



Article

Extended DataFig. 5| SRK s correlated with stigmatic ROS during Ul.

a, b, BrSRK46 kinase domain (KD) interacts with BrFER1(KD) in yeast two-
hybrid assay (a) and BiFC (b). c,d, Protein extract from Sl pollen and B. oleracea
pollen (S;,), but not that from CP pollen (S,,), increased ROS in B. rapa stigmas
(S,6) (€), and enhanced interaction between BrSRK46 and BrFER1(d) in the pull-
down assay.See Fig.2c.e-g.ROSin B. rapa stigmas (S,,) wereincreased (e), and
the BrSRK46-BrFER1interaction enhanced in the pull-down (f) and Co-IP assays
(g), by GST-BrSCR46, not GST-BrSCR12, whichis active for S,, stigma. The
proteinsamples were derived from the same experiment and the blots were
processedin parallel (d, f,g). For gel source data, see Supplementary Fig. 1.

SeeFig.2d, e.h,i, Nitroblue tetrazoliumstaining or tobacco leaves and
H,DCFDA staining of protoplasts from tobacco leaves co-expressing BrFER1,
BrRBOHD2, and BrSRK46 showing the enhancement of ROS by BrSCR46, not by
BrSCR12.Scalebars, 500 pm (c, e); 50 um (i). Databars (d, f, g): average + SD.
Average relative intensities from three biological replicates of the blots shown
inFig.2c-e (twotailed t-test,n = 3). Box plots (c, e, h, i): centre line, median;

box limits, lower and upper quartiles; dots, individual data points; whiskers,
highest and lowest data points. n (inblue), number of stigmas, tobacco leaves,
protoplastsamples. Pvalues, two-tailed t-tests. Each experiment was repeated
atleast thrice with consistentresults.
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Extended DataFig. 6 | Therelationship of FER-ROS signaling with MLPK
and ARC1during Sland Ul. a, b, Quantitative RT-PCR showing AS-BrMLPK and
AS-BrARCl treatment suppressed the expression of BrMLPK and BrARCI,
respectively,in mature B. rapa stigmas. ¢, d, AS-BrMLPK (c) and AS-BrARC1

(d) treatment promoted the growth of Sland Ul pollen tubes in mature B. rapa
stigmas (S,¢). €, AS-BrMLPK treatment of mature B. rapa stigmas (S,,) inhibited
Sland Ul pollen-induced ROSincrease. f, AS-BrARC1 treatment of mature

BrARC1 ODN ?' '

e et
<<\°?6\° %\3\3\‘?0\) N
‘(‘\; ‘P‘?\ 9(?‘
[

B. rapastigmas (S,) did not affect Sland Ul pollen-induced ROS increase. Scale
bars, 500 um. Databars (a, b): average + SD. Average relative expression levels
fromthree biological replicates of stigmas (two tailed t-test, n = 3). Databar:
average +s.d. Box plots (c-f): centre line, median; box limits, lower and upper
quartiles; dots, individual data points; whiskers, highest and lowest data points.
n(inblue), number of stigmas. Pvalues, two-tailed t-tests. Each experiment was
repeated at least thrice with consistent results.
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Extended DataFig.7|See next page for caption.



Extended DataFig.7|Species-specificmatch of PCP-Bs and FER.a-c, When
observed at1.5HAP, thereduced reproductive barrier to B. rapaand B. oleracea
polleninA. thalianafer mutant (a, srn) and rbohd mutant (b, ) stigmas was
obvious. SeealsoFig.3c.d, Phylogenetic analysis of PCP-B genes from A. thaliana,
B.oleracea, and B. rapa. We name BrapaB3'?, an ortholog of AtPCP-By, BrPCP-B3
hereafter.e, Amino acid sequence alignment of PCP-Bs from A. thaliana,
B.oleracea, and B. rapa shows the comparison of PCP-B sequences. They all
shared acommon pattern of seven or eight cysteines in the mature polypeptide.
Redrectangle shows the conserved cysteines (C30,C32, C33 of AtPCP-B),
mutation of whichrenderalossinthe ability for stigmatic ROS reduction and
pollen hydration™. f, Synthetic AtPCP-By and recombinant MBP-AtPCP-By show
similar functioninreducing ROS of UP A. thaliana stigmas, but GST-BrPCP-B3
shows noeffectinreducing ROS at 50r10 MAT. g, B. rapa stigmas and A. thaliana
stigmas, which express divergent FER, responded species-preferentially to

BrPCP-B3inreducingROS. h, AtPCP-By was much faster than GST-BrPCP-B3in
reducing ROS of A. thalianaroots, which also express FER?. i, GST-BrPCP-B3
was more effective in reducing ROS of B. raparoots than that of A. thaliana
roots. j, Quantified data of pull-down assay showing the inefficiency of GST-
BrPCP-B3to compete with AtPCP-Byininteraction with AtFER (ED)-FLAG.

The proteinsamples were derived from the same experiment and the blots
were processed in parallel. For gel source data, see Supplementary Fig.1.See
also Fig. 3f.Scalebars, 200 um (a-c, f,g) and roots (h, i). Data bar (j): average +
SD. Average relative intensities from three biological replicates of the blot
represented onthe left (two tailed t-test, n =3). Box plots (a-c, f, g-i): centre
line, median; box limits, lower and upper quartiles; dots, individual data points;
whiskers, highest and lowest data points. n (in blue), number of stigmas or
roots. Pvalues, two-tailed t-tests. Each experiment was repeated at least thrice
with consistent results.
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Extended DataFig. 8 |See next page for caption.



Extended DataFig. 8 |StigmaticNOisrequired for ROSreductionin
A.thalianastigmas during SCand UC. a, b, Confocal and wide-field imaging
showing theincrease of stigmatic NO at 5 MAP with SC pollen (a) and quantified
dataof SC-induced NO and pollen hydrationin A. thaliana stigmas, both showed
NO peakingat -5 MAP (b).SeeFig.4a.c,d, FER-dependent elevation of NOinA.
thaliana stigmasinduced by pollenand At-PCP-By.See Fig.4d, e.e, AtPCP-By
was much faster than GST-BrPCP-B3 inincreasing NO of A. thalianaroots. f, GST-
BrPCP-B3 was more effective inincreasing NO of B. rapa roots than that of
A.thalianaroots. g, Roots of fer-4 was not responsive to AtPCP-Byininducing
NO.h, i, (Lefttoright) cPTIO scavenged SC-induced NO, suppressed SC-induced
ROSreduction, and inhibited SC pollen hydration and tube growthin A. thaliana
stigmas. j-n, Relative to WT, noal stigmas showed lower NO and higher ROS

levels, and slower hydration of SC(WT A. thaliana) pollen and pollen tube growth
(j, k,I).Relative to WT, hot5-4 stigmas showed faster NO and lower ROS levels,
and faster hydration of SC (WT A. thaliana) pollen and pollen tube growth

(j, m, n). o, p,MutationsinNOA1, noal (0) and GSNOR, hot5-4 (p), enhanced and
reduced, respectively, the reproductive barrier to B. rapa or B. oleracea pollen
inA. thaliana stigmas at 1.5HAP.Scale bars, 200 um (a, h, j, o, p) and roots (e-g);
50 umfor pollen (h, j). Box plots (a-p): centre line, median; box limits, lower
and upper quartiles; dots, individual data points; whiskers, highest and lowest
data points. n (inblue), number of stigmas, pollen grains or roots. Pvalues, two-
tailed t-tests. Each experiment was repeated at least thrice with consistent
results.
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Extended DataFig.9|See next page for caption.
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Extended DataFig.9|Theinverse relationship of NO and ROS and
nitrosation of BrFER1and RBOHs in B. rapastigmas. a, b, Intraspecific CP
pollen (2" row), but not Sland B. oleracea (Ul) pollen, induced NO in B. rapa
stigmas. c-e, Scavenging NO increased ROS (c) and RBOH enzymatic activity of
UP B.rapa stigmas (d), and inhibited the growth of CP pollen tubes in B. rapa
stigmas (e). f-h, GSNO treatmentincreased NO (f), reduced ROS (f) and RBOH
enzymatic activity of UP B. rapa stigmas (g), and promoted the growth of Sl or
B.oleraceapollenin mature or B. vulgaris poleninbud-stage B. rapa stigmas (h).
i, BrFER1(KD), not BrFER1(ED), was nitrosated by GSNO. See also Fig. 4f.j, k, LC-
MS spectrumshowingthe nitrosated cysteine residuesin BrFER1 protein.l, FER
aminoacid sequence alignment showing the nitrosated cysteines, Cys730 and
Cys752 (*) are evolutionarily conserved. m, Pull-down assay shows GSNO
treatmentinduced quantitative inhibition of MBP-BrFER1(KD) with GST-
BrROP2 complex.See also Fig. 4h.n, The nitrosomimetic mutation, Cys730W,
reduced theamount of BrFER1that was pulled down by GFP-BrROP2. 0, Phylogenetic
analysis of BrRBOHs and AtRBOHD. BrRBOHD1 and BrRBOHD2 are closer to
AtRBOHD than other BrRBOHs. p—r, RBOHD was nitrosated by NO. Invitro
nitrosation of BrRBOHD1by GSNO (p); CP-induced nitrosation of GFP-AtRBOHD

proteinfrom A. thaliana stigmas (q), and LC-MS spectra showing nitrosation of
Cys891of GST-BrRBOHD1 (CT, C-terminal) (r). Nitrosated amino acid residues
werelabelled with TMT. Proteins were representative of more than three
independent preparations.s, t, GST-BrRBOHD2 (CT) (s) and GST-BrRBOHF (CT)
(t) proteins were nitrosated invitro. The proteinsamples were derived from the
same experiment and the blots were processed in parallel (i, m,n, p,q, s, t). For
gelsource data, see Supplementary Fig.1.Scale bars, 500 um. Line chart (b):
average +SD. Average relative NO intensities from three biological replicates of
stigmas shownina (twotailed t-test, n = 3). Databars (d, g): Average activity of
ROS producing enzymes from three technical replicates of one stigma sample
containing 100 stigmas (two tailed t-test, n = 3). Databar (m, n): average + SD.
Average relative intensities from three biological replicates of stigmasin (a)
andblotsinFig4handin (n) (twotailed t-test, n = 3). Box plots (c, e, f, h): centre
line, median; box limits, lower and upper quartiles; dots, individual data points;
whiskers, highest and lowest data points. n (in blue), number of stigmas. P
values, two-tailed t-tests. Each experiment was repeated at least thrice with
consistent results unless otherwise specified.
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Extended DataFig.10|BreakinginterspecificbarriersinBrassicacrops. pollentubes had exited the transmitting tissue and targeted the B. rapa ovules
a,b,Reducing ROSby Na-SA orincreasing NO by GSNO increased thenumberof  duetoadditional barriers based on their evolutionary distance (Fig.1a).
enlarged ovulesinthe pod of 2B. rapa x 3B. oleracea or ?B. rapa x 3 B. vulgaris. Arrowheads point to bundles of pollen tubes in the transmitting tissue, stars
SeeFig.5a. ¢, Suppressing the expression of BrSRK46, BrBrFERI, or BrRBOHF pointtoovules penetrated by apollen tube. Scale bars, 100 um (d). Box plots
by AS-ODNs increased the number of enlarged ovules in the pod of 2B. rapa x (a-c): centreline, median; box limits, lower and upper quartiles; dots,
JdB.oleraceaor ?B.rapax 3B.vulgaris.Seealso Fig.5b.d, B. oleraceapollen individual data points; whiskers, highest and lowest data points. n (inblue),
tubes or B.vulgaris pollen tubes in B. rapa pistils. The reduced number of number of pistils. Pvalues, two-tailed t-tests. Each experiment was repeated at

enlarged @B. rapa x 3B.vulgarisovulesis possibly due to fewer B. vulgaris least thrice with consistent results.
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Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|Z’ The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O O0XXOOOSs

NN

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Image J v1.53c, Microsoft Excel 2019

Data analysis GraphPad Prism v8.0.1, MaxQuant software v1.6.0.16 and no commercial or custom code used for this study

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The Source Data for Figures. 1-5 and Extended Data Figures. 1-10 are provided with the paper. Raw, uncropped gels and gene accession numbers used in this
paper are shown in Supplementary Information.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For data involving pollen tube growth, stigma NO, stigma ROS, root NO, root ROS, pollen hydration, each stigma, pollen and each root is an
individual data point, and corresponding sample size is 10~15, which based on our experience clearly demonstrated the effect of treatment.
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Data exclusions | No data exclusion.

Replication At least three biological replicates were performed for all experiments, with consistent results. Except that ROS producing enzyme activity
experiments (current Extended data Fig. 4d; 9d, g) were technical triplicates.

Randomization  Samples were randomly picked.

Blinding Investigators were not blinded to sample identity, as major experiments were carried out independently by at least two individuals, with
consistent results.

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Sampling strategy Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Data collection Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.
Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the

rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and




any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.
Timing and spatial scale |/ndicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which

the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your studly.

Did the study involve field work? [ _]Yes [ ]No

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).
Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies & |:| ChIP-seq
Eukaryotic cell lines g |:| Flow cytometry
Palaeontology and archaeology g |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XXNXXNXNX[]s
000000

Dual use research of concern

Antibodies

Antibodies used anti-HA antibody (Abmart, China), Catalog number:M20003, Clone name:26D11, dilution 1:5000;
anti-GST antibody (Abmart, China), Catalog number:M20007, Clone name:12G8, dilution 1:5000;
anti-MBP antibody (Abmart, China), Catalog number:M20051, Clone name:4M14, dilution 1:15000;
anti-FLAG antibody (Abmart, China), Catalog number:M20008, Clone name:3B9, dilution 1:5000;
anti-MYC antibody (Abmart, China), Catalog number:M20002, Clone name:19C2, dilution 1:5000;
anti-GFP antibody (Abmart, China), Catalog number:M20004, Clone name:7G9, dilution 1:10000;
anti-TMT (ThermoFisher), Catalog number:90075, Clone name: 25D5 (provided as part of Cat# 90105 labeling kit), dilution: 1:5000;
Goat anti-Mouse 1gG (H+L)-HRP Secondary Antibody (ThermoFisher), Catalog number: A16066, dilution 1:10000;
Goat anti-Mouse 1gG HRP secondary antibody (Abmart, China), Catalog number:M21001, dilution 1:15000 for anti-GST and anti-MBP;
1:10000 for anti-HA, anti-GFP and anti-MYC; 1:5000 for anti-FLAG.

Validation All commercially available antibodies were validated by the suppliers through Western blot to confirm that an antibody interacts
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Validation specifically with an intended target.
anti-HA, (Abmart, Catalog number:M20003), http://www.ab-mart.com.cn/page.aspx?node=%2060%20&id=%20963
anti-GST, (Abmart, Catalog number:M20007), http://www.ab-mart.com.cn/page.aspx?node=%2060%20&id=%20967
anti-MBP, (Abmart, Catalog number:M20051), http://www.ab-mart.com.cn/page.aspx?node=%2060%20&id=%2017734
anti-FLAG, (Abmart, Catalog number:M20008), http://www.ab-mart.com.cn/page.aspx?node=%2060%208&id=%20968
anti-MYC, (Abmart, Catalog number:M20002), http://www.ab-mart.com.cn/page.aspx?node=%2060%20&id=%20962
anti-GFP, (Abmart, Catalog number: M20004), http://www.ab-mart.com.cn/page.aspx?node=%2060%208&id=%20971
Goat anti-Mouse IgG (H+L)-HRP (ThermoFisher, Catalog number: A16066), https://www.thermofisher.cn/cn/zh/antibody/product/
Goat-anti-Mouse-lgG-H-L-Secondary-Antibody-Polyclonal /A16066
Goat Anti-Mouse HRP-IgG (Abmart, Catalog number:M21001), http://www.ab-mart.com.cn/page.aspx?node=%2062%20&id=%20960
anti-TMT (ThermoFisher, 90075, provided as part of Cat# 90105 labeling kit), this antibody was verified by Cell treatment to ensure
that the antibody binds to the antigen stated. https://www.thermofisher.cn/cn/zh/antibody/product/TMT-Antibody-clone-25D5-
Monoclonal/90075;

Eukaryotic cell lines

Policy information about cell lines
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Cell line source(s) State the source of each cell line used.
Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.
Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for

mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines Name any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

La boratory animals For laboratory animals, report species, strain, sex and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species, sex and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method, if released,
say where and when) OR state that the study did not involve wild animals.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, gender, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study
design questions and have nothing to add here, write "See above."




Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

|:| National security

|:| Crops and/or livestock
|:| Ecosystems

00003

[] Any other significant area

Experiments of concern
Does the work involve any of these experiments of concern:

Yes

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

OO0Ooodoods
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Any other potentially harmful combination of experiments and agents

ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC)

enable peer review. Write "no longer applicable" for "Final submission" documents.
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Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChiP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot
number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChlP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChiP-seq data. For custom code that has been deposited into a community

repository, provide accession details.
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Flow Cytometry

Plots

Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell

population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design speciﬂcations Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).




Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.
Field strength Specify in Tesla
Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,

slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ] used [ ] Notused

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | Whole brain [ | ROI-based [ | Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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	Stigma receptors control intraspecies and interspecies barriers in Brassicaceae

	SRK controls rejection of UI pollen

	UI and SI activate SRK–FER-regulated ROS

	FER and PCP-Bs favour SC over UC pollen

	Compatible pollen induced-NO reduces ROS

	NO nitrosates FER in compatible response

	Breaking the barrier for distant breeding

	Discussion

	Online content

	Fig. 1 SRK controls stigmatic ROS in SI to reject intraspecific and interspecific pollen.
	Fig. 2 UI and SI converge on stigmatic ROS activation for pollen rejection via the SRK–FER interaction.
	Fig. 3 Species-preferential interaction between PCP-Bs and FER maintains interspecies barrier.
	Fig. 4 Compatible pollination induces NO to suppress FER-mediated ROS production.
	Fig. 5 Breaking the stigmatic barrier for distant breeding of Brassicaceae crops.
	Extended Data Fig. 1 ROS underlies the rejection of interspecific pollen during UI.
	Extended Data Fig. 2 SRK underlies the rejection of interspecific pollen during UI.
	Extended Data Fig. 3 FER/ANJ signalling regulates stigmatic ROS during UI.
	Extended Data Fig. 4 ROS are produced by RBOHs during UI.
	Extended Data Fig. 5 SRK is correlated with stigmatic ROS during UI.
	Extended Data Fig. 6 The relationship of FER-ROS signaling with MLPK and ARC1 during SI and UI.
	Extended Data Fig. 7 Species-specific match of PCP-Bs and FER.
	Extended Data Fig. 8 Stigmatic NO is required for ROS reduction in A.
	Extended Data Fig. 9 The inverse relationship of NO and ROS and nitrosation of BrFER1 and RBOHs in B.
	Extended Data Fig. 10 Breaking interspecific barriers in Brassica crops.


