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FERONIA controls pectin- and nitric oxide-
mediated male–female interaction

Qiaohong Duan1,2,9, Ming-Che James Liu1,3,9, Daniel Kita1,4,7, Samuel S. Jordan1,  
Fang-Ling Jessica Yeh1, Robert Yvon1,4, Hunter Carpenter1,4, Anthony N. Federico1,8,  
Liliana E. Garcia-Valencia1, Stephen J. Eyles1,5, Co-Shine Wang3, Hen-Ming Wu1,4 ✉ &  
Alice Y. Cheung1,4,5,6 ✉

Species that propagate by sexual reproduction actively guard against the fertilization 
of an egg by multiple sperm (polyspermy). Flowering plants rely on pollen tubes to 
transport their immotile sperm to fertilize the female gametophytes inside ovules. In 
Arabidopsis, pollen tubes are guided by cysteine-rich chemoattractants to target the 
female gametophyte1,2. The FERONIA receptor kinase has a dual role in ensuring 
sperm delivery and blocking polyspermy3. It has previously been reported that 
FERONIA generates a female gametophyte environment that is required for sperm 
release4. Here we show that FERONIA controls several functionally linked conditions 
to prevent the penetration of female gametophytes by multiple pollen tubes in 
Arabidopsis. We demonstrate that FERONIA is crucial for maintaining de-esterified 
pectin at the filiform apparatus, a region of the cell wall at the entrance to the female 
gametophyte. Pollen tube arrival at the ovule triggers the accumulation of nitric oxide 
at the filiform apparatus in a process that is dependent on FERONIA and mediated by 
de-esterified pectin. Nitric oxide nitrosates both precursor and mature forms of the 
chemoattractant LURE11, respectively blocking its secretion and interaction with its 
receptor, to suppress pollen tube attraction. Our results elucidate a mechanism 
controlled by FERONIA in which the arrival of the first pollen tube alters ovular 
conditions to disengage pollen tube attraction and prevent the approach and 
penetration of the female gametophyte by late-arriving pollen tubes, thus averting 
polyspermy.

The mechanisms that underlie the interplay between pollen and  
pistil—the male and female components, respectively—in flowering 
plants have been investigated for decades5,6. From the receptive surface 
of the pistil, a pollen grain extrudes a tube to transport sperm to the 
female gametophyte for fertilization (Fig. 1a). Pollen tubes grow in the 
transmitting tissue and along the ovule surface (Extended Data Fig. 1a) 
in an extracellular matrix enriched in glycosylated molecules7,8. These 
tubes depart from their main growth axis and, in response to guidance 
cues from the female, each targets an ovule and penetrates a synergid 
cell at the entrance of the female gametophyte, upon which the pollen 
tube bursts and releases sperm. Occurrences in which multiple pollen 
tubes penetrate a female gametophyte are rare, even when pollen tubes 
are plentiful; tubes that arrive late bypass pollinated ovules to target 
those that are not yet pollinated, thus averting polyspermy while maxi-
mizing reproductive yield. The synergid cells secrete chemoattract-
ants, such as the cysteine-rich peptides LUREs1 and their homologues 
XIUQIUs2, to guide pollen tubes to the female gametophyte1,2,5,6 (Fig. 1a). 
Once a pollen tube enters the female gametophyte, multiple factors are 
involved in ensuring reproductive success, in which FERONIA receptor 

kinase (FER) has a key role3,4,9. In fer mutants, over 80% of the female 
gametophytes do not induce pollen tube rupture and about half are 
penetrated by multiple tubes, resulting in a pile-up of over-grown pol-
len tubes (Fig. 1b, c, Extended Data Fig. 1c). FER controls RHO GTPase 
signalling10 to generate a reactive oxygen species maximum at the 
filiform apparatus11 to induce the rupture of the just-penetrated pollen 
tube and therefore sperm release4. How FER switches from this first act 
of enabling fertilization to a second act of blocking late-arriving pollen 
tubes has remained unclear.

The FER-controlled pollen tube block
To gain insight into how FER blocks supernumerary pollen tubes from 
entering the female gametophyte, we first examined when the mecha-
nism is engaged. FER is broadly expressed, including in the sporophytic 
tissues of pistils4,10 (Extended Data Fig. 1b). Pollen tubes normally exit 
the transmitting track one at a time (Fig. 1b, Extended Data Fig. 1a), 
and fewer than 5% of wild-type ovules are penetrated by multiple pol-
len tubes (Fig. 1c, Extended Data Fig. 1c). In fer pistils, pollen tubes 
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exited the transmitting track in bundles (Fig. 1b). Between about 5 h 
after pollination (when pollen tubes began reaching the ovules) and 
the completion of fertilization at about 20 h after pollination, ≥50% of 
penetrated ovules received multiple pollen tubes (Fig. 1c, d, Extended 
Data Fig. 1c), which implies that the FER-mediated mechanism is consti-
tutively engaged to suppress the entry of multiple pollen tubes. Several 
previous studies have demonstrated a phenomenon termed ‘poly-
tubey’ in ovules that are penetrated but not fertilized12–14. Polytubey 
approximates the multiple pollen tube phenotype in fer-4 ovules, but 
is a result of a mechanism called ‘fertilization recovery’ that is enacted 
to salvage fertilization. When pistils were pollinated by pollen from 
hap2/+ mutant plants12,13, half of the pollen did not fertilize and we 
observed that polytubey occurred starting only at around 7–8 h after 
pollination (Fig. 1d)—at which time the earliest-arrived pollen tubes 
should have already accomplished fertilization. The comparison here 
therefore provides a clear contrast between the FER-mediated mecha-
nism that actively and constitutively blocks the penetration of ovules 
by supernumerary pollen tubes and the polytubey phenomenon that 
is induced by fertilization recovery.

FER regulates ovular pectin
Several considerations guided our investigation into how FER sup-
presses polyspermy, including the fact that pollen tube growth is extra-
cellular and the two related observations that the extracellular domain 
of FER binds pectin15 (a complex carbohydrate that is important for the 
integrity of the cell wall16) and the loss of FER weakens the cell wall15. 
Ruthenium red (which binds demethylesterified pectin (homogalac-
turonan)17) and the antibodies JIM5 and M38 (which recognize partially 

and fully de-esterified pectins, respectively18) all detected a significant 
reduction in de-esterified pectins at the filiform apparatus of fer-4 
ovules relative to wild type (Fig. 1e, f, Extended Data Fig. 1d–h). FER is 
prominently located at the filiform apparatus4 (Extended Data Fig. 1b), 
which is densely populated by the synergid cell membrane11. It is plausi-
ble that the interaction between FER and pectin15 at the wall–membrane 
interface stabilizes the association of pectin with the wall matrix.

We then explored whether FER-regulated pectin was associated 
with the FER-mediated mechanism to block the entrance of multi-
ple pollen tubes. In planta, pectin is secreted as methylesterified 
homogalacturonan and is de-esterified by pectin methylesterases 
(PMEs) located in the cell wall. This modification exposes carboxyl 
groups for crosslinking by divalent cations (such as Ca2+ in the wall 
matrix) and rigidifies the wall16. The level of pectin de-esterification is 
carefully guarded. For example, the Arabidopsis genome has 66 PMEs 
and 69 putative PME inhibitors (PMEIs) that together regulate lev-
els of methylesterified and de-esterified pectins, rendering genetic 
manipulation of pectin homeostasis extremely challenging19,20. To 
compromise the ovular pectin condition, we identified mutants in 
the ovule-expressed PME34 and PME44 genes and generated PMEI1 
overexpression lines (PMEI1ox) (Extended Data Fig. 2a–g). These 
plants were relatively normal, but their ovules showed reduced levels 
of de-esterified pectin in the filiform apparatus and more entries 
of multiple pollen tubes than in wild type (Fig. 1g, Extended Data 
Figs. 1i, j, 2l). Taken together with observations in fer ovules (Fig. 1e, f),  
our results are consistent with the FER-mediated presence of de-
esterified pectin at the filiform apparatus being associated with the 
mechanism to prevent the entry of supernumerary pollen tubes into 
the female gametophyte.
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Fig. 1 | The FER-mediated presence of de-esterified pectin underlies 
prevention of the entrance of supernumerary pollen tubes into ovules. a, An 
ovule cartoon. A, antipodal cells; CC, central cells; EC, egg cells; FA, filiform 
apparatus; FG, female gametophyte; In, inner integument; M, micropyle; Ou, 
outer integument; PT, pollen tube; SC, synergid cells; Sp, sperm; VN, vegetative 
nucleus. b, c, fer-44,9,10 mutation induces defects in the interaction between 
pollen tubes and ovules. Pistils were pollinated by wild-type (WT) pollen, 
stained with aniline blue to show pollen tubes in transmitting tissue (TT) and 
penetrated ovules (Ov) (b). Asterisks in b, c indicate overgrowth of pollen 
tubes. Observations shown here were typical4,10, and the analysis was repeated 
a total of six times for these experiments (and those shown in Extended Data 
Fig. 4). d, fer-4 mutation-induced multiple pollen tube entrance and hap2-
induced polytubey. The fer-4 plant was pollinated by wild type (experiment 1), 
and wild type was pollinated by a hap2/+ plant (experiment 2). Typically, about 
30% of ovules were penetrated at around 5 h after pollination (HAP), and 
increased to completion (about 90–100% of all ovules) by around 20 h after 

pollination. In experiment 2, 50% of hap2/+ pollen did not fertilize12,13. Data 
shown are average ± s.e.m. n indicates the number of pistils. **P < 0.01 (for 
example, 0.0019 for 5 h after pollination, 0.002 for 30 h after pollination).  
e, f, Immunodetection of ovular de-esterified pectin by JIM5 (e) and M38 (f)18,28. 
Dashed lines, micropylar ends. Data shown are average ± s.d. n indicates the 
number of pistils. g, Phenotype of pollen tube entrance in wild-type pme34, 
pme4429,30 and PMEI1ox ovules. Data shown are average ± s.d. n indicates the 
number of pistils. P values were obtained by two-tailed t-tests; numbers in data 
plots denote the number of ovules examined. Data in d–g are representative of 
three independent experiments. Scale bars, 50 μm (c, e–g), 100 μm (b). Arrows 
indicate pollen tube exit from the transmitting tissue to target ovules in b, 
single pollen tube entrance into an ovule in c, g and filiform apparatus in e,  
f; arrowheads in c, g indicate multiple pollen tube entrance into an ovule; f in e, 
f indicates funiculus autofluorescence. Box plots: centre line, median; box 
limits, lower and upper quartiles; dots, individual data points; whiskers, 
highest and lowest data points.



Nature  |  Vol 579  |  26 March 2020  |  563

FER regulates ovular nitric oxide
We then explored whether there were other FER-regulated condi-
tions involved in blocking the entry of multiple pollen tubes into 
ovules. Given that the FER-mediated reactive oxygen species maxi-
mum in the filiform apparatus region is important for pollen tube 
rupture4, and that reactive oxygen species and nitric oxide (NO) are 
engaged in intimate functional and signalling interplays (including 
regulating pollen tube growth and directional responses21,22), we 
examined whether FER prevents the entrance of multiple pollen 
tubes by affecting ovular NO. Because the genetic manipulation of NO 
production in plants and its detection are inherently challenging23, 
we followed previously established and often-used approaches21–23 
and observed that pollen tube arrival at the ovule induced NO accu-
mulation at the filiform apparatus (Fig. 2a, b). During pollination, 
the increase in ovules that accumulated NO at the filiform apparatus 
was FER-dependent and paralleled the increase in penetrated ovules 
(Fig. 2c, d, Extended Data Fig. 3a–c). Ovules from the NO-deficient 
mutants nia1 nia2 and noa1 had reduced levels of filiform appara-
tus NO (Extended Data Fig. 3d) and increased multiple pollen tube 
entry relative to wild type (Fig. 2e), providing additional support for 
filiform apparatus NO being a factor in suppressing the entrance of 
supernumerary pollen tubes.

Pectin induces FER-dependent NO
Our observations thus far suggested that two FER-dependent con-
ditions at the filiform apparatus—de-esterified pectin deposits and 

NO accululation induced by pollen tube arrival—were involved in 
guarding against polyspermy, and thus could be functionally linked. 
Pollen tubes produce copious amounts of enzymes related to cell 
wall metabolism, some of which degrade or modify pectin24. We 
therefore examined how pollination might affect pectic constituents 
along the pollen tube growth pathway and whether FER has a role. 
Using JIM5 and M38, we detected a notable increase in de-esterified 
pectin in the exudate from pollinated wild-type pistils relative to 
its counterpart from unpollinated pistils, whereas fer-4 pistillate 
exudates lacked de-esterified pectin (Fig. 3a, Extended Data Fig. 4). 
Moreover, the pollinated wild-type exudate was active in stimulating 
the accumulation of filiform apparatus NO in ovules from unpolli-
nated wild-type pistils (Fig. 3b), whereas exudates from fer-4 pistils 
lacked comparable activity (Extended Data Fig. 5a). Fragmented 
polygalacturonic acid (PGA) (Extended Data Fig. 5b) was also active 
in stimulating the accumulation of filiform apparatus NO, akin to 
the increase in NO triggered by oligogalacturonic acid in immunity 
signalling25; fer-4 ovules were non-responsive (Fig. 3c, d, Extended 
Data Fig. 5c–e). PGA also stimulated NO accumulation in roots of 
wild-type—but not fer-4—seedlings (Fig. 3e, Extended Data Fig. 5f), 
which provides further support for a signalling linkage between 
de-esterified pectin, FER and increases in NO levels. Although the 
precise active species in the pistillate exudates and fragmented PGA 
remain unknown, observations here are consistent with pectic frag-
ments generated by the growth of pollen tubes acting as signals to 
trigger NO accumulation at the filiform apparatus in a FER-dependent 
manner.
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shown are average ± s.d. b, A wild-type ovule penetrated by a tdTomato-
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than 30 penetrated ovules from two independently pollinated pistils, carried 
out for the purpose of unambiguously demarcating the boundary between the 
synergid cells and the filiform apparatus. c, Filiform apparatus NO and pollen 
tube penetration. Ovules from unpollinated and pollinated pistils were stained 
with DAF-DA to image NO, and then stained with calcofluor white for pollen 

tubes. Data shown are average ± s.d. d, NO in wild-type and fer-4 ovules 
penetrated by pollen tubes. Data shown are average ± s.d. e, Phenotype of 
pollen tube entrance in NO-deficient nia1 nia2 and noa1 ovules33–36. Data shown 
are average ± s.d. P values by two-tailed t-tests. Data in a, c–e are representative 
of three independent experiments. DIC, differential interference contrast.
Scale bars, 50 μm. Arrows indicate filiform apparatus; arrowheads indicate 
pollen tubes. In a, c–e, n denotes the number of pistils and numbers in the plots 
indicate total number of ovules examined. Box plots: centre line, median; box 
limits, lower and upper quartiles; dots, individual data points; whiskers, 
highest and lowest data points.
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Nitrosation inhibits LURE activity
In considering how NO blocked the penetration of ovules by supernu-
merary pollen tubes, we turned to the fact that pollen tubes depend 
on chemoattractants such as LUREs1,2,5,6 to guide them to ovules. To 
prevent the approach of late-arriving pollen tubes, the tube that 
arrives first at an ovule could trigger a mechanism to disengage the 
guidance process. Because NO is gaseous, capable of modifying target 
molecules21–23 and concentrated at the filiform apparatus upon pen-
etration by the first pollen tube (Fig. 2a–c), it could potentially target 
and modify the cysteine-rich LUREs1,2. In examining whether NO might 
affect the pollen tube attraction mediated by LUREs, we observed that 
the arrival of pollen tubes at ovules expressing LURE1–GFP11 correlated 
with the delocalization of the attractant from the filiform apparatus 
to the synergid cytoplasm (Fig. 4a, b). Moreover, treatments with 
S-nitrosoglutathione (GSNO) or sodium nitroprusside (SNP) (both 
of which generate NO) and PGA all similarly induced a retention of 
LURE1–GFP in the synergid cells of ovules from unpollinated pistils 
(Fig. 4a, Extended Data Fig. 6a–c). In vitro, GSNO induced multim-
ers of LURE1 tagged with maltose binding protein (MBP–LURE1), 
inhibited binding of the attractant to its receptor PRK626,27 and sup-
pressed the activity of MBP–LURE1 to attract pollen tubes in semi-in 
vivo attraction assays1,26 (Fig. 4c, d, Extended Data Fig. 6d–k). These 
results imply that the NO condition at the filiform apparatus after the 
arrival of the first pollen tube could disengage pollen tube attraction 
by a two-pronged mechanism that inhibits the activity of the already 
secreted attractant and prevents further secretion of attractant to 
reform a gradient.

We further determined that NO modifies LURE1 and that these modi-
fications affect the efficacy of the attractant. LUREs have three pairs of 
disulfide bonds1,26,27. Nano-liquid chromatography with tandem mass 
spectrometry (LC–MS/MS) analysis of MBP–LURE1 nitrosated by GSNO 
and labelled with a tandem mass tag (TMT) showed that Cys84 of LURE1 

was nitrosated (Fig. 4e–g, Extended Data Fig. 7a, b, e, Supplementary 
Fig. 1). A natural mutation at Cys84 renders LURE1.5 nonfunctional1 
(Extended Data Fig. 8), providing a genetic implication for the potential 
importance of NO modification at Cys84 to LURE activity.

We noted that Cys17 in the LURE1 signal peptide is a predicted tar-
get for nitrosation (using GPS-SNO (www.sno.biocuckoo.org)). When 
expressed in Arabidopsis, LURE1(C17A)–GFP was localized inside the 
synergid cells even before pollination (Fig. 4i), unlike the normal loca-
tion of LURE1 at the filiform apparatus (Fig. 4a, Extended Data Fig. 7f). 
LC–MS/MS analysis of full-length LURE1 precursor treated by GSNO and 
labelled by TMT showed that Cys17 was indeed nitrosated (Fig. 4e, f, 
h, Extended Data Fig. 7c, d). These observations provide biochemical 
and molecular support for how NO induced by the arrival of the first 
pollen tube suppresses the entrance of supernumerary pollen tubes, 
by modifying secreted LURE1 to inhibit its activity and intracellular 
LURE1 to suppress its secretion to replenish an active attractant. The 
fact that Cys17 and Cys84 are conserved among the broader LURE fam-
ily1,2 (Extended Data Fig. 8) suggests that pollen tube arrival at ovules 
could affect the efficacy of widespread chemoattractants to prevent 
penetration by late-arriving pollen tubes.

Discussion
How FER mediates sperm release4 and prevents ovules from penetra-
tion by multiple pollen tubes (summarized in Extended Data Fig. 9) 
suggest an intricate multilayered strategy that flowering plants have 
evolved to ensure reproductive success. The molecular property of 
FER3,15 is well-suited to serve these two intimately linked but opposed 
processes—enabling fertilization and suppressing unwanted fertili-
zation. The interaction between the extracellular domain of FER and 
pectin15 could link cell wall quality control to maintaining a source 
for biologically active pectic moieties, generated by processes such 
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PGA doses. Data shown are average ± s.d. n indicates the number of pistils. e, 
NO response to PGA in wild-type and fer-4 roots. Mock- or PGA (1 mg ml−1)-
treated seedlings, stained with DAF-DA. Signals from identical areas (white 
box) were quantified. Data shown are average ± s.d. n indicates the number of 
seedlings. P values were by two-tailed t-tests; numbers in data plots denote the 
ovules examined; data in b, d, e are representative of three independent 
experiments. Scale bars, 50 μm. Arrows, filiform apparatus. Box plots: centre 
line, median; box limits, lower and upper quartiles; dots, individual data points; 
whiskers, highest and lowest data points.
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as fungal25 and pollen tube growth. Signal-elicited cascades could be 
propagated by FER-regulated RHO GTPases10 to diverse responses. 
Such functional versatility could allow FER to sensitively link the effect 
of its first act in the ovular environment to elicit conditions fitting for 
its second act.

The use of NO as an agent to disengage pollen tube attraction 
could be founded on its gaseous, fast-acting ability to modify other 
molecules21,23. Although the precise working distance for NO is not 
known, the FER-mediated blockade for late-arriving pollen tubes 
could be enacted along the gradient of attractants—and potentially 
even beyond this gradient, owing to the higher diffusability of NO 
(Extended Data Fig. 10f). The diffusability of NO is consistent with 

the fact that rarely more than a single pollen tube enters an ovule 
and that the deterrence of latecomers occurs rapidly upon arrival of 
the first pollen tube5,6. LUREs, being cysteine-rich proteins, are also 
perfect targets for NO-mediated suppression of their activity when 
fertilization is ascertained. NO dissipation from the filiform appara-
tus region of a penetrated, but not fertilized, ovule could allow for 
a regeneration of the chemoattractant gradient. This could lead to 
some recovery of the ability to attract pollen tubes to potentiate fer-
tilization recovery12–14 (Extended Data Fig. 10g–i). Pollen tube–ovule 
interaction occurs in highly restricted spatial and temporal windows, 
which renders mechanistic dissection extremely challenging. The 
molecular insights discussed here provide a basis for understanding 
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Fig. 4 | NO affects LURE1 and suppresses pollen tube attraction. a, LURE1–
GFP localization. Ovules from unpollinated and pollinated pistils (8 and 15 h 
after pollination), GSNO- and PGA-treated ovules from unpollinated pistils 
were examined by confocal microscopy. Experiments were carried out four 
times with comparable results. b, LURE1–GFP localization and pollen tube 
penetration. Ovules expressing LURE1–GFP from pollinated pistils were 
observed, followed by staining with calcofluor white to reveal pollen tubes. 
Data shown are average ± s.d., n = pistils. c, d, Effect of GSNO on the interaction 
between LURE1 and the receptor PRK6, and pollen tube attraction. c, Filter-
binding assay showed dose-dependent inhibition of MBP–LURE1 binding to 
haemagglutinin (HA)-tagged PRK6 extracellular domain26,27 by GSNO. d, Pollen-
tube attraction assays1,37 showed GSNO inhibition of MBP–LURE1 activity. Two-
micromolar MBP–LURE1 was used in the gelatin beads (dark spots). Data shown 
are average ± s.d. n = 4 replicates; numbers in the plot indicate pollen tubes 
examined. e–h, Mass spectrometry analysis of GSNO-treated MBP–LURE1 and 
MBP–full-length LURE1. Nitrosated amino acid residues were labelled with 
TMT38. e, Immunoblot of TMT-labelled proteins. f, Sequence of full-length 

LURE1.2 (ref. 1); mature LURE1.2 starts at T, right after signal peptide cleavage 
site (indicated by arrow). Cysteines are highlighted in bold; Cys17 and Cys84 (in 
red) are nitrosated. g, h, LC–MS/MS spectra showed the presence of peptides 
labelled with TMT at Cys84 from MBP–LURE1 (g), and peptides labelled with 
TMT at Cys17 from MBP–full-length LURE1 (h). Nitrosated Cys84 (g) and Cys17 
(h) were observed in two and three independent experiments, respectively. 
Proteins in e were representative of more than three independent 
preparations. i, Localization of LURE1p::LURE1(C17A)–GFP in ovules before 
pollination (BP) and after pollination (AP). Data shown are average ± s.d.,  
n indicates the number of pistils. P values were obtained using two-tailed  
t-tests. Data in b–d, i are representative of three independent experiments; 
numbers in data plots indicate the total number of ovules (b, i) or pollen tubes 
(d) examined. Scale bars, 50 μm. Asterisks denote synergid cells (a, b); red, 
autofluorescence (a). Arrows, filiform apparatus (a, b), synergid cells (i); 
arrowhead, pollen tube (b), TMT-labelled target proteins (e). Box plots: centre 
line, median; box limits, lower and upper quartiles; dots, individual data points; 
whiskers, highest and lowest data points.
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the many cell–cell communicative processes that work concertedly 
for reproductive success in plants.
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Methods

Plant material, growth, transformation and pollination
Arabidopsis thaliana Col-0 plants were maintained at 22 °C in growth 
chambers. fer-4 (GK-106A06, GABI-Kat) transformed Arabidopsis and 
transformed Arabidopsis with FER promoter (FERp::FER–GFP) have 
previously been described10. fer-4 and several other fer alleles behaved 
identically; fer-4 was complemented by FERp::FER–GFP4,10. PME34 and 
PME44 are more notably expressed in ovules than are other members 
of the gene family29. pme34 (SALK_039555C)30, pme44 (SALK_071362C), 
nia1 nia2 (CS2356)33,34 and noa1(CS6511)35,36 were from Arabidopsis 
Biological Resource Center. A second pme34 (SALK_062058C) and 
pme44 (SALK_050157C) behaved similarly to SALK_039555C and 
SALK_071362C. A double pme34 pme44 line was generated by cross-
ing pme34 (SALK_039555C) and pme44 (SALK_071362C). Seeds from 
LAT52::tdTomato transformed Arabidopsis and hap2/+12 were gifts from 
B. McClure and M. Johnson, respectively. LURE1–GFP-expressing plants 
were the original DD2 promoter DD2p::DD2–GFP transformed Arabi-
dopsis11, a gift from G. Drews; DD2 is equivalent to LURE1 (At5g43510)1. 
LURE1p::LURE1-(C17A)-GFP and FERp::PMEI1 (pectin methylesterase 
inhibitor 1; At1g48020)-GFP were transformed into wild-type A. thali-
ana (Col-0) by floral dip39. PMEIox (35S:PMEI5) seeds20 were a gift from 
H. Hofte. aca9-1 seeds40 were a gift from J. Harper. Hand pollination 
experiments were carried out using wild-type pollen as the male donor 
unless otherwise noted, and wild type or fer-4 as the female parents as 
indicated in the text or figure legends.

Microscopy
Epifluorescence and DIC microscopy were carried out on a NIKON 
Eclipse E800 microscope equipped with a SPOT charge-coupled 
device (Molecular Diagnostic). Filters Ex460–500/DM505/BA510-560 
(FITC, green), Ex546(10)/DM565LP/EM590LP (rhodamine, red), and 
Ex330–380/DM400/BA420 (blue) from Chroma were used. Confocal 
microscopy was carried out on a Nikon A1. Unless otherwise indicated 
in figure legends, quantitative data are from one representative of 
at least three independent experiments; most assays were repeated 
at least five times. For every experiment, each dataset was obtained 
from ovules isolated from 6–9 pistils, each yielding about 20–30 good-
quality ovules. Data (per cent of ovules with multiple pollen tubes, or 
filiform apparatus with de-esterified pectin, NO or LURE1–GFP) from 
each pistil were averaged and represented in data bars/points. Error 
bars represent s.d. from the average, unless otherwise indicated. The n 
values of each data plot reflect pistils as indicated in figure legends; the 
numbers of ovules examined are indicated on the data plots. Student’s 
t-tests were used for P value calculations (two-tailed). P < 0.05 and 
P < 0.01 are considered significant and highly significant differences, 
respectively; in most experiments, P values ranged from P < 10−2 to 
P < 10−5.

Pollen tube visualization
Pollen tube visualization was predominantly carried out by aniline 
blue (0.1%)2 to stain callose in the pollen tube cell wall. Cessation of the 
fluorescent signal at the entrance to the female gametophyte reflected 
pollen tube rupture and sperm release upon penetrating a synergid 
cell. The pile-up of aniline-blue-stained material inside the fer female 
gametophyte reflected a failure of pollen tube rupture4,9. Multiple or 
supernumerary pollen tube entrance refers to two or more pollen tubes 
entering the micropyle of a single ovule. Often multiple pollen tubes 
appeared as a thicker bundle outside the targeted fer-4 ovule relative 
to the single pollen tube that targeted a wild-type ovule under normal 
conditions. In experiments in which aniline blue was not used, calco-
fluor white (0.01%) (a cellulose stain41,42) was used to mark the pollen 
tube outside of a penetrated ovule. LAT52::tdTomato-expressing pol-
len tubes were used to mark the synergid cell of a penetrated ovule as 
cytoplasmic discharge from an entered pollen tube would render it 

red-fluorescent, allowing the synergid cell and filiform apparatus be 
clearly defined.

Detection of ovule pectin, NO and LURE1–GFP signals
Ovules were isolated from pistils and transferred to 40 μl of correspond-
ing solution for treatment for individual purposes. The procedures 
were all carried out on a microscope slide under a cover glass at room 
temperature in a box humidified with several layers of moist paper 
towel. Buffer exchanges between steps were carried out five times by 
depletion of used buffer from one side using a filter-paper wedge and 
application of new buffer from the other side.

Ovule pectin detection was carried out by ruthenium red (RuR)17 
(PolySciences), and the monoclonal antibodies JIM5, JIM7 and M3818,28 
(gifts from J. P. Knox and later purchased from Complex Carbohydrate 
Research Center). Though not specific for pectin, RuR is commonly 
used as a histochemical stain for pectin (for example, in pollen tubes43) 
and had previously been used to approximate de-esterified pectin43–45. 
JIM5 and JIM7, respectively, detect partially methylesterified homoga-
lacturonan epitope (about 40% unesterified residues adjacent to, or 
flanked by, residues with methylester groups) and partially methyl-
esterified homogalacturonan epitope (methylesterified residues up 
to 80%)28. M38 detects fully de-esterified homogalacturonan18. Ovules 
from naturally pollinated or hand-pollinated pistils were used as indi-
cated in the text. For hand pollination, stage 12c (approaching the end 
of stage 12) flower buds4,46 were emasculated and allowed to mature 
for 24 h (reaching early to mid-stage 14). They were either pollinated 
or left unpollinated. Individual ovules were isolated from the pistils at 
20 h after pollination or as otherwise indicated. For RuR histochemi-
cal staining, dissected ovules were immersed in RuR (0.05% in H2O) 
for 3–4 min and washed with H2O before observation under DIC. For 
immunodetection, ovules were immediately transferred to fixative 
(4% paraformaldehyde in phosphate buffered saline (PBS), 20 mM Na-
phosphate, pH7.4, 100 mM NaCl) for 1 h and then processed for pectin 
detection. The ovules were first rinsed in PBS, then blocked in 3% non-
fat milk (Stop & Shop) in PBS for 1 h, incubated with JIM5 (1:500), M38 
(1:50) or JIM7 (1:50) for 2 h, washed with PBS, then incubated with FITC-
labelled secondary antibody against mouse or rat antibodies (1:100, 
Santa Cruz) for 2 h, washed and imaged by wide-field epifluorescence 
(Nikon Eclipse E800) using the FITC filter.

For NO detection, DAF-DA (Cayman Chemical, cat no. 85165) 
was used31. Chemicals used to generate or scavenge NO included: 
GSNO (Sigma-Aldrich) and SNP (Alfa Aesar) generate NO; cPTIO 
(2-(4-carboxyphenyl)-4,5-dihydro-4,4,5,5-tetramethyl-1H-imidazolyl- 
1-oxy-3-oxide, monopotassium salt) (Cayman Chemical) scavenges 
NO22,31,32. For chemical treatments, stock solutions were prepared in 
DMSO and diluted to working concentrations in 20 mM HEPES (pH7.5) 
with 100 μM DAF-DA. Mock treatments had identical final DMSO con-
centration as in experimental conditions. PGA (Sigma) was fragmented 
by sonication before use15; the sample was assessed by polyacrylamide 
gel electrophoresis followed by RuR (0.02%) staining47. Ovules from 
unpollinated or pollinated wild-type pistils were used as indicated in 
the text using wild-type pollen or tdTomato-expressing pollen. Indi-
vidual ovules were isolated from the pistils at the specified number of 
hours after pollination, and immediately transferred to 100 μM DAF-DA  
(20 mM HEPES, pH 7.5) on a slide, incubated under a coverslip for 1 h in 
a humidified box in the dark. They were then washed in the buffer and 
observed immediately by epifluorescence using the FITC filter cube.

For the effect of PGA on ovule NO, 4 μl of PGA (final concentrations 
indicated in figures or figure legends) were added to DAF-DA solu-
tion (total 40 μl treatment volume) for NO detection. For pollination-
affected ovule NO, wild-type, fer-4, nia1 nia2 and noa1 pistils were 
pollinated with wild-type pollen or tdTomato-expressing pollen, and 
ovules were processed for NO detection at 16–20 h after pollination 
as described unless otherwise indicated. tdTomato-labelled pollen 
tubes ejected red cytoplasm inside the synergid cell, providing a spatial 
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reference for the synergid cells and easier definition for the filiform 
apparatus. When wild-type pollen was used, calcofluor white was used 
to visualize pollen tube entry; the cell-wall stain was added and imaged 
after the NO signal was acquired.

For microscopic localization of LURE1–GFP and LURE1(C17A)–GFP, 
ovules isolated from unpollinated or pollinated pistils, or ovules from 
unpollinated pistils either mock- or chemically (GSNO and SNP) treated 
were used as indicated in the text and figure legends.

For data quantification, samples were observed by epifluorescence 
and signals were assessed by two methods. First (and similar to meth-
ods previously described for the reactive oxygen species signal of the 
filiform apparatus region4), images acquired under identical conditions 
for comparative samples were analysed by ImageJ. Total signal intensity 
from an identical area covering the filiform apparatus region from each 
ovule was quantified by ImageJ. The signal intensity from an identical 
area in the synergid cell was measured similarly for background. The 
ovule was scored as NO- or de-esterified-pectin-positive, if the ratio of 
the filiform apparatus to synergid cell was greater than 1.2. An alternate 
and more expeditious method was based on the evaluation of signal 
intensity in the filiform apparatus and synergid cell by direct scoring 
during observation. Ovules with obvious signal in the filiform apparatus 
were scored as positive. For each set of studies, a comparative assess-
ment between the two methods was first made; both methods consist-
ently yielded similar outcomes. Direct counting of ovules with obvious 
NO signals minimized exposure time and allowed expeditious scoring 
of a large number of ovules. Camera acquisition of images followed by 
ImageJ analyses was applied for at least one set of ovules and also from 
time to time within an experiment for data conformation. Comparison 
of the two assessment methods is provided in Extended Data Figs. 3, 5.

Seedling NO studies
Arabidopsis seeds were surface-sterilized and germinated on B5 
medium with 0% sucrose and solidified by 0.7% agar. Seeds were cold-
treated at 4 °C for 2 d to synchronize germination, then transferred 
to room temperature. Plates were left standing vertically for seedling 
growth under 16/8 h light/dark cycles. Three-day-old seedlings were 
submerged in 5 μM DAF-DA in 20 mM HEPES (pH 7.5), either unsupple-
mented or supplemented with increasing concentrations of sonicated 
PGA fragments15 for 3.5 h in the dark. The seedlings were washed in 20 
mM HEPES (pH 7.5), and transferred to glass slides in the same buffer 
for fluorescence and DIC microscopy. At least ten seedlings were exam-
ined for each condition; data are presented as average ± s.d. from one 
representative of at least three independent replicates for each con-
dition. Fluorescent images were acquired under identical conditions 
for comparative studies and signal intensity was quantified through 
ImageJ, as described previously for fluorescent signal in seedling roots4.

Preparation of pistil exudate and analysis
Exudates from unpollinated and pollinated pistils were prepared. Stage 
12c flower buds from wild-type or fer-4 plants were emasculated, left 
unpollinated or hand-pollinated by wild-type pollen. Pistillate exudate 
preparation followed a previously published method48, with modifica-
tions. At 14 h after pollination, both pollinated and unpollinated pistils 
(100 per preparation) were placed horizontally on the double-sided 
tape. The transmitting tissue from 20 pistils and attached ovules were 
scraped and transferred to 500 μl of H2O in a microfuge tube. The tubes 
were incubated at 60 °C for 6 h, then 40 °C with the cap open overnight 
to allow evaporation of excess H2O. The crude exudate (from 100 pistils) 
was then pooled, dried in a speed-vacuum and resuspended in 20 μl 
of H2O. De-esterified pectin contents in these exudates were approxi-
mated by spotting 2–4 μl of exudates and a concentration series of 
fragmented PGA quantified according to a previous study47 on nylon 
filter membranes, followed by immunoblot detection using JIM5 anti-
bodies and chemiluminescence after secondary antibody binding. 
For pectin quantification before use in biological assays, 2 μl of each 

pistillate exudate sample was spotted on a nylon filter membrane, air-
dried for 30 min, followed by immunodetection of de-esterified pectin 
using JIM5 or M38 antibodies. An identical membrane was stained by 
toluidine blue (0.005%) for 5 min to ascertain comparable applications 
of pistillate exudates. For ovule treatment, 4 μl (of 20 μl preparations 
from 100 pistils; that is, equivalent to 20 pistils) of exudate were used 
for each ovule treatment, followed by NO detection as described in 
‘Detection of ovule pectin, NO and LURE1–GFP signals’.

Purification of LURE1 and LURE1 receptor PRK6
LURE1 ((LURE1.2 (At5g43510))1 and its receptor PRK6 (At5g20690)26 
from Arabidopsis were used. To obtain purified proteins, MBP–LURE1 
(amino acid residues 20–90) and His6–HA–PRK6 extracellular domain 
(HA–PRK6(ecd)) (residues 1–26227) were cloned in pMAL (NEBL) and 
pET21 (Invitrogen), respectively, for expression in Escherichia coli BL21. 
MBP–LURE1 production was induced by IPTG (0.5 mM) during growth 
at either 37 °C for 6 h or 16 °C overnight. Cells were resuspended in lysis 
buffer (40 mM Tris-Cl pH 7.5, 150 mM NaCl, 1 mM EDTA, using 15 ml per 
pellet from 800-ml cultures), flash-frozen, thawed and sonicated 5 times, 
10-s each. After clearing the debris by centrifugation, the lysate was 
loaded onto an amylose column pre-equilibrated with lysis buffer. The 
resin was extensively washed in the same buffer, and bound proteins 
were eluted by 10 mM maltose in lysis buffer. Tubes with peak protein 
concentrations were pooled and dialysed into TBS (25 mM Tris-Cl pH 7.5, 
100 mM NaCl) overnight, at 4 °C. If concentration was needed, the protein 
was passed through a centricon with a 10-kDa molecular mass cut off).

HA–PRK6(ecd) was expressed in E. coli at 37 °C. Fifteen millilitres of 
urea lysis buffer (8 M urea 50 mM Tris-Cl pH 7.5, 300 mM NaCl) was used 
per 800-ml culture and the cell suspension was sonicated once for 10 s. 
The lysate was applied to a urea lysis buffer-equilibrated Talon (Clontech) 
column (1 ml), washed with 5 ml urea lysis buffer and bound proteins were 
eluted with 5 ml of 250 mM imidazole in urea lysis buffer and collected in 
1-ml fractions. The elution was then dialysed overnight into TBS.

Quality of the purified proteins was assessed by SDS–PAGE (15%) 
followed by Coomassie-blue staining and immunoblot detection using 
antibody against the respective tag.

Protein binding assays for LURE1–receptor interaction
A filter binding assay15 was used. Equal volumes (1.5 μl) of a serial dilution 
of purified HA–PRK6(ecd) was spotted on nitrocellulose membrane (Bio-
Rad) and air-dried for 15 min, stained in Ponceau S (3% acetic acid, 0.2% 
Ponceau S) for 5 min to reveal protein dots to ascertain quality and com-
parable protein application. After Ponceau S removal, the membrane 
was blocked twice, 30 min each, in TBST (25 mM Tris-Cl pH 7.5, 100 mM  
NaCl, 0.1% Tween-20) and 3% dried milk. It was rinsed once with TBS  
(25 mM Tris-Cl pH 7.5, 100 mM NaCl) for 3 min, then incubated with 1 μM 
MBP–LURE1 in TBS at room temperature with gentle shaking for 1 h. The 
membrane was washed 5 times, 3 min each, with TBST. Immunodetec-
tion of bound MBP–LURE1 was carried out by incubation with anti-MBP 
antibody (NEBL, 1:2,000 dilution) in TBST and 3% dried milk for 1 h. The 
membrane was washed 5 times, 3 min each, with TBST then incubated 
with HRP-conjugated secondary antibody (Santa Cruz, 1:2,000 dilution) 
in TBST with 3% dried milk for 1 h. The membrane was washed 5 times,  
3 min each in TBST, and once in TBS for 3 min and developed for 3 min 
in reagents for chemiluminescence detection (PXi, Syngene).

Pollen tube attraction assays
MBP–LURE1 and MBP control were used under semi-in vivo pollen tube 
growth conditions as previously described1,37. In brief, 2 μl of purified 
MBP–LURE1 with or without GSNO treatment were mixed with 2 μl of 10% 
(w/v) gelatin (Bio-Rad) pre-melted at 40 °C. After adding 150 μl of hydrated 
silicone oil, they were mixed by vortexing and immediately cooled on 
ice to allow the formation of gelatin beads. Single beads (about 40 μm 
in diameter) were picked up by a glass needle and placed at an angle of 
about 45–90° and slightly ahead (≤50 μm) of an elongating pollen tube. 



The pollen tubes that made a change in growth trajectory >20° towards 
the beads were scored as a positive response, as previously described37.

Electrophoretic analysis of LURE1 nitrosation
GSNO was used as NO donor. MBP, MBP–LURE1 and MBP–full-length 
LURE1 (residues 1–90) were incubated with GSNO for 30 min at room 
temperature and in the dark. SDS–PAGE (5×) loading dye (without 
β-mercaptoethanol) was added to a final concentration of 1× loading 
dye (10% glycerol, 60 mM Tris-HCl, pH 6.8, 2% SDS, 0.01% bromophenol 
blue, no β-mercaptoethanol). Then the samples were boiled for 5 min, 
added to a 15% gel and run at 80 V. Gel was either stained by Coomassie 
blue or transferred to PVDF membrane (Perkin Elmer) for immunodetec-
tion of MBP–LURE1. When used in LURE1–HA–PRK6(ecd) interaction, 
MBP–LURE1 was preincubated with a concentration series of GSNO for 
45 min in the dark before binding to HA–PRK6(ecd) on dot blots prepared 
as described in ‘Protein binding assays for LURE1–receptor interaction’, 
without or in the presence of dithiothreitol (DTT) as indicated in figures.

Mass spectrometry analysis of LURE1 nitrosation state
Preparation of in vitro nitrosated LURE1 and subsequent mass spec-
trometry analysis used E. coli produced MBP–LURE1 and MBP–full-
length LURE1 followed the scheme outlined in Supplementary Fig. 1. 
The procedure to tag nitrosated target residues for mass spectrometry 
analysis38 generally followed that provided by the user manuals of Pierce 
S-Nitrosylation Western Blot Kit with modification (cat. no. 90105) for 
protein blot detection of nitrosation and iodoacetyl tandem mass tag 
(iodoTMTzero) label reagent (ThermoFisher cat. no. 90100) to ‘switch’ 
nitrosated Cys residues by TMT for mass spectrometry analysis.

For TMT-labelled MBP–LURE1 and control unlabelled counterpart, 
proteins (Fig. 4e, Extended Data Fig. 7b) were trypsinized and analysed 
by nano-LC–MS/MS using an Easy-nLC 1000 nano-liquid chromatogra-
phy system coupled to an Orbitrap Fusion (Thermo Scientific) tribrid 
mass spectrometer at the University of Massachusetts Mass Spectrom-
etry Center. One microlitre of the trypsinized sample was injected on 
to a C18 trap column (75 μm × 20 mm), desalted with 5 μl of buffer A 
(0.1% formic acid in water), then transferred to a PepMap RSLC ana-
lytical column (75 μm × 150 mm) and eluted over a 120-min gradient 
from 5–40% buffer B (0.1% formic acid in acetonitrile) at 300 nl/min.  
MS1 data were acquired in the orbitrap at 120,000 resolution with data-
dependent MS/MS spectra measured in the linear ion trap using col-
lisionally induced dissociation with 35% normalized collision energy. 
Raw data were processed using Proteome Discoverer 2.3, allowing for 
variable modifications on Cys residues by NEM, carbamidomethyl or 
TMTzero. Quantitation was performed by integrating the area of the 
parent ion peak (10 ppm mass tolerance).

Mass spectrometry analysis of TMT-labelled MBP–full-length LURE1 
was carried out at the Harvard Medical School Taplin Biological Mass 
Spectrometry Facility. Protein bands (Fig. 4e, Extended Data Fig. 7c, 
d) were excised from SDS–polyacrylamide gels and processed for chy-
motrypsin digestion (Pierce Chymotrypsin, no. 90056). Mass spec-
trometry and data analysis were comparably carried out as described 
for MBP–LURE1.

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

Data availability
Source Data for Figs. 1–4 and Extended Data Figs. 1–3, 5–7 are provided 
with the paper. All other data are available from the corresponding 
author upon request.
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Extended Data Fig. 1 | See next page for caption.



Extended Data Fig. 1 | FER-regulated pollen tube–ovule interaction and 
pectin deposition in the filiform apparatus. a, Blue-dot assay, an alternate 
method (from that in Fig. 1b) to show pollen tube targeting and penetration of 
ovules. β-GUS-expressing pollen grains (Pg, blue) were used to pollinate a wild-
type pistil, allowing the pollen tube growth path to be visualized and 
demonstrated the prevalently 1:1 pollen tube:ovule ratio under normal 
pollination conditions. This result is typical of pollinated wild-type pistils, and 
it was repeated at least five times in the course of this study. b, FER promoter 
(FERp)::FER–GFP expression in a complemented fer-4 pistil, showing 
prominent localization of FER–GFP at the filiform apparatus region (arrows)4 as 
well as expression in sporophytic tissues, such as the integuments (In) and 
funiculus (F). For this study, the observation was repeated at least three times 
in independent preparations. c, Pollen tube reception defects induced by fer-4 
mutation (pollen tube overgrowth inside the female gametophyte owing to 
non-rupture) and multiple pollen tube entrance phenotypes. d–f, RuR-
detected pectin in ovules. d, Wild-type and fer-4 ovules showed developmental 
regulation and FER-dependent pectin deposition at the filiform apparatus or 
micropylar region (arrowheads). Floral stages followed that of previous 
publications4,46; stages 13–15 are the most receptive for pollination—at stage 16 
ovules had enlarged, reflecting successful fertilization. e, Quantification of 
RuR-positive filiform apparatus region. f, FERp::FER–GFP complemented fer-4 
mutation restored deposition of de-esterified pectin at the filiform apparatus, 

as it did the normal single pollen tube penetration phenotype (Extended Data 
Fig. 1c). g, Quantification of de-esterified pectin located at the filiform 
apparatus by JIM5 and M38 signal levels, following a previously described 
method4. Average signal intensity in equal areas of interest (dotted lines) at the 
filiform apparatus and in the synergid cells were compared. A filiform 
apparatus:synergid cell ratio of ≥1.2 was scored as JIM5- or M38-positive.  
h, JIM7 immunostaining of ovule methylesterified pectin. Arrows, filiform 
apparatus region. Image acquisition conditions were the same as those for JIM5 
immunostaining (Fig. 1e). Signal was below detection, most probably because 
of the high solubility of the methylesterified polymers during the 
immunostaining procedure, which involved extensive washes. i, JIM5 
immunostaining of wild-type and FERp::PMEI1–GFP (PMEI1ox) ovules. 
Overexpression of PMEI1 (Extended Data Fig. 2) reduced the localization of de-
esterified pectin at the filiform apparatus. j, M38 immunostaining of wild-type, 
pme44, pme34 and PMEIox ovules. Reduced M38 and JIM5 signals correlated 
with augmented multiple pollen tube entry phenotype (Fig. 1g). Data shown are 
average ± s.d. n, pistil numbers (c, e, f, h–j); n, ovule numbers (g). Data are 
representative of three independent experiments. P values were obtained by 
two-tailed t-tests; numbers in data plots represent the number of ovules 
examined. Scale bar, 1 mm (a), 50 μm (d, g, h). Box plots: centre line, median; 
box limits, lower and upper quartiles; dots, individual data points; whiskers, 
highest and lowest data points.
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Extended Data Fig. 2 | See next page for caption.



Extended Data Fig. 2 | Characterization of mutants deficient in de-esterified 
pectin. a–d, Transfer (T-) DNA insertion mutants pme34-1 (Salk_062058)30 and 
pme44-1 (SALK_071362). a, c, Genomic maps with T-DNA insertions (triangles). 
b, d, PCR with reverse transcription for PME34 and PME44 mRNAs from 
seedlings (S) and flowers (F). Green arrows, primers for RT–PCR; black and red 
arrow pairs, primers for genotyping. e–g, Flowering wild-type, pme34-1, 
pme44-1 and PMEI1ox plants. Growth, flowering time, flower morphology and 
reproductive yields (silique sizes, arrows in f, g, and seed numbers) of these 
transgenic mutant plants were adequately normal relative to wild type, 
permitting reproductive studies. h–k, FERp::PMEI1–GFP expression and ovule 
morphology in PMEI1ox plants. PMEI1–GFP expression in seedlings and ovules 
paralleled that of FERp::FER–GFP4,10, including a most-prominent accumulation 
in the elongation zone of seedling roots (h), throughout the ovules and 
prominently at the filiform apparatus region (arrowheads) (i). Ovules appeared 
mostly normal, although higher level of autofluorescence was observed in the 
sporophytic tissue of some ovules (white arrows). When stained by aniline blue, 
most ovules from the plants used here appeared normal ( j). Some ovules 
showed elevated callose deposition in the sporophytic as well as in the female 

gametophyte region (k), reflecting stress. Ovules with overaccumulation of 
callose are generally not penetrated by pollen tubes, so were excluded from 
these studies. Extended Data Figure 10a–c shows defects in a PMEI5-
overexpression line20, precluding its use in these studies. l, Statistical 
comparison among mutants deficient in de-esterified pectin and transgenic 
plants. The levels of ovules penetrated by multiple pollen tubes in pme34, 
pme44 and PMEI1ox plants were not significantly different among them 
(bracket 1). Deficiency in de-esterified pectin among these mutant ovules was 
also not significantly different (Extended Data Fig. 1j). Attempts to compound 
their effect in a pme34 pme44 double mutant (arrowheads indicate a 
penetrating pollen tube doublet) did not result in a significantly higher 
multiple-tube penetration phenotype than the single mutant parents (bracket 
2). Data for pme34, pme44 and PMEI1ox plants were from Fig. 1g. Data for pme44 
and pme34 are average ± s.d. n, number of pistils. Results were representative 
of three independent experiments. P values were obtained by two-tailed  
t-tests; numbers in data plots denote the number of ovules examined. Box 
plots: centre line, median; box limits, lower and upper quartiles; dots, 
individual data points; whiskers, highest and lowest data points.
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Extended Data Fig. 3 | See next page for caption.



Extended Data Fig. 3 | Ovular NO status in wild type and NO-deficient 
mutants. a, Comparison of two methods of ovule NO quantification. Ovules 
from pollinated (16 h after pollination) and unpollinated wild-type pistils at the 
same developmental stage were examined. Images were acquired with 
identical conditions and a sampling of ovules is shown. In the direct scoring 
method, ovules were scored as positive (+) when signal at the filiform apparatus 
(arrow, filiform apparatus) was notably higher than in the synergid cell (right 
histogram). In the filiform-apparatus/synergid-cell signal-intensity-ratio 
method, average signal intensity of identical areas at the filiform apparatus and 
in the synergid cell (as background) was determined by ImageJ. A filiform 
apparatus synergid cell ratio of ≥1.2 was scored as + (left dot plot). The two 
methods gave comparable conclusions. Data are average ± s.d. n, number of 
ovules. P values were obtained by two-tailed t-tests. b, Full ovule images for 

Fig. 2b. The ejected pollen cytoplasm (red) marked the synergid cell, providing 
a clear spatial definition for NO located at the filiform apparatus (arrow).  
c, Comparison of filiform apparatus:synergid cell NO signal intensity in 
pollinated wild-type and fer-4 ovules (left dot plot) and direct scoring (right 
histogram). Results were comparable. Data (left dot plot) are average ± s.d.  
n, number of ovules. d, NO in wild-type, nia1 nia2 and noa1 mutant ovules. The 
results correlated reduced filiform-apparatus NO in these pollen-tube-
penetrated ovules with elevated multiple pollen tube entrance (Fig. 2e). Data 
are average ± s.d. n, number of pistils. Numbers in plot denote the number of 
ovules examined. P values were obtained by two-tailed t-tests. Data are 
representative of three independent experiments. Scale bars, 50 μm. Box 
plots: centre line, median; box limits, lower and upper quartiles; dots, 
individual data points; whiskers, highest and lowest data points.
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Extended Data Fig. 4 | Quantification of pollinated pistil exudate.  
a, Pollinated wild-type and fer-4 pistils. One anther of pollen was used per 
emasculated pistil. Aniline-blue staining showed comparable quantity and 
quality of pollen tube growth in both pistils, and the typical single pollen tube 
(arrowheads) exiting the wild-type transmitting track, bundled pollen tubes 
(arrows) exiting the fer-4 pistils (as seen in Fig. 1b, Extended Data Fig. 1a), and 
pollen tube overgrowth in fer-4 ovules (*). Pistillate exudate preparations were 
from 100 pistils, concentrated to 20 μl (see Methods for details). b, Dot blot 
quantification of PGA and pistil exudates. Top row, 2 μl of a concentration 
series of fragmented PGA was spotted. Bottom row, exudates equivalent to two 
(spot 2) and four (spot 4) pollinated wild-type pistils were applied to a 
membrane filter. JIM5 immunodetection signals approximated 60 ng of de-
esterified pectin from 4 pistils (about 15 ng per pistil). Extended Data Figure 5b 
shows a PGA sample. c, JIM5 immunodetection of four pistillate exudates (1–4) 

as indicated. Two microlitres—equivalent to exudates from 10 pistils—was 
spotted on filter; PGA dots were prepared as described in b for dot blot 
quantification. JIM5 was used for immunodetection. Only exudate 2, from 
pollinated wild-type pistils, showed a notable level of JIM5-detected de-
esterified pectin, approximating 125 ng (about 12.5 ng per pistil). A low level of 
JIM5 signal in sample 4 correlated with few aca9-1 pollen tubes in the pollinated 
pistils (Extended Data Fig. 10d, e). Four microlitres (that is, about 250 ng of 
JIM5-detected materials) of similarly prepared exudates was applied to ovule 
NO assays (Fig. 3b). On the basis of pistil dry weight (32 μg per pistil, averaged 
from batches of 25 dried pistils from flowers around stage 14), the pistillate 
exudate JIM5-detectable material recovery would be about 0.04%. These 
quantifications were, however, approximations; precise quantification of 
these reagents will need substantial further refinement.
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Extended Data Fig. 5 | De-esterified pectin induces FER-dependent NO 
production. a, Exudates from pollinated wild-type, but not fer-4, pistils 
induced NO at the filiform apparatus region (arrows) of wild-type ovules.  
b, Sonicated PGA (100 μg) electrophoresed in a 26% polyacrylamide gel47. 
Lanes represent fractions eluted from a diethylaminoethyl column by the 
indicated salt gradient. The last fraction approximated PGA before sonication. 
Oligogalacturonic-acid-sized25 fragments would be ahead of the RuR-stained 
materials on the basis of comparison with a previous publication47. Active 
species for ovular NO induction remains to be determined. c, Representative 
quantification of PGA-induced NO response based on filiform 
apparatus:synergid cell signal ratio, as described in Extended Data Fig. 3a. Data 
plots summarize the quantification data (left dot plot) and data from direct 
scoring (right histogram), showing comparable results. Data are average ± s.d., 

n, number of ovules. d, cPTIO suppressed PGA induced accumulation of NO at 
the filiform apparatus. cPTIO was added together with the DAF-DA dye. Data 
are average ± s.d. n, number of pistils. e, PGA treatment of wild-type and fer-4 
ovules showed NO in wild-type (arrow), but not fer-4, filiform apparatus. f, PGA 
treatment of wild-type, fer-4 and FER–GFP-complemented fer-4 seedling roots 
showed FER dependence for PGA-induced root NO. Under equal image 
acquisition conditions (but without added DAF-DA), FER–GFP signal was 
negligible (last data bar). Signals were quantified from equal areas of interest 
(white box). Data are average ± s.d., n, number of seedlings. P values were 
obtained by two-tailed t-tests. Scale bars, 50 μm. All observations were 
representative of three independent experiments. Box plots: centre line, 
median; box limits, lower and upper quartiles; dots, individual data points; 
whiskers, highest and lowest data points.
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Extended Data Fig. 6 | Effect of pectic fragments and NO on LURE1 
properties. a–c, Wide-field images of control, GSNO-, SNP- and PGA-treated 
LURE1–GFP-expressing ovules from unpollinated pistils. Data are average ± s.d. 
n, number of pistils. Representative of three independent experiments. 
P values were obtained by two-tailed t-tests; numbers in plots denote the 
number of ovules examined. d, SDS–PAGE of purified E.-coli-produced MBP, 
MBP–LURE1 (arrowheads) and the extracellular domain of its receptor PRK6 
(His6–HA–PRK6(ecd)) (arrow). M, molecular mass markers. e, MBP–LURE1 
attracts pollen tubes. Top, purified MBP–LURE1 was used in pollen tube 
attraction assays1,37 in semi-pollen tube growth cultures. Arrowheads, tips of 
pollen tubes at the time of bead application. Bottom, histogram shows MBP–
LURE1 dose-dependent pollen-tube-attraction activity. Attraction efficiency 
was similar to that in a previous study1. Mock treatment (0) used MBP in gelatin 
beads. Scale bars, 100 μm. Data are representative of multiple independent 
protein preparations using a similar range of MBP–LURE1 concentrations.  
f–h, GSNO treatment of MBP–LURE1. f, MBP–LURE1 was mock-treated or 
incubated with GSNO before application for SDS–PAGE in the absence of 
β-mercaptoethanol, followed by Coomassie-blue staining. g, An immunoblot 
by anti-MBP antibody of an experiment similar to that in f. Arrow, double 
arrowheads and bracket indicate monomeric MBP–LURE1, dimer-sized and 
higher-molecular-weight forms, respectively. h, Comparison of GSNO 
treatment of MBP and MBP–LURE1 shows no notable effect on the molecular 
weight of MBP. Collectively comparable observations were made in at least six 

independent experiments. i, j, Dot blot assay for LURE1 interaction with its 
receptor PRK626,27. i, Equal volumes (1.5 μl) of increasing concentrations of HA–
PRK6(ecd) were applied to filter in triplicate rows for interaction with MBP–
LURE1, then processed for immunodetection of bound MBP–LURE1 by anti-
MBP antibody. Ponceau-S-stained filter illustrates quantitative spotting of HA–
PRK(ecd) to the membrane. Data plot (right) shows signal intensity from the 
bound MBP–LURE1. Data are averaged from the triplicate binding 
samples ± s.d., showing a Kd of about 1.21 ± 0.28 μM, approximating the 
previously reported affinity26. j, Dot blot assay for PRK6(ecd) interaction with 
control (0) and MBP–LURE1 treated with increasing concentration of GSNO. 
PRK6(ecd) on membrane was incubated with MBP–LURE1, and the interaction 
was detected by anti-MBP. Ponceau-S-stained filters confirmed quantitative 
spotting of PRK6(ecd). The result from the 12-μg bait blots (top row) is shown in 
Fig. 4c. k, Effect of DTT on GSNO-induced inhibition of MBP–LURE1 binding to 
HA–PRK6(ecd). MBP–LURE1 was preincubated with combinations of DTT and 
GSNO as shown, before application to an HA–PRK6(ecd) filter for binding. 
Ponceau-S-stained filters illustrate comparable HA–PRK6(ecd) applied to all 
filters. Results indicate reducing conditions mitigated GSNO inhibition. 
Collectively, similar observations were made in three independent 
experiments (i, j) or two for k; the triplicated and duplicated dots in i, k served 
as technical replicates. Box plots: centre line, median; box limits, lower and 
upper quartiles; dots, individual data points; whiskers, highest and lowest data 
points.



Extended Data Fig. 7 | Analysis of LURE1 nitrosation. a, Coomassie-blue-
stained gel of typical MBP and MBP–LURE1 preparations used for nitrosation 
assays. b, Ponceau-S-stained protein blot for detection of TMT-labelled MBP–
LURE1 (arrow); immunoblot is shown in Fig. 4e. c, Ponceau-S-stained protein 
blot for detection of TMT-labelled MBP–full-length LURE1 (arrow); immunoblot 
is shown in Fig. 4e. d, Coomassie blue-stained purified MBP–full-length LURE1 
after TMT-labelling reaction (arrow). The recombinant protein with LURE1 
signal peptide tended to break down during the labelling procedure, 
producing a lower band at the MBP molecular weight range. The MBP-full 
LURE1 protein bands indicated by the arrow were excised for mass 

spectrometry analysis shown in Fig. 4e, g, h. e, LC–MS/MS spectrum showing 
TMT–Cys58-containing peptides, and LURE1.2 amino acid sequence 
highlighting Cys58. f, LURE1p::LURE1–GFP localization in ovules from 
unpollinated (BP) or pollinated (AP) pistils for comparison with LURE1(C17A)–
GFP localization (shown in Fig. 4i). As shown in Fig. 4a, LURE1–GFP typically 
located in the filiform apparatus in ovules from unpollinated pistils, and 
delocalized to the cytoplasm of synergid cells in ovules from pollinated 
pistils. Box plots: centre line, median; box limits, lower and upper quartiles; 
dots, individual data points; whiskers, highest and lowest data points.
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Extended Data Fig. 8 | Sequence alignment. Sequence alignment of full-length LURE1s1 and LURE1-related XIUQIUs2.



Extended Data Fig. 9 | A summary of FER-regulated pollen tube–ovule 
interaction. The diagram summarizes previously published results on how FER 
mediates pollen tube rupture and sperm release to enable fertilization4 (steps 2 
and 3 in the scheme), and results reported here on how FER affects two 
interconnected conditions at the filiform apparatus to prevent the penetration 
of ovules by supernumerary pollen tubes (steps 4 and 5 in the scheme). Solid 
lines reflect information that comes directly from experimental data; dashed 
lines reflect extrapolations from experimental data and other relevant 
information. Results present in this Article show that FER maintains a pistillate 
environment enriched in de-esterified pectin (Fig. 3a) (step 1 in the scheme), 
including at the filiform apparatus of the female gametophyte (Fig. 1e, f). Pollen 
tubes are attracted by female guidance cues to depart from their main growth 
axis to approach ovules, and are then guided by synergid-cell-produced 
chemoattractants (for example, LUREs) to the ovules to penetrate the female 
gametophyte1,5,6 (Fig. 1b,c, Extended Data Fig. 1b). In penetrating the filiform 
apparatus that is enriched in de-esterified pectin, the pollen tube that arrives 
first should continue to secrete cell-wall degradative enzymes—presumably 
producing pectic fragments in the vicinity, just as growth in the transmitting 
track produced these polymers (Fig. 3a, Extended Data Fig. 4). The application 
of pollinated pistillate exudate enriched in de-esterified pectin (Fig. 3b) and 

fragmented, commercially obtained de-esterified pectin (Fig. 3c, d) to ovules 
from unpollinated pistils, and the arrival of pollen tubes at ovules in pollinated 
pistils (Fig. 2a, b) (step 4 in the scheme), triggered NO accumulation at the 
filiform apparatus. Taken together with the observation that NO-deficient 
ovules also had elevated levels of multiple pollen tube entrance (Fig. 2e), these 
results are consistent with pectic fragments generated by pollen tube growth 
acting as a mediator to trigger NO accumulation to prevent the entrance of 
supernumerary pollen tubes (step 4 in the scheme). Our results demonstrate 
that NO does so by modifying LURE and disengaging LURE-mediated attraction 
of late-arriving pollen tubes to already penetrated ovules (steps 4 and 5 in the 
scheme) (Fig. 4, Extended Data Figs. 6, 7). Previously published results4, and the 
properties of de-esterified pectin, are consistent with an altered ovular 
environment before and after pollen tube rupture. This could be achieved (for 
example) by Ca2+ leakage from the degenerating synergid cell and Ca2+ released 
from the ruptured pollen tube. The elevated extracellular [Ca2+] would 
immediately mediate stiffening of the filiform apparatus that is rich in de-
esterified pectin. The stiffened cell wall could then present a back-up blockade 
to prevent entrance by an errant, late-arriving pollen tube into an already 
penetrated female gametophyte (step 6 in the scheme).
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Extended Data Fig. 10 | See next page for caption.



Extended Data Fig. 10 | Additional considerations. a–c, CaMV35S::PMEI5-
transformed plants are severely compromised in female fertility.  
a, Constitutive expression of PMEI5 severely affected plant development20.  
b, Flower organogenesis appeared normal, but pistil development was 
suppressed; at maturity, pistils were at most 1/3 of the normal size. Pollen 
production appeared normal. c, The stigmatic papillae of these plants were 
under-developed; pollinated stigma did not retain any pollen grains, reflecting 
their inability to support pollen germination to penetrate the stigmatic 
papillae. The aniline blue-stained ovules showed high levels of callose 
deposition, a symptom of stress. Even in normal pistils, ovules with ectopic 
callose accumulation do not attract pollen tubes (Extended Data Fig. 2j, k), 
precluding these PMEI5-overexpressing ovules from being used in ovule 
penetration studies. Very few seeds were produced from these PMEI5-
overexpressing plants (about 10 μl of seeds from a full pot was a good yield 
under our growth condition). Similar observations were made in several 
plantings, as we obtained the seeds in 2014.d, e, aca9-1 pollinated pistils.  
d, Flowering aca9-1 plants produced many under-developed siliques (black); 
even elongated siliques (white arrows) had a substantially reduced number of 
fertilized ovules40. e, aca9-1 pollination of wild-type pistils. Aniline blue 
staining showed few elongating pollen tubes and their arrival at ovules 
(arrowheads), even at 30 h after pollination. Exudates from pistils pollinated by 
aca9-1 pollen showed a basal level of de-esterified pectin (Extended Data 
Fig. 4c). These observations are linked to the experiment presented in 
Extended Data Fig. 4; together, four independent preparations showed 
comparable results. f–i, NO as a gaseous agent to block the entrance of 
supernumerary pollen tubes. Observations below are included here to relate 
how findings from the present study might be linked to several topics that are 
not yet fully understood. f, Confocal images of mature ovules from 
unpollinated pistils expressing a moderate level of LURE1–GFP (top; a large 
majority of ovules in the transformed pistils), showing the typical filiform-
apparatus (arrow) localization. Occasionally, an ovule overexpressed LURE1–
GFP (bottom), showing the presence of the protein in the inner integuments (i) 
that envelope the micropylar (m) chamber. The working distance of the LURE1 
gradient diffused from the filiform apparatus is not known, although 
histoimmunodetection suggests that it reaches the micropylar region1. NO, as 

a gaseous molecule, should diffuse readily and reach the micropylar region 
(and possibly beyond), although its working distance is unknown and difficult 
to determine. These observations are included for the consideration of 
plausible functional linkage between the two gradients that would be expected 
to exist in the system. g, LURE1–GFP localization at completion of pollination 
(20 h after pollination) in LURE1p::LURE1–GFP pistils by wild-type pollen. 
Typically fewer than 50% of the ovules showed notable GFP signal in the 
synergid cell (category 1) (Fig. 4a, b); others retained a weak synergid cell signal 
(category 2). A low percentage of ovules showed LURE1–GFP localization in 
both the filiform apparatus (arrow) and the synergid cell (category 3). When 
pollinated by pollen from hap2/+ mutant plant, the sperm from half of the 
applied pollen (hap2 pollen) was incompetent for fusion; therefore, half of the 
ovules were not fertilized12. A higher percentage of ovules from hap2/+ 
pollinated pistils showed category-3 localization, with notable synergid cell as 
well as filiform apparatus LURE1–GFP signal. h, Confocal image of a category-3 
ovule. A maximum projection from 4 images (1 μm total thickness) (left) and a 
single optical section (right), showing LURE1–GFP localization in a synergid cell 
and across the filiform apparatus. It could be envisioned that category 3 ovules 
in hap2/+ pollinated pistils could be candidates for fertilization recovery (that 
is, having the propensity to salvage fertilization). In the hours after failed 
fertilization, NO induced by the arrival of the sterile hap2 pollen tube could 
have dissipated (for example, see data plot in Fig. 2c), allowing some level of 
secretion of newly synthesized LURE1 and pollen tube attraction to be 
reactivated. The phenomenon in g was observed in every experiment reported 
in Fig. 4a (leftmost two panels). The data presented here were pooled from two 
independent experiments, designated to collect the numerical data presented 
here for discussion. i, Unpollinated but ageing ovules maintained LURE1–GFP 
at their filiform apparatus and thus should continue to be competent in pollen 
tube attraction. These data also demonstrate that NO accumulation at the 
filiform apparatus does not correlate with ovule age, providing further support 
for the notion that NO accumulates in response to pollen tube arrival. These 
observations were similar to those in Fig. 4a (left) and control experiments 
shown in Extended Data Fig. 6a–c. Scale bars, 50 μm. Arrows, filiform 
apparatus region.
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