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A receptor—channel trio conducts Ca**
signalling for pollen tube reception
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Precise signalling between pollen tubes and synergid cellsin the ovule initiates
fertilization in flowering plants'. Contact of the pollen tube with the ovule triggers
calcium spiking in the synergids®® that induces pollen tube rupture and spermrelease.
This process, termed pollen tube reception, entails the action of three
synergid-expressed proteins in Arabidopsis: FERONIA (FER), areceptor-like kinase;
LORELEI (LRE), aglycosylphosphatidylinositol-anchored protein; and NORTIA (NTA),
atransmembrane protein of unknown function* ¢, Genetic analyses have placed these
three proteins in the same pathway; however, it remains unknown how they work
together to enable synergid-pollen tube communication. Here we identify two
pollen-tube-derived small peptides’ that belong to the rapid alkalinization factor
(RALF) family® as ligands for the FER-LRE co-receptor, which in turn recruits NTA to
the plasmamembrane. NTA functions as a calmodulin-gated calcium channel
required for calcium spiking in the synergid. We also reconstitute the biochemical
pathway in which FER-LRE perceives pollen-tube-derived peptides to activate the
NTA calcium channel and initiate calcium spiking, a second messenger for pollen tube
reception. The FER-LRE-NTA trio therefore forms a previously unanticipated
receptor-channel complexin the female cell to recognize male signals and trigger the
fertilization process.

Asaubiquitous second messenger, Ca* regulates many aspects of physi-
ology and developmentinbothanimals and plants®*, including repro-
duction. Inanimals, Ca* signals drive the motility of sperm™and forecast
successful fertilization®. In flowering plants, sperm are immobile and
require a special delivery structure called the pollen tube, which navi-
gates the female tissue and finds the ovule before releasing sperm’. From
pollengerminationto pollentube guidance and pollentube reception,
each step requires intricate Ca®* signalling. However, the molecular
mechanism underlying Ca** signalling in plant reproduction remains
largely unknown. During pollen tube reception, interactions between
the pollen tube and synergids in the ovule activates Ca** oscillations in
both partners, whichleadsto the rupture of the pollen tube and synergid
celldeathand theinitiation of fertilization***', On the female side, FER,
LRE and NTA are three components from the same pathway required
for synergid Ca*" spiking in response to pollen tube arrival, but little is
known regarding how they work together to mediate Ca** entry. We show
here that pollentube RALFsbind to FER-LRE co-receptors, which recruit
NTA, a calcium channel, to form a receptor-channel assembly. This
tri-molecular complexis regulated by Ca*/calmodulin (CaM)-dependent
feedback inhibition to drive Ca* oscillations in the synergid.

RALFs trigger synergid Ca* oscillation

FER and LRE are both required for pollen tube reception and may
function as a co-receptor for unknown signals derived from pollen
tubes**'7%°, We hypothesized that such signals may be mediated by
RALF family peptides because some RALFs bind to either FER alone?*

or to both FER and LRE-like proteins (LLGs) in other processes® ™.
Among the 37 Arabidopsis RALFs, at least 8 (RALF4, RALFS8, RALF9,
RALF15,RALF19,RALF25,RALF26 and RALF30) are expressedin pollen
tubes’. We expressed and purified the eight pollen-tube-derived RALF
peptides and examined theirinteraction with FER?*, We alsoincluded an
ovule-derived RALF peptide (RALF34) that is closely related to pollen
tube RALFs such as RALF4 and RALF19. The extracellular domain
of FER (FER,,) pulled down RALF4, RALF19 and RALF34 (Fig. 1a and
Supplementary Fig.1a). Consistent with this result, RALF4 and RALF19
acted antagonistically with RALF34 for pollen tube integrity through
interactions with the same receptors of the FER family’.

As ligands for FER-LLG co-receptors, RALFs enhance interactions
between FER and LLGs?. Consistent with this model, RALF4, RALF19
and RALF34 enhanced the interaction between GST-tagged LRE and
MBP-tagged FER,,, whereas several other RALFs did not (Fig. 1b, bot-
tom, and Supplementary Fig. 1b). This observation was confirmed by
co-immunoprecipitation (co-IP) assays with total protein samples from
Nicotiana benthamiana leaf tissue expressing LRE-Myc and FERK565R~-
Flag (Fig.1cand Supplementary Fig.1c). RALF4 is secreted into the apoplast
of the pollen tube?, and our promoter—pB-glucuronidase (GUS) analysis
confirmed the expression of RALF4 and RALF19 during pollen tube recep-
tion (Extended Data Fig. 1a). This result suggests that RALF4 and RALF19
interact with FER and LRE in the synergid. Insummary, FER-LRE may func-
tionas co-receptors for pollentube RALFs, including RALF4 and RALFI19.

In response to pollen tube arrival, the synergids produce specific
Ca* fluctuations required for pollen tube reception®?. IFRALFs signal
the arrival of the pollen tube, they should produce asimilar Ca* entry
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Fig.1|Pollen-derived RALFsbind to FER-LRE and trigger synergid [Ca>"],,,
changesinaFER-LRE-NTA-dependent manner. a, Pull-down assays showing
theinteraction of GST-tagged RALFs and MBP-tagged ectodomains of FER
(FER.,). Amylose resin was used to pull down MBP, followed by western blotting
with antibodies against GST and MBP. n=3 independent repeats. b, Interaction
of GST-tagged LRE and MBP-tagged ectodomains of FER with or without RALFs
(RALFx; each100 nM) asindicated. Amylose resin pull-down and western
blotting was performed asina.n =3 independent repeats. c, Co-IP of
Myc-tagged LRE and Flag-tagged FERK565R expressed in N. benthamiana
leaves with or without the addition of RALFs (each 5 pM) asindicated.
Anti-FlagM2 affinity beads were used in co-IP, and western blots were probed

patternin the synergids when applied toisolated ovules in vitro. We
generated transgenic plants that express the Ca* indicator GCaMP6s”
driven by a synergid-specific promoter (pMYB98)* and examined
changes in cytosolic calcium concentration ([Ca**],,,) in the synergids
in response to RALFs. In the wild-type (WT) synergids, RALF4 and
RALF19, but not RALF34, induced increases in [Ca*],,, (Fig. 1d,i and
Supplementary Videos 1, 2 and 3), which is consistent with the idea
that RALF34 binds to the same receptors but functions differently’.
Several other pollen tube RALFs (RALFS8, RALF9, RALF15, RALF25,
RALF26 and RALF30) that did not bind FER also failed to induce
synergid [Ca*].,, changes (Extended Data Fig. 2). In the pollen tube
reception assay, the receptive synergid and nonreceptive synergidin
one ovule showed distinct Ca** spikes®. However, exogenous RALF4
and RALF19 induced similar Ca®' transients in both synergid cells

with antibodies against Mycand Flag.n =3 independent repeats.

d-g, Representative Ca® spiking patterns in synergids in response to pollen
tube (PT)arrivalorto 0.5 uMor 2 uM RALF4 (R4) for WT (d), fer-4 (e), lre-5

(f) and nta-3(g). W, water. h, Ca* oscillation periodicity of WT synergidsin
responsetoPTarrival or 0.5 uMRALF4 and RALF19 (R19).n=8ovules.i, The
peak values of Ca* spiking asin d-g. nvalues are shown in Extended Data
Fig.3.0vules wereisolated from Col-0, fer-4, Ire-5and nta-3flowers harbouring
the synergid-specific GCaMP6, and fluorescence was recorded using an
inverted microscope. Red triangles indicate time points at which the PT arrived
or RALF4 wasapplied. Error bars depict the mean +s.e.m. All Pvalues were
determined by two-tailed Student’s t-test. NS, not significant.

in one ovule, which suggests that RALFs in the solution may have
diffused evenly towards the two synergids. By contrast, the pollen
tube positions itself closer to one of the two synergids, which leads
to asymmetrical signalling.

We then compared synergid Ca*' changes triggered by the pollen
tube**with those induced by RALFs. As reported earlier®, synergid Ca®*
dynamics proceeded inthree phases as the pollen tube progressed to
reception: (1) [Ca*'],,, oscillated at aregular pace when the pollen tube
enters the micropyle and approaches the synergid; (2) [Ca*'],,, was sus-
tained atahigher level after the pollen tube penetrates the synergid; (3)
[Ca™],,. was reduced when the synergid collapses. The amplitude and
periodicity of Ca* oscillations triggered by RALF4 and RALF19 were
similar to phase 1 of Ca*" spiking induced by the pollen tube (Fig. 1d-i,
Extended DataFig.3 and Supplementary Video 4). This result suggests
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Fig.2|MLO family proteins, including NTA, are Ca*"-permeable channels.
a, [Ca™],, increases measured by single-cell fluorescence imaging in COS7
cellsexpressing various MLO proteins 1-15 (AtMLO1-AtMLO15). Hu, HUMLO;
Pp2, PpMLO2; Pp3, PpMLO3.b, FER and LRE facilitated the PM localization of
NTA-GFP. The whiterectangleindicates the area magnified in the bottom
panels.n=3independentrepeats.Scalebars,5 um (bottom row) or 10 pm
(toprow).c, Co-IPof HA-tagged NTA, Myc-tagged LRE and Flag-tagged FER
expressed in Xenopus oocytes with or without the addition of RALFs (each
5uM)asindicated. Anti-Flag M2 affinity beads were used to co-IP,and western
blots were probed with antibodies against Myc, HA and Flag. n =3 independent
repeats. d, [Ca*'].,.increases measured by single-cell imaging of COS7 cells
expressing NTA (N), FER (F), FERK565R (kinase-dead version) (KD) or LRE (L),
or combinations thereof. e,f, Typical whole-cell recordings (e) and current-

that pollen-tube-derived RALF4 and RALF19 mimic the early phase of
pollen tube arrival before mechanical penetration.

Wethentested whether RALF4 and RALF19 induced such Ca* spikingina
FER-LRE-dependent manner. Synergids fromfer-4 and [re-5mutants failed
torespond to RALF4,RALF19 or pollen tube arrival® (Fig. 1e,fi, Extended
DataFig.3 and Supplementary Videos 5 and 6). In addition to the ferand
lremutants,amutant lacking NTAwas non-responsive to 0.5 UM RALF4/19,
although a portion of the nta-3 synergid showed weaker responses to
anincreased level of RALF4/19 (2 uM) in Ca*" imaging assays (Fig. 1g,i,
Extended DataFig.3 and Supplementary Video 7). Compared to theferand
lremutants, the weaker defect in nta-3suggests that there may be partial
functional redundancy withanother NTA-like componentinthis system.
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voltage curves (f) of inward currents in HEK293T cells expressing NTA, FER and
LRE. g, h, Similar analyses were conducted for HEK293T cells expressing NTA,
LRE and the kinase-dead version of FER. i, The C-terminal cytosolic tail of MLO1
facilitated the PMlocalization of NTA-GFP. NTA-MLO1denotes the chimeric
protein of NTAand MLO1 C-terminal tail. n = 3independent repeats. Scale bars,
5pum (right column) or 10 pm (left column). j,k, Representative cytosolic Ca®
spiking curves (j) and statistical analysis of peak values (k) in COS7 cells
expressing the NTA-MLO1 chimeric or original channels.l,m, Typical
whole-cellrecordings (I) and current-voltage curves (m) ofinward currents in
HEK293T cells expressing the NTA-MLO1 chimeric or original channels. For Ca**
imagingin COS7 cells, n = 6 replicates, and about 60 cells were imaged in each
duplicate. For patch-clamp, n=8 cells. Error bars depict the mean + s.e.m. All
Pvalues were determined by two-tailed Student’s t-test.

MLO proteins are Ca*' channels

The NTA protein is a member of the MILDEW RESISTANCE LOCUS O
(MLO) protein family®. Originally discovered as agenetic determinant for
resistance against powdery mildew in barley?, the MLO proteins feature
multi-transmembrane domains and a CaM-binding domain (CaMBD)**>.,
The Arabidopsis genome encodes 15MLO proteins (AtMLO1-AtMLO15),
some of which are functionally linked to root thigmomorphogenesis®,
powdery mildew susceptibility** and pollen tube growth®. NTA (AtMLO7)
is specifically expressed in synergids and appears to function down-
stream of the FER-LRE module in pollen tube reception®. The biochemical
function of MLO proteins remains unknown, whichrepresentsacrucial
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Fig.3|RALFsenhance the Ca** channel activity ofthe FER-LRE-NTA trio.
a,b, Representative cytosolic Ca** spiking curves (a) and statistical analysis of
peakvalues (b) in COS7 cells expressing the FER-LRE-NTA trio or mock cells
treated with various RALFs. The arrowheadsindicate the time points at which
10 mM Ca* was applied. ¢,d, Typical whole-cell recording traces using the
ramping protocol (c) and amplitudes at-180 mV (d) of Ca**-permeable inward
currentsin HEK293T cells expressing FER-LRE-NTA or mock cells treated with
various RALFs. e,f, Typical two-electrode voltage-clamp recordings (e) and
currentamplitudes at-160 mV (f) of inward currents in Xenopus oocytes
expressing FER-LRE-NTA or mock water-injected oocytes treated with various
RALFs. g, h, Representative cytosolic Ca** spiking curves (g) and statistical
analysis of peak values (h) in COS7 cells expressing the chimeric NTA-MLO1 or
FER-LRE-NTA-MLO1treated with various RALFs.,j, Typical whole-cell
recordingtraces using the ramping protocol (i) and amplitudes at -180 mV

(j) of Ca®-permeable inward currentsin HEK293T cells expressing FER-LRE-
NTA-MLOL1 treated with various RALFs. For Ca® imagingin COS7 cells,n=8
replicates, and about 60 cells wereimaged in each duplicate. For HEK293T cell
recordings, n =8 cells. For oocyte recordings, n=8 oocytes. Error bars depict
themean +s.e.m. All Pvalues were determined by two-tailed Student’s ¢-test.

gapinknowledge with respect to the signalling pathways in which they
participate®. Genetic analyses of NTA indicates that it works together
with FER-LRE co-receptors in the same pathway to induce Ca*" influx.
Because NTA and other MLO proteins are multi-transmembrane pro-
teins, we hypothesized that NTA is one of the missing Ca**-transporting
proteins responsible for synergid Ca* entry.

To test whether MLO proteins transport Ca*', we performed Ca?
transport assays withall15 MLO members from Arabidopsis (AtMLO1-
AtMLO15), the barley MLO (HyMLO) and 2 MLO members from Phy-
scomitrella patens (PpMLO2 and PpMLO3), which represent dicot,
monocotand basalland plant MLO proteins, respectively. In single-cell
Ca”" imaging assays®, AtMLO2, AtMLO3, AtMLO4, AtMLO10, AtMLO12,
HuMLO, PpMLO2 and PpMLO3 mediated Ca* entry when expressed

in COS7 cells (Fig. 2a and Extended Data Fig. 4). To confirm these Ca**
imaging results, we used patch-clamping to directly measure the trans-
portactivity of AtMLO2 expressed in HEK292T cells. Werecorded large
inward currents mediated by AtMLO2 that depended on external Ca**
concentrations (Extended Data Fig. 5a,b). Moreover, AtMLO2 was
permeable to Ba*" and Mg*', but not to K* or Na* (Extended Data
Fig. 5c-f,i-1). Furthermore, two typical Ca** channel blockers, lantha-
num (La*") and gadolinium (Gd*'), inhibited the AtMLO2-mediated
inward currents (Extended Data Fig. 5g,h). Similar to AtMLO2, HUMLO
also mediated Ca* influx (Extended DataFig. 6). These results indicate
that MLO proteins function as Ca*-permeable channels.

The FER-LRE-NTA trio mediates Ca* entry

Many of the tested MLO proteins (including NTA) failed to mediate
Ca*" entry in HEK293T or COS7 cells (Fig. 2a, Extended Data Fig. 4 and
Supplementary Videos 8 and 9). We speculated that they may require
other components to be active or they may not be properly targeted
tothe plasmamembrane (PM). Indeed, NTA primarily accumulatesina
Golgi-associated compartment® and relocates to the synergid filiform
apparatusinaFER-and LRE-dependent manner®”. In our Ca* transport
assays, PMlocalization would be crucial for mediating Ca** entry if NTA
isindeed a Ca* channel. NTA-GFP was largely localized to intracellular
punctate structures in COS7 cells (Fig. 2b). When co-expressed with
FER and LRE, however, NTA-GFP was targeted to the PM (Fig. 2b). Such
PM targeting was not achieved by co-expressing NTA-GFP with either
FER or LRE alone, which is consistent with the finding that LRE-LLG1
physically interacts with and chaperones FER to the PMY and that FER
is required for the redistribution of NTA to the PM®, We further showed
that NTA directly interacted with FER and that LRE enhanced such an
interaction (Fig. 2c and Supplementary Fig. 1d), which indicates that
FER, LRE and NTA form a complex, which we refer here asthe NTA trio.

AsFERand LRE together target NTA to the PM, we tested whether the
NTAtrio producesafunctional channel at the PM. We co-expressed NTA
withFERand LREin COS7 and HEK293T cells and then performed imaging
assays and patch-clamp recordings, which showed that NTA mediated
Ca” influx (Fig. 2d-f, Supplementary Video 10 and Extended DataFig. 7).
Similar to AtMLO2 and HUMLO, the NTA trio conducted currents carried
by divalent cations (Ca*", Ba** and Mg?*), but not monovalent cations (K*
andNa") (Extended DataFig. 8). The Ca*" channel activity of the NTA trio
wasinhibited by La** and Gd**, which also blocked synergid Ca* spiking
(Extended Data Fig. 8). The kinase-dead version of FER also formed an
active NTA trio (Fig. 2d,g,h), which is consistent with an earlier finding
that the kinase activity of FER is not required for pollen tube reception®,

Our data suggest that NTA is an active Ca*' channel but requires
FER-LRE for targeting it to the PM. We tested this idea by construct-
ing aPM-localized chimeric NTA-MLO1 protein®**, which showed that
NTA-MLO1 mediated Ca* influxindependently of FER-LRE (Fig. 2j-m).

RALFs enhance FER-LRE-NTA activity

Wethentested the effect of RALFsonthe activity of the NTA trio. RALF4
and RALF19, but not RALF34, significantly enhanced the Ca** channel
activity of the NTA trio (Fig. 3a-d), which is consistent with the find-
ing that RALF4 and RALF19 strongly induce increases in synergid Ca*'
(Fig.1d,i). We further confirmed this observation by reconstituting
the RALF-FER-LRE-NTA pathway in Xenopus oocytes and monitoring
channel activity by two-electrode voltage-clamp assays (Fig. 3e,f). The
chimeric NTA-MLO1 co-expressed with FER and LRE was also enhanced
by RALF4 and RALF19, but not by RALF34 (Fig. 3g-j). Regarding the
mechanism underlying the RALF4-and RALF19-dependent activation
of the channel, a previous study® has shown that NTA is redistributed
to the filiform apparatus of the synergid following the arrival of the
pollen tube. We examined the PM localization of NTA in response to
RALFs, but did not observe any discernible effect of RALF4 and RALF19
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Fig.4|CaMinhibition of NTA Ca* channelsisinvolved in modelling the Ca*
spiking patterninsynergids. a,b, Typical Ca* spiking patterns (a) and peak
values (b) in COS7 cells expressing MLO proteins and AtCaM7. The arrowheads
indicate the time points at which 10 mM external Ca** was applied.n=8
replicates, and about 60 cellswereimagedineachreplicate. Forb,numbersare
asindicated fora(red). c-f, Typical whole-cell recordings of inward currentsin
HEK293T cells expressing the NTA trio, AtCaM7 or mock cells when [Ca*'],,, was
0nM (c,d)or1puM (e,f).g, Currentamplitudes at-180 mV of HEK293T cells
expressing the NTA trioand AtCaM7 when [Ca®].,,was O nMor 1 M. n=8cells.

application (Extended DataFig. 9a). In thismammalian cell system, FER
and LRE clearly facilitated the PM localization of NTA (Fig. 2b), which
implies thata portion of NTA canbelocalized inthe PM of the synergid
in a pollen-tube-independent manner. Following pollen tube arrival,
RALF4 and RALF19, and possibly other pollen tube signals (for example,
mechanical stimulus), may further activate the Ca* channel by recruit-
ingthetriotoaspecificlocation (for example, the filiformapparatus).

Duringtherevision of thismanuscript, five other pollen tube RALFs
(RALF6, RALF7, RALF16, RALF36 and RALF37) were reported to bind
FER, ANJEA (AN)) and HERCULES RECEPTOR KINASE 1 (HERK1) and to
functionredundantly in polytubey block and pollen tube reception*°.
We analysed RALF37 in our assays and found that RALF37, similar to
RALF4 and RALF19, also triggered synergid Ca* changes and activated
the NTAtrio (Extended Data Fig.10). This result suggests that multiple
RALFsderived fromthe pollen tube serve as signals to trigger synergid
Ca* spiking, which in turn leads to pollen tube reception. Consistent
with this observation, single mutants of ralf4 and ralf19 did not show
any detectable phenotypic defects (Extended Data Fig. 1b,c).

NTA-CaM shapes synergid Ca* spiking

MLO proteins contain a CaMBD in the intracellular carboxy-terminal
region®**, which suggests that these proteins may be regulated by CaM
binding, atypical autoregulatory mechanism for many Ca®* channelsin
both animal and plant systems**2, We examined how CaM affects the
channel activity of MLO proteins by co-expressing CaM7 withthe NTA
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Numbersareasindicatedinc,d (blue) and e,f(green). h-j, Representative Ca*
spiking patternsinsynergidsinresponse to PT arrivalor 0.5 uM RALF4 for WT
(h), nta-3 (i) and NTA®? (j). k, The peak values of Ca** spiking as in h—j. nvalues
areshowninExtended DataFig.3. Errorbars depict the mean +s.e.m. All
Pvalues were determined by two-tailed Student’s t-test.1, Model of RALF-FER-
LRE-NTA pathway leading to synergid Ca* changes. Following PT arrival,
PT-derived RALF4 and RALF19 bind FER-LRE, and this complex recruits and
activatesNTA, aCaM-gated Ca* channel, toinitiate Ca* spiking.

trio or other MLO proteins, including AtMLO2, HYMLO and NTA-MLO],
in COS7 cells. Substantial inhibition of Ca** entry was observed in all
cases (Fig.4a,b), thereby revealing aninhibitory feedback mechanism
of MLO channel activity by CaM. We confirmed this mechanism using a
mutant NTA (named NTA®), inwhich Leu455 and Trp458 were mutated
to Arg to abolish its CaM binding capacity®. NTA® failed to respond
to CaM-mediated inhibition (Fig. 4a,b). Although these mutations in
the CaMBD partially impaired the redistribution of NTA to the filiform
apparatus in the synergid®, the NTA® trio was recruited to the PM in
COS7 cells (Extended Data Fig. 9b), whichis consistent with the finding
that the NTAR trio still conducted Ca* entry.

As CaMbinds to HyMLO ina Ca*-dependent manner*, we proposed
that CaM may inhibit NTA channel activity following increased [Ca™],,
asanegative feedback mechanism. We tested this hypothesis by titrat-
ing[Ca®’],,.and expressing aCaM7 mutant lacking the Ca**-binding EF
motif**. The results showed that CaM7 required Ca*' binding to inhibit
the activity of the NTA trio (Fig. 4c,e,g). Similarly, the NTAR mutant
(which is defective in CaM binding) became constitutively active
(Fig.4d,f,g). These results support amodel in which RALFs activate the
NTA channel to increase synergid [Ca*'].,, to a threshold that in turn
enables CaM binding and inhibition of NTA channel activity.

Specific Ca® spikinginsynergidsis essential for pollen tube reception®’.,
We hypothesized that the Ca?*/CaM-dependent feedback inhibition of the
NTA channel provides amechanism for shaping such a Ca* signature. To
test this idea in planta, we generated transgenic plants harbouring the
NTA® mutant driven by the NTA promoter in the nta-3mutantbackground



and examined synergid [Ca®]., spikes in response to RALF4. [Ca*']..,
spiking in synergids was amplified in NTA® plants (Fig. 4h-k). We also
observed higher levels of Ca®* increase in NTAR® synergids in response
to pollen tube arrival and a disordered oscillation pattern compared
with WT synergids (Fig.4j,k). This resultindicates that the NTA® mutant,
whichlacks CaM-dependentinhibition, produces asustainedincreasein
[Ca*],,., which causes a defectin pollen tube reception®.

Conclusions

Weidentified pollen-tube-derived RALF peptides as ligands for the FER-
LRE co-receptor complex thatrecruits NTA,aCaM-gated Ca* channel, to
PMdomainstoinitiate Ca®* entryand pollen tube reception (Fig. 41). This
work demonstrated amechanistic process that integrates the action of
FER,LREandNTA, three playersgenetically connectedinsynergid-pollen
tubeinteraction. In addition, the identification of MLO proteins as Ca?*
channels uncovered the long sought-after commonbiochemical path-
way (Ca®" entry) thatinvolves MLO functions in multiple physiological
processes, including but may not be limited to, mildew resistance, root
mechanosensing, pollen tube growth and fertilization in plants. Indeed,
Ca”"isacore componentinall these processes™, and our finding here
sets the stage for extensive future research to address mechanisms
in various MLO-dependent processes. As FER-LLG co-receptors are
often connected to Ca®* spiking in other signalling processes beyond
reproduction?, theidentification of aMLO channel downstream of the
FER-LRE co-receptors offers a possible mechanism for other RALF-FER-
LLG-dependent pathways. In the context of Ca* signalling, whichis a
common theme in all eukaryotes, MLO proteins represent a family of
Ca” channels specific to the plant kingdom, which suggests that instead
of having fewer Ca** channels than animals as currently thought, plants
may feature channels distinct from animal counterparts and more of
these channels await to be discovered.

In the context of reproduction, our study raises several important
questions for future researchinto the mechanistic details of male-female
interactions. For example, although RALF4 and RALF19 bind to FER-LRE
andenhancethe channel activity of NTA, the mechanism underlying this
activationawaits resolution by structural analysis of the FER-LRE-NTA
trioin the presence of the RALF ligands. Before pollen tube reception,
pollen tube integrity and guidance also involve the function of several
RALF peptides, FER family of receptor-like kinases and MLO proteins. Our
study provides astrategy for further research to link these components
indistinct Ca* signalling pathways. A previous report* noted that MLOS
and MLO9 are trafficked together with cyclic nucleotide-gated channel
18 (CNGC18), another Ca®* channel with an essential role in pollen tube
growthand guidance. This raises aninteresting question regarding the
functional interplay of multiple Ca®* channels in shaping specific Ca*"
signaturesin pollen tubes, synergids and other cell types in plants*.
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Methods

Plant material and growth conditions

Seeds were sterilized with10% (v/v) bleach and sown on agar plates con-
taining half-strength Murashige and Skoog (1/2 MS) medium (1/2 MS,
0.8% (w/v) Phyto agar and 1% (w/v) sucrose, pH adjusted to 5.8 with
KOH). Plates were incubated at 4 °C for 3 days for stratification and then
transferred to the soil potsina22 °C growthroomwithal6-hlight/8-h
darkcycle (100 pmol m™s™). The seeds for fer-4 (GABI_GK106A06), Ire-S
(CS66102) and nta-3 (SALK_027128) were purchased from Arabidopsis
Biological Resource Center. The ralf4 and ralfI9 mutants were gener-
ated by CRISPR as previously reported’.

Transgenic plants

The coding DNA sequence (CDS) of GCaMP6s was PCR-amplified using
HBT-GCaMP6-HA as the template? and fused to the MYB98 promoter
region®®, amplified from Columbia-0 (Col-0) genomic DNA in the pCAM-
BIA 2300 vector. The binary construct was transformed into Arabidopsis
thaliana(Col-0) plants through Agrobacterium (GV3101) using the floral
dip method*. Transgenic plants were selected on1/2 MS plates containing
50 mg ™" kanamycin, and one homozygous transgenic pMYB98-GCaMPés
line was then crossed with fer-4, Ire-5 and nta-3 and further brought to
homozygosity with both the GCaMPé6s and the fer-4, lre-5 and nta-3
genetic backgrounds. The NTA® mutant was produced by site-directed
mutagenesis toreplace Leu455and Trp458 with Arg. The NTA promoter
was PCR-amplified from Col-0 genomic DNA and fused with the NTA®®
CDSinthe pCAMBIA1305 vector and transformed into plants as described
above.

B-Glucuronidase staining

The mature pistils of the transgenic plants carrying proRALF4/19:
B-glucuronidase (GUS) were dissected toisolate intact ovules that were
then fixed in 80% acetone overnight. Samples were then incubated
with GUS staining buffer (50 mM sodium phosphate, pH 7.2, 2 mM
potassium ferrocyanide, 2 mM potassium ferricyanide, 0.2% Triton
X-100 and 2 mM X-Gluc). Images were taken with a Zeiss AxioObserver
Zlinverted microscope.

Anilineblue staining

Pollen grains of a freshly opened flower of WT or mutant lines were
used to pollinate WT pistils that had been emasculated a day earlier.
After 24 h, the pistils were fixed in acetic acid/ethanol (1:3) overnight.
They were then washed stepwise in 70% ethanol, 50% ethanol, 20%
ethanol and ddH,0. The pistils were treated with 8 M NaOH overnight
to soften the tissues and then washed with ddH,O three times before
staining with aniline blue solution (0.1% aniline blue, 50 mM K,PO,)
for 2 h. The stained pistils were observed using a Zeiss AxioObserver
Zlinverted microscope.

Mammalian cell culture, vector construction and transfection
The CDS of GCaMPé6s was amplified from HBT-GCaMP6-HA? and cloned
into a dual-promoter vector, pBudCE4.1 (Invitrogen), with each CDS for
NTA, FER, LRE, NTA-MLO1 for co-expressionin HEK293T or COS7 cells.
The chimeric NTA-MLO1 CDS was generated as previously described?.

Mammalian cells were cultured in DMEM supplemented with 10%
FBSina5% CO,incubator at 37 °C with controlled humidity. HEK293T
or COS7 cells were transfected using a Lipofectamine 3000 Transfec-
tion Reagentkit (Invitrogen). Plasmids for transfection were extracted
from Escherichia coli (DH5a) using a Plasmid Mini kit (Qiagen), and
2 ug plasmid DNA was added into each well of 6-well plates (Nunc)
containingthe cells (70-80% confluent). To confirm that the cells were
successfully transfected, green and/or red fluorescence signals were
examined using aninverted fluorescence microscope (Zeiss AxioOb-
server Zl inverted microscope) before patch-clamp and Ca* imaging
experiments 48 h after transfection.

Whole-cell patch-clamp recording

The whole-cell patch-clamp experiments were performed using an
Axopatch-200B patch-clamp setup (Axon Instruments) with a Digi-
tatal550 digitizer (Axon Instruments) as previously described*®.
Clampex10.7 software (Axon Instruments) was used for data acquisi-
tion, and Clampfit 10.7 was used for data analysis.

Torecord Ca* currents across the PM of HEK293T cells, the standard
bath solution contained 140 mM N-methyl-D-glucamine (NMDG)-CI,
10 mM CacCl,, 10 mM glucose and 10 mM HEPES, adjusted to pH 7.2
with Ca(OH),. The standard pipette solution contained 140 mM
Cs-glutamate, 6.7 MM EGTA, 3.35 mM CaCl,and 10 mM HEPES, adjusted
to pH 7.2 with CsOH. Free [Ca*']in the pipette solution was 175 nM, as
calculated using the Webmaxc Standard (https://somapp.ucdmc.ucda-
vis.edu/pharmacology/bers/maxchelator/webmaxc/webmaxcS.htm).
The 10 mM Ca* in the bath solution was removed to attain 0 mM Ca* or
substituted with 10 mM Ba?' or 10 mM Mg?** asindicated. Aramp voltage
protocol of 2-s duration from -160 mV to +30 mV (holding potential
0 mV) was applied 1 min after achieving a whole-cell configuration,
and currents wererecorded every 20 s, with S repeatsin total for each
cell. Thefive current traces were used for statistical analysis to produce
average current-voltage curves.

Forinward K' current recordingsin HEK293T cells, the bath solution
contained 140 mM NMDG-Cl, 14.5 mMKCI, 10 mM glucose and 10 mM
HEPES, adjusted to pH 7.2 with KOH. The pipette solution contained
145 mMK-glutamate, 3.35 MM EGTA, 1.675 mM CaCl,and 10 mM HEPES,
adjusted to pH 7.2 with KOH. The free [Ca®']in the pipette solution was
100 nM, as calculated using the Webmaxc Standard.

Forinward Na* current recordingsin HEK293T cells, the bath solution
contained 140 mM NaCl,10 mM glucose and 10 mM HEPES, adjusted to
pH 7.2withNaOH. The pipette solution contained 135 mM CsCl, 10 mM
NaCl, 3.35 mM EGTA, 1.675 mM CaCl, and 10 mM HEPES, adjusted to
pH 7.2 with CsOH. The free [Ca*'] in the pipette solution was 100 nM,
as calculated using the Webmaxc Standard.

Astep voltage protocol of 4-s duration for each voltage from-160 mV
to +60 mV with a +20 mV increment was used for K* and Na* current
recordings in HEK293T cells 1 min after achieving a whole-cell con-
figuration.

Two-electrode voltage-clamp recording from Xenopus oocytes
The CDS for NTA-3xHA, LRE-4xMyc and FER-3xFlag were cloned into the
pGEMHE Xenopus oocyte expression vector. To construct LRE-4xMyc,
the 4xMyc tag sequence was inserted after the first 60 bp of the LRE
CDS encodingthe signal peptide, followed by the downstream 438 bp
of LRE as previously described®.

Two-electrode voltage-clamp assays were performed as previously
reported®***. The capped RNA (cRNA) was synthesized from 1 pg of a
linearized plasmid DNA template using a mMMESSAGE mMACHINE T7
kit (Ambion) and 10 ng of each cRNA, in a total volume of 46 nl, was
injected into each oocyte. Injected oocytes were incubated in ND96
solution (96 mM NaCl, 2 mM KCI, 1 mM MgCl,, 1.8 mM CacCl,, 10 mM
HEPES/NaOH, pH 7.4) at 18 °C for 2 days before electrophysiological
recording. Oocytes were voltage-clamped usinga TEV200A amplifier
(Dagan), aDigidata1550 A/D converter, and recorded using CLAMPex
10.7 software (Axon Instruments). The pipette solution contained 3 M
KCI. The standard bath solution contained 30 mM CacCl,, 1 mM KCl,
2 mMNacl, 130 mM mannitoland 5 mM MES-Tris (pH 5.5). Voltage steps
were applied from+40 mVto-160 mVin-20 mV decrementsover 0.8 s.

Single-cell Ca?* imaging in mammalian cells

HEK293T or COS7 cells expressing GCaMP6s and various combina-
tions of candidate channel proteins were monitored using a Zeiss
AxioObserver Z1 inverted microscope (Ivision 4.5 software) with a
x20 objective as previously reported®. The interval of data acquisition
was 2 s. The standard solution for Ca? imaging contained 120 mMNacl,
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3 mMKCI,1mMMgCl,,1.2 mMNaHCO,, 10 mM glucose, 10 mM HEPES,
pH 7.5. About 60 s after initiation of the imaging procedure, the bath
was perfused using a peristaltic pump with the standard solution sup-
plemented with 10 mM Ca?" and/or RALFs to elicit Ca* entry through
active channels.

Synergid cell Ca** imaging

For the RALF-induced synergid [Ca*'].,, increase experiment, unfer-
tilized ovules were dissected from flowers as previously described®’.
The pistil was dissected to remove the ovules from the placenta using
asurgical needle. The isolated ovules were placed in pollen germina-
tion medium (PGM), which contained 18% sucrose, 0.01% boric acid,
1mMMgS0,,1 mM CaCl,, 1 mM Ca(NO,), and 0.5% agarose (pH 7.0)*.
After 2 h ofincubation at 22 °C and 100% relative humidity, synergids
expressing GCaMP6s were monitored using a Zeiss AxioObserver Z1
inverted microscope (lvision 4.5 software) with a x20 objective, and
various RALFs were added to the ovules as indicated.

For the pollen-tube-induced synergid [Ca*'],,.increase experiment,
we followed a previously published protocol*?. Dissected ovules of
emasculated flowers expressing GCaMP6s were placed on PGM. Unpol-
linated pistils were cut with a razor blade (VWR International) at the
junctionbetween the style and ovary. The stigmas were placed on the
PGM and manually pollinated with pollen grains expressing DsRed.
Pollinated stigmas were positioned 150 pum away from the ovules, and
pollen tube growth was monitored using a fluorescence microscope.
Time-lapse Ca** imaging began after the pollen tube entered the ovule
micropyle.

Proteinlocalization

Transfected COS7 cells were washed with PBS and mounted onto slides
for image acquisition with a Zeiss LSM 880 confocal microscope and
ZEN2012 software.

Peptide purification

Alltag-free RALF peptides used in this study were purified frominsect
cells (High 5). The pFastBac vector containing RALF4, RALF19 and LRX8
were gifts fromJ. Santiago (University of Lausanne), and RALF4 and
RALF19 peptides were purified as previously reported®.

For RALF8,RALF9, RALF15, RALF25,RALF26,RALF30 and RALF34, the
CDS encoding RALF mature peptides were cloned into amodified pACE-
BAC1 (Geneva Biotech) vector in which RALFs were amino-terminally
fused toa30K signal peptide, a10xHis tag, thioredoxin Aand atobacco
etch virus (TEV) protease site.

High 5 cells were infected with virus with a multiplicity of infection
of 3 and incubated for 1day at 28 °C and 2 days at 22 °C at 110 r.p.m.
on an orbital shaker. The secreted peptides were purified from the
supernatant with a Ni** column (Ni-NTA, Qiagen), and incubated with
TEV protease (NEB) to remove the tags. Peptides were further puri-
fied by size-exclusion chromatography on a Superdex 200 increase
10/300 GL column (GE Healthcare), equilibrated in 20 mM sodium
citrate, pH 5.0, 150 mM NaCl. The peptides were diluted with sterile
pure water before use.

Protein-proteininteraction assays

For pull-down assays, MBP-FER,,, GST-RALFs and GST-LRE were pro-
ducedin E. coli Rosetta (DE3) by 0.1 mM IPTG induction overnight at
16 °C and bound to amylose or glutathione resins for purification as
previously reported®*. The pull-down buffer contained 40 mM Tris-
HCI, pH 7.5,100 mM NaCl,1 mM EDTA, 5% glycerol, 5 mM MgCl,,1mM
PMSF, complete protease inhibitor cocktail (Roche) at 1:100 dilution,
and 0.4% Triton X-100. Proteins were applied to amylose resin and
incubated at4 °Cfor 2 hwith gentle mixing. The resin was washed three
times in pull-down buffer. Proteins that remained bound to the resin
were eluted by mixing with SDS-PAGE loading buffer, boiled for 5 min
and subjected to 12% SDS-PAGE and western blotting.

For co-IP of tobacco leaves, 35S:FERK565R-3xFlag and 35S:LRE-
4Myc constructs were co-transformed into Agrobacterium tumefaciens
(strain GV3101) and infiltrated into N. benthamiana leaves®. Sixty hours
afterinoculation, leaves were detached and treated with 5 UM RALFs
for 2 hbefore total protein was extracted and applied to anti-Flag M2
affinity agarose gel (Sigma-Aldrich). After incubation at4 °Cfor2h
with gentle mixing, the resin was washed three times in pull-down
buffer, and the bound protein was eluted by mixing with SDS-PAGE
loading buffer, boiled for 5 min and subjected to 10% SDS-PAGE and
western blotting.

For co-IP of Xenopus oocytes, cRNAs of FER-3xFlag, NTA-3HA and
LRE-4Mycwere injected into oocytes, incubated for 3 days, followed
by treatment with 5 UM RALFs for 2 h. Total protein was extracted
in the pull-down buffer and then applied to anti-Flag M2 affinity
agarose gel (Sigma-Aldrich). Afterincubationat4 °Cfor2 hwithgentle
mixing, the resin was washed three times in pull-down buffer, and
the bound protein was eluted by mixing with SDS-PAGE loading
buffer, boiled for 5 min and subjected to 10% SDS-PAGE and western
blotting.

For chemiluminescence detection, the following antibodies were
used: anti-GST-HRP (1: 2,000 dilution), anti-Myc-HRP (1: 2,000 dilu-
tion), anti-HA (1: 2,000 dilution), anti-MBP (1: 2,000 dilution) and
anti-mouse secondary (1:20,000 dilution) antibodies from Santa
Cruz Biotechnology; and anti-Flag antibody (1:4,000 dilution) from
Sigma-Aldrich.

Image processing and data analysis

Image] (v.1.51j8) was used to analyse GCaMP6s signals over time at sev-
eralregions of interest. To calculate the fractional fluorescence change
(AF/F), the equation AF/F = (F - F,)/F, was used, where F, denotes the
average baseline fluorescence determined by the average of Fover the
first 10 frames of the recording before the treatment.

Microsoft Excel in Office 365 and GraphPad Prism 7.0 were used for
calculation and statistical analyses of the data. Adobe Illustrator CC
2019 was used for image assembly. Clampfit 10.7 was used to analyse
and process datafromthe electrophysiological experiments. All experi-
ments were independently reproduced in the laboratory.

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

Data availability

The data supporting the findings of this study are available within the
paper and its Supplementary Information files. Source data are pro-
vided with this paper.
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Extended DataFig.1|Expressionand redundant function of RALF4and 19
inpollentubereception. a, Expression pattern of RALF4and 19 during pollen
tubereception. Arrows indicated pollen tubes (from proRALF-GUS plants) that
penetrated ovules (proRALF-GUS plants). For control, pollen grains from
non-transgenic plants were used to pollinate the promoter: GUS transgenic
plants, showing no expression of GUS inthe ovule. b, ralf4 and ralf19single

mutants did not show pollen tube overgrowth. n =10 pistils. ¢, The peak values
of the synergid Ca® spikes triggered by pollen tubes of ralf4 and ralf19 single
mutants was similar to that of WT.n =5 ovules for WT, and n = 6 ovules for ralf4
and ralf19.Bar, 50 pm. Error bars depict means +S.E.M. All Pvalues were
determined by two-tailed Student’s t-test.
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Extended DataFig.2|RALFS,9,15,25,26 and 30 failed toinduce synergid
Ca” changes. a, Representative Ca®* spiking patternsinsynergid cellsin
response to 0.5 uMRALFs. b, The peak values of Ca* spikingasin (a).n=15
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determined by two-tailed Student’s t-test.
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Extended DataFig. 5| Conductivity of A¢tMLO2 to divalent and monovalent Gd** (100 puM) and La** (100 uM) inhibition of Ca*" conductance in HEK293T

cations. (a) Typical whole-cell recordings and (b) average current-voltage cellsexpressing AtMLO2. (i) Typical whole-cell recordings and (j) average
curves of the inward currents showing external Ca® dependence (0 mM,10 mM  current-voltage curves of theinward currents showing no detectable K*
and30mM) in HEK293T cells expressing AtMLO2. (c) Typical whole-cell conductance by AtMLO2in HEK293T cells. (k) Typical whole-cell recordings
recordings and (d) average current-voltage curves for Ba* conductance by and (I) average current-voltage curves of the inward currents showing no
AtMLO2in HEK293T cells. (e) Typical whole-cell recordings and (f) average detectable Na* conductance by A¢eMLO2in HEK293T cells. Error bars depict
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(g) Typical whole-cell recordings and (h) average current-voltage curves for Student’s t-test.
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Extended DataFig.6|See next page for caption.



Extended DataFig.6 | Conductivity of HUMLO to divalent and monovalent
cations. (a) Typical whole-cell recordings and (b) average current-voltage
curves of theinward currents showing external Ca** dependence (0 mM, 10 mM
and 30mM) in HEK293T cells expressing HUMLO. (c) Typical whole-cell
recordings and (d) average current-voltage curves for Ba® conductance by
HuMLO inHEK293T cells. (e) Typical whole-cell recordings and (f) average
current-voltage curves for Mg?* conductance by HyMLO in HEK293T cells.

(g) Typical whole-cell recordings and (h) average current-voltage curves for

Gd* (100 uM) and La*> (100 pM) inhibition of Ca* conductance in HEK293T
cellsexpressing HUMLO. (i) Typical whole-cell recordings and (j) average
current-voltage curves of the inward currents showing no detectable K*
conductance by HyMLO in HEK293T cells. (k) Typical whole-cell recordings and
(I) average current-voltage curves of theinward currents showing no
detectable Na* conductance by HyMLO in HEK293T cells. Error bars depict
means +S.E.M.nvalues = 8 cells. All Pvalues were determined by two-tailed
Student’s t-test.
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(FERKD). The black triangle indicated the time point when 10 mM external Ca** was applied.
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Extended DataFig. 8| Conductivity of NTA trio to divalent and monovalent
cations. (a) Typical whole-cell recordings and (b) average current-voltage
curves of the inward currents showing external Ca® dependence (0 mM, 10 mM
and30mM) in HEK293T cells expressing NTA trio. (c) Typical whole-cell
recordings and (d) average current-voltage curves for Ba* conductance by NTA
trioin HEK293T cells. (e) Typical whole-cell recordings and (f) average
current-voltage curves for Mg?* conductance by NTA trioin HEK293T cells.

(g) Typical whole-cell recordings and (h) average current-voltage curves for

Gd** (100 uM) and La** (100 uM) inhibition of Ca* conductance in HEK293T
cellsexpressing NTAtrio. (i) Typical whole-cell recordings and (j) average
current-voltage curves of the inward currents showing no detectable K*
conductance by NTA trioin HEK293T cells. (k) Typical whole-cell recordings
and (I) average current-voltage curves of the inward currents showing no
detectable Na* conductance by NTA trioin HEK293T cells. Error bars depict
means+S.E.M.nvalues = 8 cells. All Pvalues were determined by two-tailed
Student’s t-test.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| |:| ChIP-seq
Eukaryotic cell lines |:| |:| Flow cytometry
Palaeontology and archaeology |:| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Antibodies

Antibodies used All antibodies except Anti-Flag are provided by Santa Cruz Biotechnology. (1) Anti-GST(B-14): sc-138HRP,Lot:A2513(1: 2 000 dilution);
(2) Anti-cMyc Antibody (9E10): sc-40HRP,Lot:L1520(1: 2 000 dilution); (3) Anti-MBP-probe Antibody (R29.6): sc-13564,Lot:A2921(1: 2
000 dilution); (4)Anti-HA-Tag Antibody (F-7): sc-7392,Lot:E1818(1: 2 000 dilution); (5)Anti-mouse Secondary antibody:m-lgGk BP-
HRP: sc-516102, Lot:J1320(1:20 000 dilution) .
Anti-Flag is provided by Sigma-Aldrich Chemicals company: A8592-1MG, Lot:SLCF0816(1: 4 000 dilution) .

Validation These antibodies have been validated by the manufacture. (1) Anti-GST https://www.scbt.com/p/gst-antibody-b-14; (2)Anti-cMyc
https://www.scbt.com/p/c-myc-antibody-9e10; (3)Anti-MBP https://www.scbt.com/p/mbp-probe-antibody-r29-6; (4)Anti-HA
https://www.scbt.com/p/ha-probe-antibody-f-7; (5) Anti-Flag https://www.sigmaaldrich.com/US/en/product/sigma/a8592
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) HEK293T(Human embryonic kidney 293T) cell, COS7 (Monkey Kidney cell) cell and High5 (BTI-Tn-5B1-4) cells are all from
ATCC (https://www.atcc.org/)

Authentication The cells have been authenticated by Short Tandem Repeat (STR) DNA profiling

Mycoplasma contamination The three cell lines are negative for Mycoplasma contamination

Commonly misidentified lines  None of the cell lines used are listed in the ICLAC database.
(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

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

O0oOodfs

|:| 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

OO0oodoods
Ooogdoogo

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.

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 ChIP, 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 ChlP-seq data. For custom code that has been deposited into a community
repository, provide accession details.

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 [ ] Not used

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.
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Normalization template 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.qg. 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)
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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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