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Summary

e MICLE12 and MtCLE13 encode CLAVATA3/EMBRYOSURROUNDING
REGION RELATED (CLE) peptides which regulate autoregulation of nodulation
(AON) in Medicago through the shoot receptor, SUNN (SUPERJMERIC
NODULES). GeneticssuggestsRDN1 (ROOFDETERMINED NODULATION1)
arddinosylates MtCLE12 to enable SUNN perception. The functional structures of
MtCLE12 and MtCLE13 peptides, however, remain elusive.

e Weiucombined genetic and chemical synthesis approaches to determine # glyco
modifications of three noduexpressed CLE peples areessential for AON. We also
examined how root and shoot applied AON-CLEs inhibit nodulation.

o MICLE12, MtCLE13 and MtCLE42 peptides were synthesiagti hydroxylation,
mono-arabinosylation or trarabinosylation (TaPat Proline 7 Only MtCLE12-TaP
and MtCLE13TaP peptides induced AON in WT andhl-1, but not insunn-4. The
application of MtCLE13TaP to cotyledons 1 doefore rhizobial inoculation
completelyinhibited both rhizobial infection and nodulation. By contr8#iCLE12-
TaPRinduced significat AON withoutabolishing rhizobial infection

e The"results indicate that key CLE domain amino acids and TaP modifications t
MICLE12 and MtCLE13 are essential for SUNMpendent AON. Welso show
evidence that RDN1 does not-énabinosylate MtCLE13. Finlgl MtCLE13-TaP can
induce a strong AON response in shoots that inhibits the entire synmiriatiesses
roots. We present a new model for A@N\Medicago.

Key words: arabinosylation, autoregulatioaf nodulation, CLE,Medicago truncatula,

noduleformaiensplantsignaling, RDN1symbiosis.
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Introduction

A multi-stepped symbiosis between solil rhizobia and legumes results in the production of
new root organs called noduleghere inert atmospheric nitrogen (N) is converted into
ammonia.. This symbiosis stainably provides the largest source of N to ecosystems
(Bullock, 1992; Vitouselet al., 2002; Jensesrt al., 2012; lannettat al., 2016) Rhizobia
infect root hair cellsn the model legum&ledicago truncatula by inducing and colonizing
membrané invagations called infection threads and they asoultaneousiytrigger cell
divisions insseveral inner root layers which eventually form the nddiutemerset al., 1999;
Xiao et al.,"2014) Rhizobia propagate inside ramifyiintfection threadsnd areeventally
released intracellularly into nodule cells surrounded by plant membranes thbgmitiate
N-fixation (Oldroyd & Dixon, 2014)Genes of theymbiosis (Sym) pathwayncluding those
involved in Nod Factor perceptior.d. NFP), signal amplificatiorfe.g. DMI1, DMI2 and
DMI3) and.transcriptional regulatione.g. NIN, NSP1 and NSP2)are central to M.
truncatula nedule formation (Oldroyd & Dixon, 2014).

N-fixation istvenergetically and metabolically costlyowever,and nodulation is favorable
only whenlegumes grow in a lowl environment(Crawford et al., 2000). To balance the
carbon cost to the host with the benefits dixdtion, nodule numbeaind activity is carefully
regulatedoy.systemic mechanisntlat involve the longlistancerootto-shoot movenent of
peptide hormore Specific members of the CLE peptide family negatively regulate nodule
number by a process called AQRergusonret al., 2010; Mortieret al., 2010; Reidet al.,
2011; Suzaket al., 2012; Djordjevicet al., 2015; Shabalat al., 2016; Kassawet al., 2017)
and C-TERMINALLY ENCODED PEPTIDE (CEP) family members positively control
nodule numbefbPelay et al., 2013; Iminet al., 2013; MohdRadzmanet al., 2015; Mohd
Radzmanet al.,.2016) In CLE-dependent AON, the descending shdetived AON signal
and the :meehanism by which it restricts nodulation have not been conclusively identifie
Current models .show a gradual ramping up of the productispadfificrootto-shoot AON
CLE peptides in maturing nodulewhich triggera return shoot-toroot AON signal that
inhibits eortical cell divisions in younger nodul@sergusoret al., 2010; Reidet al., 2011,
Suzakiet al., 20242; Kassawet al., 2017).

A specific subset o€LE peptides are involved in the induction DN in Lotus japonicus
(e.g.LjCLE-RS1, -RS2 andRS3)(Okamotoet al., 2013; Nishidaet al., 2016) M. truncatula
(e.g. MtCLE12 and MtCLE13[Mortier et al., 2010; Sauet al., 2011; Mortieret al., 2012;
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Kassawet al., 2017) soybean (e.gGmRIC1, GmRIC2, GmNIC1 and GnMNIC2) (Reidet al.,
2011) and common bean (e.g. PvNIC1, PvVRIC1 and PvRIE&rgusonet al., 2014)
OverexpressingAON-specific CLE genes suppresses nodule formation in -tyife (WT)
plants (Mortier et al., 2010; Okamotcet al., 2013)whereas, this effect is abolished the
AON-CLE receptor mutants af. japonicus (HAR1) (Nishimuraet al., 2002; Okamotet al.,
2009), M. truncatula (SUNN) (Sauret al., 2011; Mortieret al., 2012; Kassavet al., 2017)
and soybeafiNARK) (Reid et al., 2011) Tri-arabinosylation of the3Lamino acid LjCLE
RS2 peptide is required for binding to HARQkamotoet al., 2013)andLjCLE-RS2joins
the xylemstreamwhen overexpressed in soybean hairy r@Gikamotoet al., 2013) Tri-
arabinosylation/ of LJCLERS3 (Nishida et al., 2016) or AON-CLE peptides in other
organisms‘has not been biochemically demonstrated.

Genetic evidence supports the need feambinosylation of AONCLEs in M. truncatula,
since mutation ) of genes encodirg HPAT (HydroxyprolineO-arabinosyl transferase)
enzyme called RDN1, which glycosylatesspecific hydroxyproline residues, lestth a super
nodulation‘phenotypéSchnabekt al., 2011) Nodulation levels in RDN1 mutants (e.dnl-

1 andrdnl-2).are intermediate between WT asuhn-4 levels In M. truncatula, Kassawet

al. (2017)presented genetic evidence that the HPRDN1, modifies the MtCLE12 peptide
before it travels 'shoatardto interact with SUNN. The situation for MtCLE13, however, was
not clear. Overexpression BtCLE13 led to a suppression of nodulation in Wiidadnl1-2

but notsunn-4 mutants suggesting that either MtCLE13 was able to perform AON functions
without the need foRDN1-dependentri-arabinosylation or that another RDN gene was
responsible for trarabinosylating MtCLE13Kassawet al., 2017) It is also not known if
MtCLE12 andMtCLE13 are the only AONCLEs or if triarabinosylation of othemodule-
expressed CLE peptides can mediate AON.

Here we combine the powerful tools of genetics with chemical synthesis to determine if
glycosylationof.threestructurallyrelated and symbiosexpressed CLE peptides (MtCLE12,
MtCLE13 rand=MtCLE42) is required to induce AON M. truncatula in vivo. We
synthesisd-asseries of MtCLE12, MtCLE13 and MtCLE42 peptidasingin structure only

at proline. at'position 7 (P7) to determiwwbietherchemical modificationsf this amino acid
was necessary,to induce AOReptideswere addedo roots to determine if CLE peptides
were capable of long distance movement to shoots. We also devidatedased systenm
which CLE pepideswere appliedo cotyledonswhich allowed the peptide to interact with
shoot receptors directly rapidly induce the shoab-root AON return signal. Thisnabled

us to vary the time of peptide exposure to cotyledmitis respect to addition of rhibia to
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rootsto establish a kinetic analysis of AON inductide examinel the effects 0AON in
the root to determine what stagAON affects nodule development and how long AON
inhibits the symbiosis. We also undertook genetic studies to determine if RBANSUNN
were required for CLEnducedAON.

Materials and Methods

Plant materials-and synthetic peptides

M. truncatula-WT (cv Jemalong genotype A17Aunn-4 andrdnl-1 seedswvere germinated
(Kusumawatiet al., 2008)and inoculated witt& nor hizobium meliloti WSM1022 (Holmeset

al., 2008) unless specifiedMtCLE12, MtCLE13 and MtCLE42 structural variants were
synthesisedn-houseusing solid phase peptide synthe&orcilius et al., 2017)with each
having hydrexylation oproline 4(P4)as a fixed modittation P7 was incorporated as either
its hydroxylated; mon@rabinosylated or tri-arabinosylateEm by usinga suitablesynthetic
N-Fmocprotectedarabinosylate@dmino acid building bloclas we have reported previously
(Corcilius et™al”;"2017; Patelet al., 2017) MtCLE12 andMtCLE13 peptides devoid of
proline hydraxylationwere synthesised byGL Biochem, Shanghawith 95% purity. All
synthetic ptides were purified by reversptiase HPLC and validated by analytical HPLC
and botHow=sand highresolution ESFMS (Supporting Information Method3l).

Sequence alignment
Sequencealignment for MtCLE42 and GmCLE3#oteinswasdone using MAFFT version 6
(Katohet al42005)and viewed by Jalview (mafft.cbrc.jp/alignment/server/).

Bioactivity/of CLE peptides on root nodule number

Structural*variants of the MtCLE12, MtCLE13 and MtCLE42 peptidere tested foAON
by two methods: directly adding peptides to the roots via the growth méthatrassayspr
diffusing them intocut cotyledons (cotyledon-feeding) (Okamogb al., 2013) For root
assays]l dpost germination (dpgeedlings were transferréal 150 mm plates containing 50
ml of solid N-free Fahraeusediumplus or minusthe peptides(1 uM) (Kusumawatiet al.,
2008; Iminet al., 2013). The medium wadanted at a 20° angle during settifithe oots
wereoriented togrow on the agar surfa@nd the shoots did nabntact the agaAt 4 dpg
the roots were inoculated with meliloti strain WSM1022 (Holmeset al., 2008). Nodule

number was scoreat 14d post inoculation (dpi).
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For cotyledorfeeding,the distal enaf cotyledons ob-dpgseedlings were cut and dipped in
peptide solution (1 uM) or water in a 2p0 Eppendorf tubdixed in place using double
sided tape Regular toppingup ensuredcontinuous slution-cotyledon ontact. Unless
specified, the plantsvere cotyledonfed for 24 hbefore WSM1022 inoculation. Nodule
number was scored at 14 dplative to he position of the root tip at the time of inoculation
(Mohd-Radzmargt al., 2016).

Assessmerf root hair curling and infection threads in the nodulation zone

The position of the root tip at the time WSM1022inoculation was marked anabdule
initiation and roet hair curlingvas observeth the nodulation zonat 4 dpi(Mohd-Radzman
et al., 2019. The addition of MtCE13TaP (1 uM) to cotyledons was varied frdsd pre-

to 3 d post-inoculation.

Agraobacterium rhizogenes-mediated hairy root transformation

M. truncatula RNA extraction and cDNA synthesis waerformedas described earlier
(Kusumawaitet.al., 2008). TheCLE13 full-length open reading frame was amplified from
cDNA and ¢laned into pK7WG2[Karimi et al., 2002) The primers used were as described
by Sauret al. (2011) Transgenic rootsvere generated using. rhizogenes strain Arqual
(Saur et al., 20711)and identifiedby stereomicroscopic examination fpresence of green

fluorescent protein (GFRpauret al., 2011). Nodule number was assessed at 14 dpi.
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Results and Discussion

AON by CLE peptides is dependent on-arabinosylation anckey domain amino acid
residues

Sequence alignmershowed that MtCLE12, MtCLE13 and MtCLE42 encaeétatedCLE
domainsthat-arein turn, relatedto other legumeAON-CLEs (Fig. 1a). TheseCLE peptide
domainsshow most variability in amino acid compositionpaisitions 5, 9, 10 and 1ZFig.
1a).In addition, analysis of expression dateowed thaMtCLE12, MtCLE13 andMtCLE42
are inducedluring symbiosisn temporallydistinct pattera (Fig. S1)and therefore could be
involved in_early (MtCLE13) intermediate(MtCLE12 and MtCLE13) orpotentialy late
AON-relatedresponse$MtCLE42) (Fig. S1)(de Banget al., 2017) The predicted domam
of MtCLEA2,/MICLE13 and MtCLE42share amino acidsimilarity in key N-terminal
positions (Fig. 1b) The amino acids at th€-terminal end of MtCLE12, MtCLE13 and
MtCLE42, however are more variable and there are only 2amino acids(PQ) where
MtCLE13 is_unique(Fig. 1b). The amino acid differences between MtCLE13 compared to
MtCLE12 ‘or MtCLE42 are boxed in Fig. 1b.In addition, he MtCLE42 prepropeptide
sequence (Medir4g087850) is 50% identical to a soybean CLE pe@ithCLE32
Glymal3g24026.1Fig. S2), the predictedMtCLE42 and GmCLE32domairs are identical
andGmCLE32has been shown to lmeodifiedin vivo at P7 by triarabinosydtionin separate
studies in twersoybean cultiva(®©kamotoet al., 2015; Patelkt al., 2017). Thereforeit
would be expectedhat MtCLE42 would also be tri-arabinosylatedn vivo. Hence the
MtCLE13, MtCLE12 and MtCLE42lomainssharesimilar N-terminal amino acidresidues
and their overall sequence is similar dther known AONCLEs. In addition,all three
Medicago CLE genesare expressedduring symbiosisand, therefore may participate in
AON.
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To probe the effects of chemical modifications on the altitittyigger AON, 12 amino acid
derivatives of MtCLE12, MtCLE13 and MtCLE42 were synthesised which were
homogeneously hydroxylated at Bdt differentially modified at P7 byeitherhydroxylation,
mono-arabinosylationor tri-arabinosylation. Additionally, ummodified MtCLE12 and
MtCLE183 peptides were ald¢ested To assesAON responsesthepeptides were assayed by
directly applyingthemto roots (root assay) or to cotyledons (cotyletkedingassay (Fig.
1c-e) Both MtCLE12-TaP and MtCLE13raP significany inhibited nodule number(g.
1c, d), however,all variants ofMtCLE42 peptides andhll other MtCLE12 and MtCLE13
derivativeshad, no significant effecon AON (Fig. 1c-6. The fact thatroot exposure to
MtCLE12-TaP orMtCLE13 TaP triggered a significa®iON response suggestthat these
peptidesaretranslocated to the shoot to interact with SUNiNshould be noted thdhe root
assay wagdesigred to prevent the shootsfrom contacting the medium containinidpe
peptides.This measure preveed the possibdity of unwanteddirect activation of AONby
direct contactof the shoot tissuesvith the peptidesin the medium The results also
conclusively show that peptidesth hydroxylation, monearabinosylation or no modification
to P7 were.unable to induce AON.

Both MtCLE12TaP and MtCLE13raP induced AON when cotyledded (Fig. 1c,d)
sypporting the “hypothesis that these peptidaseract with shootderived SUNN.
Interestingly exposing cotyledon t@ pM MtCLE13 TaP completely suppressed nodulation
on WT roots,whereasMtCLE12-TaP partially suppressed nodulatiéig. 1If, g). A complete
inhibition of nodulation was naibserved withri-arabinosylated jCLE-RS2 peptidesgven
at 10 uM(Okamotoet al., 2013) Normally, a 100%AON responseés only observedvhen
AON-CLE genes areonstitutivelyexpressed iWT transgenic root¢Mortier et al., 2010;
Saur et al., 2011; Okamotoet al., 2013; Kassawet al., 2017) Therefore,the results
collectively.showed that TaP was necessary fdooth MICLE12 and MtCLE13 to induce
AON. In_addition, the variationin amino acids, especiallgt positions 80 and 12 most
likely explaisewhy MtCLE13TaP (DsPQHN;2), MtCLE12TaP (NgHIHN:;) and
MtCLE42-TFaP(DsAHHH 12) hadstrong, weak and no AON activity, respectiveijg( 1b-e).
Thereforeitis likely that amino acids at positionsl® and 12as well as trarabinosylation
of P7, collectivelyaffect interactionsof AON-CLEs with ther cognate receptor, SUNN.
These resultalsodemonstrated that 1-d preexposure of MtCLE13J aP to cotyledons was

sufficient to inducea completeAON responsén WT roots.
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MtCLE12-TaP and MtCLE13raPinduce AON inrdnl-1 but not insunn-4

We examined theffect of MtCLEL2 and MtCLE13 structural variants on AONamutant
defecive in RDN1, which encodes &lPAT, and in a mutant defective IBINN, which
encodesthe AON-CLE receptor.Genetic evidencéKassawet al., 2017) supportsRDN1
catalysingthe=transfer of_-arabinose from the sugar donor UPR-Araf to a hydroxyl
group onMtCLE12 (most likely toP7)in the root and thaRDN1 acts upstream ddUNN.
Therefore if perception of both MtCLE12 and MtCLE13 by SUNN is T@épendent, both
peptides wouldbe expectedo induce AONin rdnl-1, but not in the SUNN null mutant,
sunn-4. The_ results showed that both MtCLETAP and MtCLE13laP, but notany other
structural variants, induced AON minl-1 (Fig. 2a) Consistent with the results with WT
plants (Fig'le,d), MtCLE13-TaP abolished nodulation imdnl-1 whereas MtCLE1ZaP
significantlyreduced nodulation (Fig.azb) In addition, both MtCLE1ZaP and MtCLE13
TaP were unable to induce AONsonn-4 (Fig. 2c,d. Theseresuls demonstratthat TaPis
requiredat_P7for SUNN to perceiveboth MtCLE12 and MtCLE13 and that theTaP

modificatiors canoverride the need for a functional RDNdother HPATS

MtCLE13 peptide is likely to be trarabinosylated by another RDN

Kassawet al. (2017)demonstrated thattCLE12 overexyression did not impart AON in the
rdnl-2 backgreund buMtCLE13 overexpression was still capable of imparting AON. They
concluded that MtCLE13acted either as a noiiaP peptide or that another RDMas
responsible fomodifying MtCLE13. Tohelpdistinguishbetween these two possibilitiese
overexpressd MtCLE13 in WT Al7, rdnl-1 and sunn-4. The results show thddtCLE13
overexpression strongBuppressedodulation in A17 anddnl-1, but not insunn-4 (Fig. S3
and, thereforeMtCLE13 acts independentlyfdRDN1. This data is consistent with previous
findings where another RDN1 allelednl-2, was used(Kassaw et al., 2017). Since
MtCLE13-TaPrequires SUNNo impart AON a likely explanation for theollective results
is that the " TaP=modification of MtCLE18 mediated througkthe activity ofanother HPAT.
Kassawet al«(2017) showed that MtRDN2, but not MtIRDN&n complementdnl-2 when
overexpressedising the 35S promotebut not when expressed frothe native RDN1
promoter suggesting tha®DN2 has sinlar enzymatic activityfo RDN1 This alsosuggests
that RDN1 and RDN2 have distinct expression patteffmgactions inM. truncatula or else
rdnl-1 would not have dyper-nodulation phenotyp&ombining our results with those of
Kassawet al. (2017),we proposethat differentAON circuits exist wheredifferent HPATs
independently trarabinosylateVitCLE12 and MtCLE13Finally, we conclusively show that
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perception of MtCLE12 and MtCLE13 peptides by SUNMNM. truncatula is entirely
dependent onthe TaRmodification and the presence of appropria@terminalamino acid
residuegFig. 1.

Kinetic analysis‘of AON induced by cotyledéed MtCLE13TaP

A 1-d preexposure oiNT or rdnl-1 cotyledons to MtCLE13 aP completely inhibited root
nodulation by S meliloti WSM1022 (Fig 1d, 2h. To explore thisresult further, we
examinedithe cellular responses of root cells to rhizobia in the nodulation Zdfle mants
when MtCLE13TaP wasappliedto cotyledons at different times relativette position of
rhizobial incculation (vhite arrows in Fig. 3a). There was no detectatadet or cellular
response to rhizobia when MtCLET2&P exposreto cotyledonsstartedl d beforerhizobial
inoculation(Fig. 3a,9. This observation is contrary to current models sstjogthat AON
inhibits cortical cell division onlyFergusonet al., 2010; Reidet al., 2011; Suzaket al.,
2012; Kassawet al., 2017). To gain further insightsve exposedWT cotyledonsto
MtCLE13-TaP at between before3 d after rhizobial inoculation ancbmparedthis to a
waterfed centrol (Fig. 3—-e). The results showed that in the 0, 1 and 2 dpi samples,
MtCLE13-TaPR, still induced significant AON and very few to no nodules or cortical cell
divisions were observed in the nodulation zal#hough root hair curligmwas observed (Fig.
3a, 9. With_a-3d delay in MtCLE13TaP application, however, nodule number returned to
near WT levels in the nodulation zone (Fig.€paBy contrast, although CLE*PaP induced
significant AONunder the same coniihs, it did notcompletelyinhibit root hair curlingor
nodule formation (Fig. S4). We conclude that the AON response indycRdCLE13-TaP
addition 1/ dbeforerhizobial inoculatiorcompletely inhibits th@odulationpathway, not just
the progression _ofortical cell divisons In addition, CLE13TaRinducedAON inhibited
nodule developmerfor up to 2 d, but noB d, post rhizobial inoculation. At 2 dpipot hair
curling, infection thread formation and the earliest inner cortical, endodermal and pericycle
cell divisions*wpuld be occuing (Timmers et al., 1999; Xiaoet al., 2014). At 3 dpi,
infection threads penetrate to the outer cortical cailid nodule primordia are more
progressedXiao et al., 2014). We propose that 3 dpodules pass a critical stage and

become AONnsensitive.

An updated model for MtCLE12- and MtCLEH&pendent AON
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We present @ updatednodel for AON(Fig. 4). First, MtCLE12, MtCLE13 and MtCLE42
are induced during nodule initiation and formation with distinct temporal patterns. Although
MtCLE12 and MTCLE13 induction is Sym pathway dependeitt is unclear what role
MtCLE42 plays as it has no demonstrable functrodON. MtCLE13 expression may also
have a dependency on CRBMortier et al., 2012) Second, the data support that RDN1 and
another RDN(most likely RDN2) independently tarabinosylate MtCLE12 and MtCLE13
peptides respectively(Kassawet al., 2017)and this is one prerequisite for AONhe 12-
amincacids MtCLE13TaP product is a far more potent A@ilucing peptide than the
LJCLE-RS2/RS3(Okamotoet al., 2013)and MtCLE12TaP peptides. Third, we propose that
MtCLE12-TaP_and MtCLE13raP travel to the shoot via the xylem streaninteract with
SUNN. Faourth,particularamino acid residuesspecially thosat positons 810, 12 (and
possiby 5) alsostrongly influenceMtAON-CLE peptideinteractions withSUNN since
MtCLE42-TaP is AONinactive and MtCLE12Zl'aP has consideralyl weakeractivity than
MtCLE13-TaP. Fifth, the kinetic experiments show thaith sufficient prior triggering of
AON, the“shootto-root AON signal can very ragly induce root responses thaan
compleely inhibit all symbiotic interactionsincluding rhizobial infectionnot just cortical
cell divisions., Thereforewe propose that the shoot AO$ignal is capable ofrapidly
suppressin@ll'symbiotic processedVe show that a delay in MKE13TaP application to
the cotyledons enables progressively more symbiotic interactions to occur butt&v/eh a
after rhizobial inoculation, cotyledeied MtCLE13TaP can still induce signdant AON.
Finally, a_3d delay in MtCLE13TaP application allows nodules to progress to a

developmental point where they become AEkensitive.
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should be directed to tidew Phytologist Central Office.

Fig. 1 Structuredependent inhibition of root nodulation by MtCLE peptidedviedicago
truncatula. (a) Ihe predicted CLE domain sequences and structurgervation of known
autoregulation <of nodulation (AOMNJLE peptides: MtCLE12, MtCLE13, MtCLEA42,
GmNIC1, GmNIC2, LJjCLERS1/2, GmRIC1, LjCLERS3 and LjCLE40. (b) The domain
sequences of MtCLE12 and MtCLE42 are compared to the domain sequence of MtCLE13.
The differentialfamino acids are presented in red within the boxes) (dean nodule
number induced by structural variants of MtCLE12 (c), MtCLE13 (d) and MtCLE42 (e)
added using the root or cotyled@geding assays(> 12). The structural variants of each of

the three MICLE peptides used in this study were uniformly hydroxylated on P4 but
differently ", modified on P7. Hydroxy: hydroxyproline; MaP: meamabinosylated
hydroxyproline;“TaP: trarabinosylated hydroxyproline. Unmodified variants of MtCLE12
and MtCLE13-were also used. Statistically significant differences were determined using a
Student’st-test *, P < 0.05; **, P < 0.01; ***, P < 0.001 (error bars + SB. (f, g)
Comparison of water control vs MtCLE13-TaP AON responskl anuncatula roots.

Fig. 2 Autoregulation of nodulatioactivity of MtCLE12TaP and MtCLE13TaP peptides in
Medicago truncatula rdnl-1 andsunn-4 mutant lines(a, ¢c) Mean nodule number of (anl-

1 and (c)sunn-4 plants roottreated or cotyledefed with different MtCLE12 and MtCLE13
peptides. (byd):Comparison of control and MtCLHERtreatedrdnl-1 (b) andsunn-4 (d)
roots. Stastieally significant differences were determined using a Studésést: *, P <
0.05; **, P<:0.01; *** P <0.001 (error bars+ SB.

Fig. 3 A kinetic analysis of autoregulation of nodulation activity in the roots of cotyketbn
MtCLE13-TaP inMedicago truncatula. (a) Nodulation is suppressed on roots of plants where
MtCLE13-TaPis applied at between 1 before 2 d after rhizobial inoculation. By contrast, a 3
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d delay in MtCLE13TaP application allowed progression of nodule development in the
nodulation zone. White arrows indicates the position of the root tip at the time ofatiacul
(b—e) Microscopic examination of methylene blue stained rootsdapdisst inoculation (dpi)

(b) Control: cotyledon$ed with water id before rhizobial inoculation have nodule
primordiarand-eurled or infected root hairs. (c) Cotyledons were féedMtCLE13TaP 1 d

prior (-1 d) to rhizobial inoculation. The nodulation zone has no sign of nodule primordia,
root hair curling orinfections. (d) A representative image of a plant root is shown reflecting
the response to MtCLE1BaP addition to cotyledonat either 0, 1 or 2 d post rhizobial
inoculation_(actual image is at day 2). Root hair curing and infection thread ifmmmeds
observed in_these samples (red arrows) but there were no or very few nodule primordia. (e)
The nodulationthzone of plants whektCLE13-TaP was added to cotyledons 3 d post
rhizobial inoculation showed several developing nodule primordia with sigrtifioah hair

curling and infection activities (red arrows). Ba&80 pum.

Fig. 4 An updated model for autoregulation of nodulation (AON) control of root nodulation
in Medicage truncatula. MtCLE12, MtCLE13 and MtCLE42 are expressed through Sym
pathwayéependent circuits and are differentially expressed temporally. In addition, it has
been reported-thafitCLE13 is induced in young nodules by6aBenzylaminopurindBAP)-
induced and CYTOKININ RESPONSE1/NODULE INCEPTION (CRE1/NIN) dependent
circuit (Martier et al., 2012). The biological significance of this observation is not clear and
these have not been included in this model. Processing of MtCLE12 and MtCLE13 is likely
to occur in the |Golgi of nodule primordium cells (Kassewal., 2017) but how exactly
MtCLE12 and MtCLE13 peptides are processed from the propeptide remains unknown.
MtCLE12-TaP is produced depending on ROOT DETERMINEODULATION1 (RDN1)
activity whereas MtCLE1JaP is modified independently of RDN1 (possibly through
RDNZ2). Thewputative RDN modifying MtCLE42 is not known. The dissolution of the
endodermis=during early primordium formation would be a key step to enableElMPT aP

and MtCLEX3TaP to join the xylem stream in the stele or else the Casparian strip would
prevent access of the extracellular peptif@sblaset al., 2017; Nakayamat al., 2017)

Once the endodermis is breached early in nodule formation, the MEZCT&P and
MtCLE13-TaP peptides would then be able to join the xylem stream to be carried shootward.
How long this takes is not known. The TaP maodifications and different amino acid

composition at positions-80, 12 and possibly 5 enable effective butidgtinteractions of
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MtCLE12-TaP and MtCLE13raP with the receptor, SUPER NUMERIC NODULES
(SUNN). The actual direct interactions betweBHCLE12-TaP and MtCLE13aP with
SUNN in the shoot remain to be determined experimentally, howewerntéraction of
MtCLE42-TaP with SUNN appears to be negatively influenced by an inappropriate amino
acid compesition compared to MtCLE12 and MtCLE13. The stwmotot AON signal
induced by MtCLE13TaP can inhibit the entire nodule development processebeivand 2

dpi so that'no nodules form, but by 3 dpi nodule development becomesnsensitive. NF:

Nod Facters; NFP: NOD FACTOR PERCEPTION; NSP: NODULATION SIGNALING
PATHWAY;, DMI: DOES NOT MAKE INFECTION. Flat ended linenhibition of further
nodulaton‘is_mediated through the downward AON signal generated after the interaction of
the AON peptide with SUNN; red crqsSLE42-TaP peptide does not interact with SUNN;
red question markghe mechanisms are not fully understood; solid arrdkes pathway is

already known; dashed arrows, the pathway is not known.
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