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C-TERMINALLY ENCODED PEPTIDEs (CEPs) control root system architecture in a non-cell-autonomous manner. In Medicago
truncatula, MtCEP1 affects root development by increasing nodule formation and inhibiting lateral root emergence by unknown
pathways. Here, we show that the MtCEP1 peptide-dependent increase in nodulation requires the symbiotic signaling pathway
and ETHYLENE INSENSITIVE2 (EIN2)/SICKLE (SKL), but acts independently of SUPER NUMERIC NODULES. MtCEP1-
dependent inhibition of lateral root development acts through an EIN2-independent mechanism. MtCEP1 increases nodulation
by promoting rhizobial infections, the developmental competency of roots for nodulation, the formation of fused nodules, and
an increase in frequency of nodule development that initiates at proto-phloem poles. These phenotypes are similar to those of the
ein2 /skl mutant and support that MtCEP1 modulates EIN2-dependent symbiotic responses. Accordingly, MtCEP1 counteracts
the reduction in nodulation induced by increasing ethylene precursor concentrations, and an ethylene synthesis inhibitor
treatment antagonizes MtCEP1 root phenotypes. MtCEP1 also inhibits the development of EIN2-dependent pseudonodule
formation. Finally, mutants affecting the COMPACT ROOT ARCHITECTURE2 (CRA2) receptor, which is closely related to
the Arabidopsis CEP Receptorl, are unresponsive to MtCEP1 effects on lateral root and nodule formation, suggesting that CRA2
is a CEP peptide receptor mediating both organogenesis programs. In addition, an ethylene inhibitor treatment counteracts the
cra2 nodulation phenotype. These results indicate that MtCEP1 and its likely receptor, CRA2, mediate nodulation and lateral

root development through different pathways.

Root system architecture is determined by complex
interactions between intrinsic root developmental and
extrinsic environmental cues. In legumes, the formation
of nitrogen (N) fixing root nodules and lateral roots
(LRs) predominantly determine root system architec-
ture. Cells that become competent for root nodule
and LR formation are both similarly located close to the
root apical meristem (RAM; Bhuvaneswari et al., 1980;
Sargent et al., 1987; Herrbach et al., 2014). The N,-fixing
nodules induced by rhizobia provide considerable N to
legumes and enable them to grow in N-poor environ-
ments. As a result of this symbiosis, legumes provide
protein-rich food, oil, fiber, and feed to agro-ecosystems,
and they contribute to sustainable agriculture (Herridge
et al., 2008; Jensen et al., 2012). Similarly, the improve-
ment of LR deployment in crops is of significant interest
to breeders to maximize water, nutrient, and fertilizer
acquisition and alleviate pollution issues that arise from
poor fertilizer uptake (Gamuyao et al., 2012); therefore
legumes provide a system to study both nodule and LR
organogenesis programs and how they interact. Al-
though both LRs and nodules are induced by common

environmental cues such as low N-availability (Ruffel
etal., 2008; Jeudy et al., 2010; Jin et al., 2012), the common
and specific pathways that regulate these different devel-
opmental competencies are poorly understood. Therefore,
understanding signaling molecules, receptors, and
downstream pathways that regulate both nodule and
LR development in legumes under different environ-
mental conditions is essential to improve nutrient
acquisition by the root system.

C-TERMINALLY ENCODED PEPTIDEs (CEPs) have
recently been implicated in controlling major aspects of
root development (Ohyama et al., 2008; Delay et al., 2013;
Imin et al., 2013; Tabata et al., 2014; Djordjevic et al., 2015;
Mohd-Radzman et al., 2015). CEP peptides are signaling
molecules that positively regulate nodulation and nega-
tively regulate LR emergence in several legumes (Imin
et al., 2013; Mohd-Radzman et al., 2015). An archetypal
gene from the Medicago truncatula CEP family, MtCEP1, is
induced under low-N and expresses during nodule
and LR formation (Imin et al., 2013). Biochemical and
mass spectrometry analyses demonstrated that MtCEP1-
overexpressing and control root cultures both secrete a
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mixture of hydroxylated, 15-amino acid, MtCEP1 pep-
tides. In root cultures, MtCEP1-dependent inhibition of
lateral root formation occurs independently of shoots
(Mohd-Radzman et al., 2015). In Medicago, the hydrox-
ylation patterns of MtCEP1 peptides strongly influence
how CEPs modify the extent of nodule and LR formation
(Imin et al., 2013; Mohd-Radzman et al., 2015). How CEP
peptides simultaneously regulate both root nodule and
LR formation is unknown. At early developmental stages
LRs and nodules share developmental genes (Franssen
et al., 2015; Larrainzar et al., 2015) and morphological
features, such as reactivation of cortical, pericycle, and
endodermal cell divisions (Imin et al., 2013; Herrbach
etal.,, 2014; Xiao et al., 2014; Mohd-Radzman et al., 2015),
and it is therefore possible that overlapping genetic
mechanisms may be involved. In addition, these two
developmental pathways are initiated in cells in close
proximity to the RAM (Imin et al., 2013; Herrbach et al.,
2014; Xiao et al., 2014). It is not known if MtCEP1 pep-
tides affect LR and nodule development through the
same or different pathways, or if common developmen-
tal components are involved.

Medicago nodule formation is tightly associated
with Sinorhizobium meliloti Nod factor (NF) production
(Lerouge et al., 1990). S. meliloti induces two, parallel,
nodule-specific processes to form indeterminate nod-
ules adjacent to root proto-xylem poles: (1) the rhizobial
infection pathway, which involves infection thread
formation in root hairs and cortical cells; and (2) the
nodule organogenesis pathway, which involves the
activation of cell divisions in root cortical, endodermal,
and pericycle cell layers to form a nodule primordium
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and, subsequently, a nodule meristem (Timmers et al.,
1999; Desbrosses and Stougaard, 2011; Oldroyd et al.,
2011, 2013; Xiao et al., 2014; Djordjevic et al., 2015).
Rhizobial NFs rapidly trigger nuclear calcium oscilla-
tions in root hair cells (Lévy et al., 2004; Miwa et al., 2006),
which transcriptionally activate key symbiotic (SYM)
genes (e.g. NODULE INCEPTION and NODULATION
SIGNALING PATHWAY1 and 2 [Kal6 et al., 2005; Smit
et al., 2005] and MtCLV3/ESR-RELATED12 and 13
[MtCLE12 and 13; Mortier et al., 2010; Saur et al.,
2011]). Nodulation is also positively and negatively
controlled by complex, context-dependent interactions
with various hormones and peptides (Penmetsa and
Cook, 1997; Gonzalez-Rizzo et al., 2006; Penmetsa et al.,
2008; Mortier et al., 2010; Plet et al., 2011; Saur et al.,
2011; Mortier et al., 2012; Larrainzar et al., 2015; van
Zeijl et al., 2015). Collectively, these signals, along with
the NF/SYM pathway, determine how, when, and where
nodules form, as well as the overall nodule number on the
root system (Penmetsa and Cook, 1997; Oldroyd et al.,
2011). It is also noteworthy that the vast majority of infec-
tion threads that initiate fail to make a nodule (Djordjevic
et al., 1985, 1986; Penmetsa and Cook, 1997), and this
highlights the influence of negative regulatory circuits
mediated by ethylene-related and CLE-related path-
ways (Penmetsa and Cook, 1997; Mortier et al., 2010;
Kassaw et al., 2015).

Ethylene has a well-established negative role in
M. truncatula nodulation, which is illustrated by the
ethylene-insensitive, MtEIN2-defective mutant, sickle
(skl; Penmetsa et al., 2008; Larrainzar et al., 2015). Rhi-
zobia hyperinfect skl and form numerous underdevel-
oped nodules that are often fused (Penmetsa and Cook,
1997). Fused nodules have been defined as having two
or more nodule meristems coalescing into one nodule
structure confined by a single layer of endodermis (Xiao
et al.,, 2014). In addition, skl nodules show spatially
aberrant initiation sites in roots and can develop prox-
imal to proto-xylem and -phloem poles (Penmetsa et al.,
2003), whereas in wild-type roots, a localized ethylene
production adjacent to proto-phloem poles is thought
to prevent nodules developing in this area (Heidstra
et al., 1997). Consistently, ethylene synthesis inhibi-
tors such as aminoethoxyvinyl-Gly (AVG) promote
both proto-phloem pole- and fused-nodule formation
(Heidstra et al., 1997), as well as an increase in infection
thread and nodule numbers (Guinel and Larue, 1992;
Xiao et al., 2014). Conversely, the ethylene precursor,
1-aminocyclopropane-1-carboxylic-acid (ACC), reduces
nodule number and, at high concentration, inhibits cal-
cium oscillations and abolishes nodulation (Penmetsa
and Cook, 1997; Oldroyd et al., 2001). Recently, a com-
prehensive transcriptional profiling of the Mtein2/skl
mutant revealed a complex MtEIN2-dependent negative
control of NF-mediated responses (Larrainzar et al.,
2015).

Apart from the ethylene-mediated local inhibition of
infection and nodule formation, nodule number is also
negatively and systemically regulated by an autoregu-
lation of nodulation (AON) pathway (Searle et al.,
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2003). In M. truncatula, AON is mediated by the inter-
action between nodule-specific CLE peptides, MtCLE12
and MtCLE13, and the SUPER NUMERIC NODULES
(SUNN) Leu-rich repeat receptor-like kinase acting in
shoots (Mortier et al., 2010; Saur et al., 2011). Similarly
to skl, the sunn mutant has a supernumerary nodula-
tion phenotype (Schnabel et al., 2005) but, unlike skI,
sunn nodules form adjacent to xylem poles (Penmetsa
et al., 2003). The combined negative action of ethylene
and AON pathways leads to a tight restriction of the
developmental competency to form symbiotic nodules
(Bhuvaneswari et al., 1980; Sargent et al., 1987; Kassaw
et al., 2015). Indeed, when a root is inoculated, nod-
ule formation results from infections initiated in young,
developing root hairs, and competency for further root
hair infection and nodule organogenesis diminishes
rapidly due to the activation of the local ethylene/EIN2-
dependent (Penmetsa and Cook, 1997) and systemic
CLE/AON-dependent responses (Kassaw et al., 2015).

Figure 1. MtCEP1 requires the SYM A
and EIN2/SKL pathways to modulate 14
nodule but not LR formation and acts in-
dependently of SUNN. A, Nodule num-
ber and emerged LR number were scored
in the wild type and in SYM pathway
mutants defective in NF perception
(hcl), signal transduction (dmil, dmi2,
dmi3), and transcriptional regulation
(nsp1, nsp2, nin; n = 6; Student’s
ttest, *: P=0.05, **: P=0.01, ***: P=
0.001). B to F, Effects of the MtCEP1
peptide application on sunn root phe-
notypes. B, C, and F, Representa-
tive images showing the effect of the
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Figure 2. MtCEP1 increases the root developmental competency for nodulation. A, The locations of S. meliloti WSM1022
nodules were scored relative to the position of the root tip at the time of inoculation in control (blue bars) and MtCEP1 peptide-
treated roots (red bars; n=18). Most control nodules formed within a 15-mm zone (+10 mm to —5 mm relative to the root tip) and

81% of nodules formed above the position
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of the root tip at the time of inoculation. The MtCEP1 peptide-treatment shifted
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Figure 3. MtCEP1 increases infection and nodulation capacities. A to C, Representative light micrographs of roots 120 h post-
inoculation (early nodulation stages) with a S. meliloti 1021-GFP strain in the zone of maximal nodulation susceptibility of wild-
type (A and B) or ethylene-insensitive sk/ mutant (C) roots. Curled root hairs are indicated by asterisks. D to F, Green fluorescence
images are merged with bright-field pictures shown (A-C), and infection threads penetrating into the cortex are detected in green
fluorescence (bars in A—F = 200 um). G, Quantification of infection pockets, infection threads, and nodules along root segments
of equivalent length corresponding to the zone of maximal nodulation susceptibility (n = 12; ANOVA; P < 0.05). Error bars
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In this study, pathways acting downstream of
MtCEP1 peptides to regulate nodule and LR devel-
opment were identified. A genetic analysis was used
to dissect the role of the NF/SYM, EIN2, and AON
pathways in the developmental responses controlled by
the MtCEP1 domainl peptide with Pro hydroxylation
at the 4 and 11 positions, which is produced in roots and
affects their development (Mohd-Radzman et al., 2015).
We showed that MtCEP1 requires the SYM pathway
and EIN2, but not SUNN, to stimulate nodulation,
whereas MtCEP1 effects on LR regulation occur in-
dependently of the SYM pathway, EIN2, and SUNN.
The phenotypic basis of MtCEP1-mediated increase
in nodulation was then investigated in detail, by (1)
measuring the developmental competency of roots and
the rhizobial infection capacity and by (2) assessing
nodule developmental features such as the level of
fused nodule formation. The phenotypes induced by
MtCEP1 were reminiscent of those of the ethylene-
insensitive mutant skl, and accordingly, the ability of
MtCEP1 peptide to stimulate nodule formation in the
presence of a stimulator and an inhibitor of ethylene
synthesis (e.g. ACC and AVG) was altered. We also
tested if MtCEP1 affects overall ethylene production

levels. Finally, we showed that MtCEP1 regulation of
LR and nodules was dependent upon the CRA2 re-
ceptor, and that an ethylene synthesis inhibitor can
counteract the cra2 nodulation phenotype.

RESULTS

The SYM Pathway Is Required for MtCEP1 Effects on
Nodule But Not LR Formation

Mutants defective in the SYM pathway were treated
with MtCEP1 peptides and assessed for root nodule
and LR formation (Fig. 1A). In contrast to wild-type
plants, which showed a significant increase in nodule
number upon MtCEP1 peptide addition, no nodule was
formed on roots of any of the MtCEP1 peptide-treated
SYM pathway mutants tested (hcl, dmil, dmi2, dmi3,
nspl, nsp2, and nin). The MtCEP1 peptide treatment,
however, inhibited LR formation in all mutants. There-
fore, MtCEP1 requires the presence of SYM pathway
genes to enhance nodulation and is epistatic to the
SYM pathway. In addition, the inhibitory effect of
MtCEP1 on LR emergence occurs through an inde-
pendent pathway.

Figure 2. (Continued.)

2540

nodulation positions to developmentally younger root regions. Smoothed curves were overlayed with nodule frequency data for
MtCEP1 peptide (1 um)-treated (continuous line) or -untreated (discontinuous line) wild-type plants. The weighted average (see
“Materials and Methods”) for the nodulation peak is 3.4 mm above the root tip (dashed vertical line) for untreated plants and
0.5 mm above the root tip for MtCEP1-treated plants (continuous vertical line; n=18). B, The nodulation zone relative to the root
tip at the time of inoculation is shown for seedlings at four different times pg. Awider zone of nodulation (represented by the white
vertical bar) was observed on MtCEP1 peptide-treated roots inoculated with the S. meliloti WSM1022 strain on seedlings 2, 5, 7,
or 9 dpg. White arrowheads indicate the root tip position at the time of inoculation. C, Quantification of the nodulation zone size
with or without a MtCEP1 peptide-treatment relative to the root tip position. The root tip position is defined at 0 mm; positive
numbers are above the root tip, negative numbers are below the root tip. D, Nodule number with or without a MtCEP1 peptide-
treatment on seedlings at different times pg. n = 16; Student’s ttest, ***: P=< 0.001 in C and D. Error bars represent st. RT, Root tip.
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MEIN2/SKL But Not SUNN Is Required for
MtCEP1-Mediated Effects on Nodule Formation

We examined if Mtein2/sickle (skl) and sunn retain
phenotypic responsiveness to MtCEP1 (Fig. 1, B-K). In
sunn, MtCEP1 peptides significantly increased nodule
number and reduced LR number (Fig. 1, B-F). In ad-
dition, all sunn nodules clustered in a tight region of the
root (hereafter termed the “nodulation zone”) and ex-
posure to the MtCEP1 peptide increased the width of
this nodulation zone by over 50% (Fig. 1E). In con-
trast to sunn, MtCEP1 peptide application, or MtCEP1
overexpression, did not increase nodule number in ski

MtCEP1/CRA2 Control Root Development in Medicago

(Fig. 1, G-J) or the size of the nodulation zone (Fig. 1, I
and J) and was unable to rescue the nodule development
phenotype of skl (Fig. 1I). The ability of the MtCEP1
peptide or MtCEP1 overexpression to inhibit LR emer-
gence was, however, retained in sk/ (Fig. 1, K and L).

MLtCEP1 Increases the Root Developmental Competency
for Nodule Formation

As MtCEP1 peptide treatment enabled sunn to sup-
port increased nodulation over a wider root area (Fig.
1E), this suggested that MtCEP1 increases the root

N . \[t{CEP1

_ MFused H
®Not fused 80 -

% Nodules per root

EV control MtCEP10x Control

kkk

+MtCEP1

+MtCEP1

Control

Figure 4. MtCEP1 promotes the formation of fused nodules. A and B, Representative EV and MtCEP1-overexpressing (MtCEP10x)
roots were infected with S. melilotiSm1021. C to F, Wild-type controls (C and E) and MtCEP1 peptide-treated roots (D and F) were
inoculated with the Sm1021 (C and D) or the S. meliloti\WWSM1022 (E and F) strain (bars in A~F =2 mm). G, Quantification of fused
nodules forming on roots transformed with MtCEPTox compared with EV-transformed roots (n = 18; Student’s t test, ***: P <
0.001). H and I, Quantification of fused nodules formed on MtCEP1 peptide-treated plants compared to nontreated plants, in-
oculated with the Sm1021 (H) or the WSM1022 (1) strain (n = 25; Student’s t test, ***: P=< 0.001). In G to |, error bars represent sE.

EV, Empty vector.

Plant Physiol. Vol. 171, 2016

2541



Mohd-Radzman et al.

developmental competency to form nodules. This fea-
ture was therefore assessed in more detail by deter-
mining the location of nodule development relative to
the position of the root tip at the time of Rhizobium in-
oculation in a large cohort of wild-type plants in the
presence or in the absence of a MtCEP1 pretreatment. In
untreated plants, 81% of S. meliloti nodules occurred
above the root tip position at the time of inoculation and
more than 98% nodules formed within a tight 15-mm
root region similar to that observed in sunn (Figs. 2A
and 1, B-E). As with sunn, no nodule formed above or
below this 15-mm region. The 15-mm zone corresponds
to an approximately 48 h competency period, as the
root growth rate is approximately 7 mm-d~' in the
presence or absence of MtCEP1. Similar to the response
of sunn, in MtCEP1 peptide-treated roots, 98% of nod-
ules formed within a 20-mm zone and a change in
nodule distribution relative to the position of the root
tip was observed compared to controls. With MtCEP1
treatment, only 64% of nodules formed above the initial
position of the root tip, which represents a 21% decrease
relative to controls. By contrast, 36% of nodules formed
below the initial position of the root tip after MtCEP1
treatment and this represents a 1.9-fold increase com-
pared to controls. The 20-mm zone corresponded to an
approximately 72 h competency period. These results
indicate that MtCEP1 increases nodule number and the
duration of the root nodulation competency period,
and it shifts successful nodulation toward develop-
mentally younger root regions. Smoothed curves de-
scribing the response of treated and untreated roots

Figure 5. MtCEPT promotes nodule formation adja-
cent to phloem poles. A, Longitudinal section of a
fused (multimeristematic) nodule comprising two
nodule meristems and a single endodermal layer. At
least two independent vascular bundles connect the
fused nodule to the root. B to D, Transverse sections of
a wild-type nodule forming near a xylem pole (B) or of
nodules forming in the presence of MtCEP1 peptide (C
and D). MtCEP1 peptide enables larger phloem pole-
oriented nodules to form, often with multilobes as in
(). Bars in A to D = 500 um. E, Quantification of
nodule spatial distribution in MtCEP1 peptide-treated
and untreated plants, in percentage, relative to XP
poles or PP poles. (n = 43; X° test, P = 0.05.)
WSM1022 was used as the inoculum. XP, Proto-xylem;
PP, proto-phloem.
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(Fig. 2A) highlight the shift in the positioning of
MtCEP1-treated nodules on roots. The location of the
nodulation capacity peak was calculated by determin-
ing the weighted averages. The peak of nodulation
formation in the untreated- and treated-roots was
3.4 mm and 0.5 mm, respectively, above the root tip
position at the time of inoculation (Fig. 2A). This also
indicates that MtCEP1 shifts the peak of nodulation to
developmentally younger root regions.

The effect of MtCEP1 on the size of the root compe-
tency zone for nodulation was then assessed in seed-
lings at different times postgermination (pg; Fig. 2, B-
D). Consistent with Figure 2A, nodules in control roots
formed within a tight zone (approximately 15mmin2d
and 5 d postgermination [dpg] seedlings and approxi-
mately 10 mm in 7- and 9-dpg seedlings), and the
MtCEP1 peptide treatment significantly widened the
zone of nodule formation by 1.5- to 2-fold (Fig. 2, B and
C). As expected, the MtCEP1 peptide treatment increased
total nodule number in seedlings of all ages (Fig. 2D).

MtCEP1 Increases the Level of Root Hair Infection and
Infection Thread Formation

The MtCEP1-dependent increase in nodule num-
ber could be explained by elevating infection thread
number. The number of infections was therefore audited
on MtCEP1 peptide-treated and -untreated wild-type
roots compared to skl hyperinfected roots (Fig. 3, A-F).
Infection pockets (defined as “initiated infection thread
foci in tightly curled root hairs”), infection threads, and

L D
o o

% Nodule distribution
[x*]
o

— +MtCEP1 —
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nodules were counted using a S. meliloti GFP-labeled
Sm1021 strain (Fig. 3G). The MtCEP1 peptide signifi-
cantly increased the number of infection pockets, in-
fection threads, and nodules compared to untreated
controls. The numbers measured were found to be inter-
mediate between the nontreated control and skl, which has
an extreme hyperinfected phenotype (Fig. 3G). Similar
trends were also observed using a Methylene Blue stain-
ing to assess the number of infection pockets, infection
threads, and nodules in S. meliloti WSM1022-inoculated
roots of wild-type and MtCEPI-overexpressing (MtCE-
Plox) transgenic plants (Supplemental Figs. S1 and S2).
MtCEPIox roots have an approximately 4-fold increase in
the number of infection pockets and infection threads
and an approximately 3-fold increase in the total nodule
number at 14 dpi compared to the empty vector control.

MtCEP1 Induces the Development of Fused Nodules with
an Altered Spatial Patterning

Because MtCEP1 increased infection number and the
phenotypes depended on skl, we determined if it induced
other phenotypic effects previously observed in the
Mtein2 /skl mutant (Penmetsa and Cook, 1997). We de-
termined if the MtCEP1 peptide induced fused nodules or
nodules with altered spatial development. Distinct, well-
spaced nodules form on control Sm1021- or WSM1022-
inoculated roots (Fig. 4, A, C, and E). MtCEP1 induced a
significantly higher fused nodule number when inocu-
lated with either strain Sm1021 or WSM1022 (Fig. 4, B, D,
and F-I). Fused nodules formed along and across the root
axis (Fig. 4, B, D, and F). Sm1021 formed 5.6-fold more
fused nodules on roots overexpressing MtCEP1 and a
significant decrease in nonfused nodules was observed
(Fig. 4G). Similarly, Sm1021 or WSM1022 strains induced
significantly more fused nodules and significantly fewer
nonfused nodules when roots were treated with MtCEP1
peptide (Fig. 4, H and I).

Longitudinal sections of a typical fused nodule (e.g.
similar to Fig. 4D) showed two meristems, distinct vascu-
lar traces entering the fused nodule, and a single endo-
dermal layer (Fig. 5A). In untreated roots, transverse
sections confirmed that wild-type nodules preferentially
formed adjacent to xylem poles (Fig. 5, B and E), whereas
in MtCEP1 peptide-treated roots, nodules showed no
preference for forming in the proximity of xylem or phloem
poles (Fig. 5, C-E). The MtCEP1 peptide also enabled
longer, wider, and multilobed nodules to form, which
spanned two xylem poles and the phloem pole in between.
These larger and multilobed nodules are connected by
vascular bundles linked to two root xylem poles (Fig. 5, C
and D). The larger nodules induced by the MtCEP1 pep-
tide were not observed on untreated wild-type plants.

MtCEP1 Can Alleviate the Effects of Increased
ACC Concentrations

The observed increase in nodule and infection thread
numbers and the formation of fused nodules in response
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to MtCEP1 are typical features observed in skl/ein2
(Penmetsa and Cook, 1997). In addition, MtEIN2 is
required for MtCEP1-mediated effects on root nodula-
tion (Fig. 1, G-J). This suggests that MtCEP1 stimula-
tion of nodulation may involve a suppression of the
MtEIN2-mediated ethylene signaling. To test this, we
determined if MtCEP1 suppressed the effects of in-
creasing concentrations of the ethylene precursor ACC.
As expected, increasing ACC concentrations reduced
nodulation levels progressively (Fig. 6, A-E). The MtCEP1
peptide cotreatment, however, significantly increased
nodule numbers at 0.01 and 0.1 um ACC (Fig. 6, A-C,
versus Fig. 6, F-H and K) and enabled the formation

0uMACC 0.01 pMACC 0.1 ]MACC 1 puMACC 10 uM ACC

-MtCEP1

+ MtCEP1

= oW
o o O O»
L

Nodule number per plant
o o

MtCEP1 MtCEP1 MtCEP1 MtCEP1 MtCEP1
OuM ACC 0.01uM ACC 0.1uM ACC 1uMACC 10puM ACC

Figure 6. MtCEP1 alleviates ACC suppression of nodule formation. A to
J, Plants were grown in N-free Fahraeus medium without (—MtCEP1; A-
E) or with MtCEP1 peptide (+MtCEP1; F-J) with increasing concentra-
tions of the ethylene precursor ACC (0-10 um). Nodules were counted
2 weeks postinoculation with the WSM1022 strain (bars = 2 mm). K,
Quantification of the nodule number in response to increasing ACC
concentrations, with or without MtCEP1 (n = 22; two-way ANOVA, P=
0.001). Error bars represent st.
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of fused nodules up to 1 um ACC concentrations
(Fig. 6, F-1). ACC at 10 uM severely suppressed
nodule number and only white nodules formed. By
contrast, the MtCEP1 peptide-treatment allowed
the development of larger pink nodules, suggesting
an active N-fixation metabolic activity (Fig. 6, E
and J).

MtCEP1 Enhancement of Nodulation Does Not Occur in
the Presence of AVG

We tested the ability of MtCEP1 to affect develop-
ment in the presence of an ethylene synthesis inhibitor
as well as the effect of MtCEP1 on processes regulated
by ethylene signaling. We first tested if the ethylene
synthesis inhibitor, AVG, affected MtCEP1-stimulation
of nodulation or inhibition of LR emergence. No
MtCEP1 peptide-dependent enhancement of nodula-
tion was observed in the presence of AVG, which sig-
nificantly increased nodule numbers in both presence
and absence of MtCEP1 (Fig. 7A). By contrast, AVG did
not affect the ability of MtCEP1 to suppress LR emer-
gence (Fig. 7B), in agreement with results obtained in
the skl mutant (Fig. 1, ] and K).

We then tested if MtCEP1 affected ethylene produc-
tion over a 24-h period (Fig. 7C) using a very sensitive
laser-based detection system enabling ethylene to be
measured from single seedlings. Negative and positive
controls were defined by measuring ethylene levels in
response to a BAP treatment with or without AVG,
respectively. As expected, BAP increased ethylene
production and AVG counteracted this increase (Cary
et al., 1995). In response to a MtCEP1 treatment, how-
ever, no significant change in ethylene content was
detected and the effect of BAP on ethylene production
was also not affected (Fig. 7C), suggesting that the
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MtCEP1 peptide does not affect the overall root pool of
ethylene. Finally, the MtCEP1 peptide effect on pseu-
donodules induced by the auxin transport inhibitor
TIBA was examined (Rightmyer and Long, 2011). In-
terestingly, pseudonodules form independently of the
SYM pathway but are MtEIN2-dependent (Rightmyer
and Long, 2011). We reasoned that if MtCEP1 reduced
signaling through MtEIN2, then pseudonodule forma-
tion but not LR formation would be inhibited by the
MtCEP1 peptide. A MtCEP1 and TIBA cotreatment
indeed significantly reduced pseudonodule number,
but not LR number (Fig. 7D).

LR and Nodule Development in cra2 Is Unaffected by
MtCEP1 and the cra2 Nodulation Phenotype Can Be
Counteracted by AVG

The CRA2 receptor mutant has opposite LR and
nodulation phenotypes to those imposed by MtCEP1
peptide application (Imin et al., 2013; Huault et al.,
2014; Mohd-Radzman et al., 2015), and CRA2 is most
closely related to the AtCEP1 peptide receptor XIP1/
CEPR1 in Arabidopsis (Huault et al., 2014). Therefore,
we tested if MtCEP1 affected LR and nodule formation
in cra2 (Fig. 8, A and B). In contrast to wild-type plants,
MtCEP1 peptides failed to decrease LR development or
to increase nodule number in two independent cra2
mutant alleles. To determine if ethylene levels affect
cra2 LR and nodulation phenotypes, an AVG treatment
was performed, which enabled a significant increase in
cra2 nodule number but did not significantly affect LR
number (Fig. 8, C and D). The ability of AVG to coun-
teract the low cra2 nodulation phenotype is in agreement
with a model where MtCEP1 peptides would inhibit
the ethylene/MtEIN2 pathway, depending on CRA2,
to increase nodulation.
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Figure 7. The MtCEP1 effect on nodule number but not LR or pseudonodules numbers is impaired by AVG. A, Quantification of
nodule number in S. meliloti WSM1022-inoculated plants grown on N-free Fahraeus medium with or without the MtCEP1
peptide and/or AVG (1 um). Nodules were counted 2 weeks postinoculation. Error bars represent se (n = 6; one-way ANOVA, P =
0.05). B, Quantification of emerged LRs in plants grown on a 5 mm KNO; Fahraeus medium with or without the MtCEP1 peptide
and/or AVG (1 um). LR number was quantified 14 d after germination. Error bars represent st (n = 20; one-way ANOVA, P= 0.05).
C, Quantification of the ethylene production in single seedlings treated with or without the MtCEP1 peptide or the cytokinin BAP
(0.01 um), and/or the ethylene synthesis inhibitor AVG (1 um). BAP and AVG were used as positive and negative controls, re-
spectively, for the detection of increased or decreased ethylene levels. Ethylene was measured using laser-based trace gas de-
tection 24 h after treatment. Error bars represent confidence interval (@ < 0.05; n = 6). D, Quantification of TIBA-induced
pseudonodule and LR numbers with or without the MtCEP1 peptide. The numbers of LRs (left side) and pseudonodules (right side)
were counted 2 weeks post-TIBA addition. Error bars represent st (n = 52; Student’s t test, ***: P =< 0.001). FW, Fresh weight.
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DISCUSSION

Legumes have evolved mechanisms to simulta-
neously regulate the initiation, emergence, and growth
of root nodules and LRs. The modulation of root lateral
organ formation depends on intrinsic developmental
and extrinsic environmental cues such as N availability.
Previous work showed independently that MtCEP1
peptides and the MtCRA2 receptor play an unexpected
major role in controlling both LR and nodule formation
(Imin et al., 2013; Huault et al., 2014; Djordjevic et al.,
2015; Mohd-Radzman et al., 2015). A common feature
of LR and nodule development in M. truncatula is that
these lateral organs are initiated from root cells located
close to the RAM. Because MtCEP1 affects both LR and
nodule developmental processes but not main root
growth, this root region near the M. truncatula RAM is
particularly receptive to MtCEP1 peptides (Imin et al.,
2013). Prior work also showed that MtCEP1 acted rap-
idly to affect LR organogenesis in a shoot-independent
manner (Imin et al., 2013; Mohd-Radzman et al., 2015).
In addition, MtCEP1 and MtCRA2 both show gene ex-
pression in the vicinity of the root tip, which could en-
able a direct interaction between them (Imin et al., 2013;
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Figure 8. CEP1 effect on nodulation and LRs depends on CRA2 and the
cra2 nodulation phenotype is counteracted by AVG. A, LR and B,
nodule number formed on wild-type and cra2 plants with or without
MtCEP1. Due to the variability of A. rhizogenes composite plant root
system architecture, the LR phenotype was assessed on MtCEP1 peptide-
treated 7-d-old seedlings, whereas the nodulation phenotype was
determined in MtCEPT overexpressing roots compared to the empty
vector control, 15 d after S. meliloti inoculation (n > 20). C, LR and D,
nodule number of wild-type and cra2 plants with or without AVG
(1 um). The LR phenotype was assessed 7 d posttreatment, and nodu-
lation 15 d after S. meliloti inoculation (n > 20). In all graphs, error bars
represent confidence intervals (& = 0.05), and a Kruskal-Wallis test (& <
0.05) was performed to identify significant differences, indicated by
letters.
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Figure 9. A model for MtCEP1/MtCRA2 interaction during nodule and
lateral root development. The MtCEP1 peptide requires the MtCRA2
receptor to regulate two different pathways determining M. truncatula
root system architecture: LR development is inhibited independently of
the EIN2/SKL pathway, whereas root nodule number is increased
depending on the modulation of the EIN2/SKL signaling pathway. The
MtCEP1 interaction with MtCRA2 is hypothesized to dampen the
EIN2/SKL-mediated ethylene response during nodulation. This conse-
quently leads to an increased number of rhizobial infection events, an
extended developmental susceptibility of roots for nodulation, the for-
mation of fused nodules, and the formation of nodules close to proto-
xylem and -phloem poles.

Huault et al., 2014), and MtCRA?2 is also expressed in
shoots, which is a prerequisite to be involved in sys-
temic regulations from roots (Huault et al., 2014). The
potential involvement of MtCRA2 and the underlying
downstream pathways that enable MtCEP1 peptides
to control these developmental processes and, there-
fore, to shape root system architecture depending
on environmental conditions were, however, not yet
described.

Here, we show that the SYM pathway is required for,
and epistatic to, the MtCEP1 regulation of nodule
number and that the MtCEP1-dependent inhibition of
LR emergence occurs through an independent path-
way. This clearly separates the MtCEP1l-dependent
downstream pathway stimulating nodulation from
the MtCEP1 negative effects on LR emergence. Fur-
thermore, MtCEP1 was unable to promote nodule for-
mation in the ethylene-insensitive ein2/skl mutant but
could still regulate LR number, whereas both MtCEP1
effects on LR and nodule formation were maintained
in sunn. This shows that ethylene signaling through
MLEIN2/SKL is an additional requirement for MtCEP1
action on nodulation, but not on LRs. Consistent with
this model, the ethylene biosynthesis inhibitor AVG
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abolished the MtCEP1-dependent stimulation of nodule
number but did not affect MtCEP1 inhibition of LR
number. Hence, collectively, the genetic and pharmaco-
logical evidence presented here indicate that MtCEP1
affects LR and nodule number by independent pathways.

A model to explain the positive effect of the MtCEP1
peptide on nodulation (Fig. 9) is that the peptide
dampens MtEIN2/SKL-dependent ethylene signaling,
therefore attenuating its negative effect on rhizobial
infections. Consistent with such MtEIN2/SKL-related
action, MtCEP1 peptide also increases the number of
infection events, as well as fused nodule formation and
nodule number, which are phenotypes that resemble
those of skl (Penmetsa and Cook, 1997; Penmetsa et al.,
2003, 2008; Xiao et al., 2014). Additionally, similarly to
skl phenotypes, MtCEP1 peptides increased the root
competency zone for nodulation, the frequency of
nodules forming in the proximity of phloem poles, and
the number of nodules that spanned two xylem poles
and the phloem pole in between. Furthermore, MtCEP1
provokes an attenuation of the ACC inhibition of
nodulation and AVG inhibits the MtCEP1-dependent
increase of nodule number. Finally, TIBA-induced and
EIN2-dependent pseudonodule formation is inhibited
by MtCEP1. This raises the possibility that MtCEP1 may
affect ethylene metabolism and/or signaling, which is
supported by our finding that MtCEP1 has no detectable
effect on the root ethylene production.

Finally, the cra2 mutant, which is characterized by an
increased LR number and a decrease in nodule number,
is unresponsive to MtCEP1 peptide-dependent effects
in these two developmental contexts, suggesting that
CRAZ2 is a receptor for MtCEP1. In addition, treatment
with an ethylene inhibitor can counteract the low cra2
nodulation phenotype. This supports a model where
MtCEP1-CRA2 interactions modulate MtEIN2/SKL
ethylene signaling to regulate nodule number (Fig. 9).
This also implies that the CRA2 receptor is pivotal for
MtCEP1 regulation of root lateral organ formation. It
remains to be determined how the same peptide-receptor
module can activate different downstream pathways
depending on the root lateral organ considered. Because
CEP gene expression is primarily regulated by environ-
mental cues, and notably by N-availability (Delay et al.,
2013; Imin et al., 2013), the MtCEP-CRA2 regulatory
pathway is likely an important route for plants to control
root system architecture in response to environmental
influences such as N-availability. The widespread distri-
bution of CEP genes in seed plants and their absence in
early plant lineages (Delay et al., 2013; Ogilvie et al., 2014)
suggests that CEP-dependent regulatory pathways are
likely to operate widely. It is also expected that CEP sig-
naling pathways contribute to the root system plas-
ticity of various plant species. For instance, ceprl
phenotypes in Arabidopsis are somewhat different
compared to cra2 phenotypes in M. truncatula (Tabata
et al., 2014, Huault et al., 2014). In addition, the phe-
notypic effects of CEP peptides on lateral root and
main root growth are different in Arabidopsis and
Medicago (Delay et al., 2013; Imin et al., 2013; Tabata
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et al., 2014). Therefore, modulating CEP pathways may
be a way to generate different root system architectures in
various plants depending on their environments. In
summary, the results support a model where CRA2 is a
receptor for MtCEP1 peptides, and ethylene-MtEIN2 /SKL
is a downstream pathway required for MtCEP1 action on
nodule formation.

MATERIALS AND METHODS
Medicago truncatula Lines and Growth Conditions

Seeds of M. truncatula wild-type genotypes Jemalong Al7 or R108 and
mutant lines were stratified and germinated on Fahraeus medium (Kusumawati
et al., 2008; Imin et al., 2013) and transferred to petri plates containing Fahraeus
medium without AVG (unless specified). Six seedlings per plate were grown
in a growth chamber at 22°C with a 16 h photoperiod and a photon flux
density of 100 umol m™ s™ (Imin et al., 2013). To minimize light exposure to
roots, and to optimize the phenotypic effects of CEP peptides on roots, the
plates were 3/4 covered in black paper pockets. The following mutants were used
in the A17 genotype: sicklel-1 (Penmetsa and Cook, 1997), sunn-4 (Schnabel et al.,
2005), hcl-1 (B56), dmil-4 (FN1), dmi2-1 (TR25), dmi3-1 (TRV25), nspl-2 (C54),
nsp2-2, and nin-1 (Catoira et al., 2000; Ané et al., 2002; Smit et al., 2005; Arrighi
et al., 2006); and in the R108 genotype: cra2-1 and cra2-2 (Huault et al., 2014).

Chemicals

The MtCEP1 Domainl Hyp 4, 11 peptide (Mohd-Radzman et al., 2015) was
synthesized at the Biomolecular Resource Facility (Australian National Uni-
versity) or by GL BioChem with a greater than 95% purity, and validated by
HPLC and mass spectrometry (Djordjevic et al., 2011). The peptide was
resuspended in sterile water and added to media at 1 M. AVG (Olchemin), ACC,
BAP (Sigma-Aldrich), or TIBA was added to media at the concentrations
indicated.

Nodulation Assays

Standardly, 4-d-old germinated seedlings were grown on an N-free
Fahraeus medium before being inoculated with Sinorhizobium meliloti to in-
duce nodule formation. The MtCEP1 peptide was added to the growth me-
dium to provide continuous exposure. The S. meliloti strain WSM1022
(ODy = 0.1), previously grown overnight at 28°C in a Bergersen’s modified
medium, was centrifuged, resuspended in sterile water, and flood-inoculated
onto roots (Imin et al., 2013). WSM1022 was used to assess the size of the root
competency zone for nodulation, which is defined as the distance between the
position of the first and the last emerged nodules on the primary root. The
position and frequency of nodule formation relative to the root tip position at
the time of inoculation was determined as described previously in Sargent
et al. (1987). To determine the peak of nodulation, the distance of the nodule
from the initial position of the root tip (A) and the nodulation frequency at
each individual value (B) was used to calculate the weighted nodulation
average using the formula = SUMPRODUCT (arrayA,arrayB)/SUM(arrayB)
in Excel. The S. meliloti Sm1021 strain was used for nodulation on R108 and
cra2 plants (Huault et al., 2014). In a separate experiment, MtCEP1 peptide-
treated and control seedlings 2, 5, 7, and 9 dpg were used to assess the size of
the nodulation zone using the WSM1022 strain.

Composite Plants

The MtCEP1 overexpression or the empty vector constructs were trans-
formed into Agrobacterium rhizogenes strain ARqual and grown with specti-
nomycin (100 mg-L™") and streptomycin (100 mg-L™"; Imin et al., 2013). Root
transformation was performed as previously described in Saur et al. (2011)
using kanamycin 25 mg-L ™" for selection. Given the highly branched pheno-
type of cra2 mutants and the heterogeneity of composite plant production, es-
pecially in R108, it was not possible to obtain meaningful results when
comparing cra2 plants that were transformed with MtCEP1ox or vector control.
Thus, for the observation of lateral root phenotypes of cra2 and R108, MtCEP1
synthetic peptide was used instead.
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Visualization and Quantification of Infection
Thread Formation

Infection thread and pocket formation was visualized using a GFP-labeled
S. meliloti Sm1021 strain (Fournier et al., 2015) or a Methylene Blue staining for the
S. meliloti WSM1022 strain (Vasse and Truchet, 1984). Methylene Blue staining was
used both as an independent method for assessing infection thread and pocket
formation and as the preferred method when transgenic roots expressing GFP were
analyzed. Germinated seedlings were grown on Fahraeus medium supplemented
with or without the MtCEP1 peptide. After 3 d of growth, plants were flood-
inoculated with either Sm1021 constitutively expressing GFP (ODg,, = 0.01) or
WSM1022 (ODy, = 0.001). The starting OD was carefully calibrated to minimize
overcolonization of the root by rhizobia without compromising nodule number.
Infection thread quantification for the GFP-labeled Sm1021 strain was micro-
scopically accessed using approximately 15-mm root-nodulation-zone root seg-
ments at 96- and 120-h postinoculation (model no. DM550 B; Leica Microsystems),
scoring infection pockets and infection threads separately. Nodule numbers were
scored at 14 d postinoculation. For Methylene Blue staining, root segments corre-
sponding to the approximately 15-mm root nodulation zone were observed 72 and
96 h postinoculation and stained with 0.01% (w/v) Methylene Blue for 30 min, then
transferred to distilled water for 2 h for partial destaining. Root segments were
briefly rinsed with 1 M NaCl, then replaced by distilled water for imaging.

Vibratome Sectioning and Microscopy

Root segments were embedded in 3% agarose and 100 um sections were
obtained using a vibratome (1000 Plus; Vibratome). The sections were then
mounted on glass slides with water and observed with a DMBL microscope
(Leica Microsystems). The root samples were observed using an SZX16 ste-
reomicroscope (model no. SZX2-FGFPA; Olympus), and for higher magnifi-
cations with an SMZ1500 microscope (Nikon).

Induction of Pseudonodules

Induction of pseudonodules was done according to the protocol described
in Rightmyer and Long (2011). Germinated M. truncatula seedlings were first
grown on an N-free Fihraeus medium with or without the MtCEP1 peptide.
After 5 d, seedlings were flooded with 200 um TIBA (Rightmyer and Long,
2011). The pseudonodules were then counted after 3 weeks.

Ethylene Measurement

Ethylene accumulation over 24 h was measured using an ETD-300 laser-
based detection system (SensorSense) on 4-d-old seedlings grown in 5 mL glass
vials and exposed to BAP (10 nm) in combination with AVG (Cayman Chemical;
1 M), or MtCEP1 (1 m). Measurements were conducted in sampling mode with a
flow rate of 2.5 L/min and a 6-min sample period. The greater sensitivity of the
laser-based system (Cristescu et al., 2013) enabled measurements to be made
from individual seedlings, in contrast to other equipment types, which require
pooled samples to generate detectable signals.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: for MtCEP1, EMBL: AL378645.1,
CR495947.1, and AL378646.1; Affymetrix: Mtr.7265.1.S1_at; JCVI: contig_59554_1.1
(Mt3.5v5).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Assessment of the MtCEP1 peptide effect on
infection thread and infection pocket formation.

Supplemental Figure S2. MtCEPIox effect on infection thread and infec-
tion pocket formation.
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