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SUMMARY

The formation of nitrogen-fixing nodules in legumes
involves the initiation of synchronized programs in
the root epidermis and cortex to allow rhizobial
infection and nodule development. In this study, we
provide evidence that symplastic communication,
regulated by callose turnover at plasmodesmata
(PD), is important for coordinating nodule develop-
ment and infection in Medicago truncatula. Here,
we show that rhizobia promote a reduction in callose
levels in inner tissues where nodules initiate. This
downregulation coincides with the localized expres-
sion of M. truncatula b-1,3-glucanase 2 (MtBG2),
encoding a novel PD-associated callose-degrading
enzyme. Spatiotemporal analyses revealed that
MtBG2 expression expands from dividing nodule ini-
tials to rhizobia-colonized cortical and epidermal
tissues. As shown by the transport of fluorescent
molecules in vivo, symplastic-connected domains
are created in rhizobia-colonized tissues and
enhanced in roots constitutively expressing
MtBG2. MtBG2-overexpressing roots additionally
displayed reduced levels of PD-associated callose.
Together, these findings suggest an active role for
MtBG2 in callose degradation and in the formation
of symplastic domains during sequential nodule
developmental stages. Interfering with symplastic
connectivity led to drastic nodulation phenotypes.
Roots ectopically expressing b-1,3-glucanases
(including MtBG2) exhibited increased nodule num-
ber, and those expressing MtBG2 RNAi constructs
or a hyperactive callose synthase (under symbiotic
promoters) showed defective nodulation pheno-
types. Obstructing symplastic connectivity appears
to block a signaling pathway required for the expres-
sion of NODULE INCEPTION (NIN) and its target
NUCLEAR FACTOR-YA1 (NF-YA1) in the cortex.
We conclude that symplastic intercellular communi-
cation is proactively enhanced by rhizobia, and this
3562 Current Biology 28, 3562–3577, November 19, 2018 ª 2018 Th
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is necessary for appropriate coordination of bacte-
rial infection and nodule development.

INTRODUCTION

Legumes establish symbiotic associations with nitrogen-fixing

rhizobia, which, hosted within newly formed root nodules, have

the optimized environment for fixing atmospheric dinitrogen for

the plant [1]. Nodule formation involves coordinated reprogram-

ming at different tissues to allow intracellular bacterial entry and

the activation of the nodule organogenesis program. Endosym-

biotic entry occurs via newly formed tubular structures, initiated

from bacterial-entrapped root hairs, called infection threads

(ITs) [2]. This host-constructed transcellular compartment guides

rhizobia to the underlying nodule primordium in the cortex, where

the bacteria are released and differentiate into nitrogen-fixing

bacteroids. Although infection and organogenesis can be genet-

ically separated, they need to be spatiotemporally coordinated

for the successful formation of a nitrogen-fixing nodule [3].

Nodule development engages local hormonal changes and is

tightly controlled by a systemic autoregulatory pathway (AON)

that restricts nodule number [4]. Although diffusible hormones,

such as cytokinin and auxin [5, 6], are important for initiating

nodule organogenesis, little is known of how signal transmission

is regulated from the infection site to underlying root tissues to

coordinate nodule development.

The host plant perceives rhizobia-secreted lipo-chitooligosac-

charide nodulation factors (NFs) via an ancient signal transduc-

tion system, which is partly shared during the establishment of

the arbuscular mycorrhizal (AM) symbiosis [7]. Calcium oscilla-

tions are a common component of this pathway, decoded in

the nucleus by the calcium- and calmodulin-dependent protein

kinase CCaMK [8, 9]. CCaMK interacts with and phosphorylates

the transcriptional regulator CYCLOPS that orchestrates the

downstream expression of nodule inception (NIN) during nodula-

tion [10, 11] and ETHYLENE RESPONSE FACTOR (ERF)

REQUIRED FOR MODULATION 1 (ERN1) [12, 13], which are

themselves also regulated by other transcription factors or regu-

latory complexes [14–20]. Both ERN1 (with its homolog ERN2)

and NIN are crucial for the construction of root hair infection

threads, where they individually regulate the transcription of

cell-wall-associated ENOD11/12 and NODULATION PECTATE

LYASE 1 (NPL1) genes, respectively [2, 10–14, 21–24]. These
e Authors. Published by Elsevier Ltd.
commons.org/licenses/by/4.0/).
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andother infection-related regulators are also required for nodule

organogenesis in the cortex [10, 11, 16, 22, 23, 25], underlying

their potential roles in the infection-organogenesis signaling

crosstalk. NIN has emerged as a central evolutionary-conserved

nodulation-associated regulator [26, 27] sufficient to trigger

organogenesis in the root cortex, where it regulates the expres-

sion of NUCLEAR FACTOR-Y (NF-Y) and EPR3 genes [28–30].

NIN is also involved in the negative feedback regulation of infec-

tion-related responses [30, 31] and in the long-distance regula-

tion of nodulation via the activation of CLAVATA/EMBRYO

SURROUNDING REGION (CLE) peptide-encoding genes [32,

33], and when ectopically expressed in the root epidermis, it

triggers organogenesis in the cortex [30]. These findings place

NIN in a central position in the regulation of both cell-autonomous

and non-cell-autonomous symbiotic signaling, but how these

functions are coordinated remains largely unknown.

Past research revealed that symplastic connections are estab-

lished between the phloem and nodule initials [34], raising the

question of whether intercellular trafficking via plasmodesmata

(PD) [35], channels connecting the cytoplasm and endoplasmic

reticulum (ER) of neighboring cells, might contribute to signaling

during nodulation. The epidermal cells undergoing infection

must communicate with cortical and pericycle cells where divi-

sion is initiated [3] to form the nodule primordia. These processes

are tightly integrated, and organogenesis ceases if infection

aborts. Such integration suggests the potential need for sym-

plastic transport pathways, which allows the transport of mole-

cules (such as proteins and RNAs) to coordinate signaling and

enable rapid responses.

Amajor regulator for symplastic communication is the cell wall

b-1,3 glucan, callose. Callose turnover at PD sites involves the

localized action of callose synthases (CALSs) and b-1,3-gluca-

nases (BGs) [36]. In this study, we provide evidence for the

importance of symplastic cell-to-cell communication during

nodulation. We show that callose is reduced in root tissues form-
Figure 1. Decreased Callose Levels and Induced Expression of b-1,3-G

(A–F) Immunolocalization reveals a downregulation of callose levels in roots spot

and Alexa-488-conjugated secondary antibody in longitudinal sections of M. trun

A–C) or with a S. meliloti bacterial suspension (S. meliloti 1 dpi; D–F). Transmissi

vascular cylinder (v), xylem (x), pericycle (p), endodermis (e), and cortex (c).

(G) Green fluorescence (callose signal) was compared by calculating the integ

(14 images/sample) from at least three biological repetitions, using a region of inte

xylem tissues. An Aspin-Welch two-sample t test was performed in R (asterisks

(H) A phylogenetic tree depicting the relationship between a set of M. truncatula

probabilities. The sequence of a predicted b-1,3-glucanase from Picea sitchensi

(I) qRT-PCR revealed upregulation of Medtr3g083580 (MtBG2 in I) expression in

(1–4 dpi) inoculation with rhizobia. Boxplots represent average values from indiv

experiments after normalization against three reference transcripts. One-way AN

were performed in R (p < 0.001). Classes sharing the same letter are not signific

(J–O) Representative images of M. truncatula roots expressing a pMtBG2:GU

Ruthenium Red in (J), (K), and (M) reveals cell outlines. In non-inoculated conditio

longitudinal section in J) and in meristematic cells of root tips (Figures S1A and S

magenta by the bacteria b-galactosidase activity, are indicated by arrows in (K)–(O

inner dividing root tissues (black arrowheads in K). When S. meliloti infection threa

nodule primordia tissues (L–O) from dividing pericycle (a double arrowhead in th

tissues (arrowheads in M–O). Note in (L)–(O) that the expression of MtBG2 (highl

threads. (J)–(O) are representative images from three independent experiment

colonization events are not always observed in the same time period. Images in (J)

Boxes in (G) and (I) represent first and third quartile (horizontal box sides), minim

circles depict mean values. Scale bars represent 50 mm. See also Figures S1 an
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ing the primordia and that this correlates with the progressive

expression of a rhizobia-induced, PD-located, callose-degrad-

ing enzyme. We further demonstrate that these changes in

callose degradation correlate with increased symplastic connec-

tivity in rhizobia-colonized tissues. The selective modification of

callose levels at PD sites by ectopic expression of b-1,3 gluca-

nases [36] or by expressing RNAi constructs or a hyperactive

CALS3 version (cals3m) [37] led to changes in symplastic con-

nectivity and strong nodulation phenotypes, associated with

the deregulated expression of key symbiotic regulators. Here,

we propose a model highlighting the importance of callose-

degrading enzymes for the creation of symplastic domains,

enabling the transport of yet unknownmobile signal(s) that coor-

dinate nodule developmental programs.

RESULTS

Rhizobial Inoculation Modulates Callose Levels and the
Early Expression of Callose-Degrading b-1,3-
Glucanases in M. truncatula Roots
Past research indicates that symplastic connectivity increases

between phloem and nodule initials (from pericycle to inner

cortical cells) as early as 48 hr upon inoculation with rhizobia

[34], raising the question of whether callose regulation is involved

in this process. To test this, we monitored callose levels in

M. truncatula roots before and 24 hr after inoculation with

rhizobia. Immunolocalization of callose was carried out in root

sections 1 day after spot inoculation (1 dpi) with either water

(mock control) or with a rhizobia bacterial suspension (Sinorhi-

zobium meliloti). Strong callose labeling was detected as punc-

tatesites, indicativeofPDs, in inner root tissues (cortex, pericycle,

andendodermis) ofmockcontrol roots (Figures 1A–1C).Punctate

labeling was also observed in rhizobia-inoculated roots (Figures

1D–1F), but the fluorescence signal in the inner tissues was

reduced by comparison to the mock-inoculated control.
lucanases in M. truncatula Roots Inoculated with Rhizobia

inoculated with S. meliloti. Callose was detected using a monoclonal antibody

catula roots 1 day post spot-inoculation with mock water control (mock 1 dpi;

on light sections (B and E) are shown for signal co-localization (C and F) in the

rated density (arbitary units [a.u.]; measured using ImageJ) for each image

rest (indicated in A) of approximately 1,000 mm2 that excluded the vascular and

indicate statistical difference compared with mock control; ***p < 0.001).

and A. thaliana b-1,3-glucanases. Numbers correspond to Bayesian posterior

s (Ps GHL17_1) was included as an outgroup.

total RNA samples extracted from M. truncatula roots before (0 dpi) and after

idual pooled samples (n = 100–125/sample) from five independent biological

OVA followed by a Tukey honest significant difference (HSD) test of the values

antly different.

S fusion construct. GUS activity appears in blue, and counterstaining with

ns, GUS staining (in blue) is restricted to lateral root primordia (visualized in a

1B). In rhizobia-inoculated conditions, bacteria infection threads, revealed in

). During early rhizobial infection events,MtBG2 promoter activity is limited to

ds progress to the underlying cortex, GUS staining is progressively detected in

e longitudinal section shown in M) to middle or outer cortical and epidermal

ighted by white arrowheads) also accompanies the entry of rhizobial infection

s (n = 72). Because rhizobia infection is not synchronous, nodule primordia

and (K), (O), and (L)–(N) were, respectively, taken at 3, 4, and 8 dpi with rhizobia.

um and maximum (outside whiskers). Central lines refer to median, and black

d S2.



Quantification of the fluorescence signal in the pericycle, endo-

dermis, and inner cortex of the spot-inoculated root regions

confirmed the global downregulation of callose levels 1 dpi (Fig-

ure 1G). These results reveal that rhizobia promote a reduction

in callose levels in inner root tissues within the first 24 hr post-

inoculation and in a timescale that coincides with the establish-

ment of symplastic connectivity between phloem and cortical tis-

sues [34].

Regulation of symplastic transport during lateral root organo-

genesis in Arabidopsis thaliana is associated with the expression

of callose-degrading PD-located b-1,3-glucanases [36, 38]. In

order to identify PD-associated genes involved in root nodulation,

we searched for putative b-1,3-glucanase-encoded proteins

in M. truncatula, comprising the characteristic b-1,3-glucosi-

dase enzymatic domain (also named glycosyl hydrolase like 17

[GHL17]) andother conserved featuresofPD-locatedArabidopsis

b-1,3-glucanases, such as the presence of a secretory signal

peptide (SP) and a glycosyl phosphatidylinositol anchor (GPI)

(Table S1). Evolutionary relationships between the M. truncatula

candidates with known PD proteins from Arabidopsis were

established using phylogenetic analysis [39] (Figures 1H and

S1A). The tree topology was well supported by three comple-

mentary methods (Bayesian, maximum likelihood, and neigh-

boring-joining algorithms) and highlighted Medtr8g085720

(MtBG1), Medtr3g083580 (MtBG2), Medtr4g132280 (MtBG3),

Medtr3g065460 (MtBG5), and Medtr1g031900 (MtBG40) as

GPI-anchored proteins most closely related to the Arabidopsis

PD genes PdBG1 (AT3G13560), PdBG2 (AT2G01630), and

PdBG3 (AT1G66250; Figures 1H and S1A) [38]. To determine

which of these genes are regulated during the establishment of

the N-fixing symbiosis, we searched for those expressed in avail-

able rhizobial roothair and/or laser-dissectednodule zones (STAR

Methods). qRT-PCR analyses then confirmed the upregulation of

Medtr3g083580 (MtBG2) and Medtr3g065460 (MtBG5) gene

expression in M. truncatula roots after inoculation with rhizobia

(Figures 1I and S1C), in line with their expression levels in both in-

fectome and nodule transcriptome databases. MtBG2 and

MtBG5 are predicted to encode proteins with 498 and 491 amino

acids, respectively, and comprise, in addition to an N-terminal

signal peptide and an omega signal for GPI anchoring, a GHL17

and a carbohydrate-binding domain (X8) with similarities to

PD-localized proteins (Figure S1B).

To summarize, b-1,3-glucanase-encoding genes are upregu-

latedby rhizobia in a similar timescale as callosedegradation, sug-

gesting that these rhizobia-induced responsesare interconnected.

The MtBG2 b-1,3-Glucanase Exhibits Tissue-Specific
Symbiotic Expression Profiles in M. truncatula

To investigate whether the expression of MtBG2 coincides with

sites of decreased callose levels (Figures 1A–1G), MtBG2 up-

stream sequences (1.7 kb) were used to drive the expression of

the b-glucuronidase (GUS) reporter in transgenic M. truncatula

roots generated via Agrobacterium rhizogenes transformation. In

non-inoculated tissues, the expression of MtBG2 was restricted

to the root tip and to developing lateral roots (Figures 1J and

S2A–S2H). Upon rhizobial inoculation, the expression of MtBG2

was upregulated and associated with root nodule development

(Figures 1K–1O and S2I–S2L). At early stages of infection, when

rhizobia-containing infection threadshave just initiated in roothairs
or have reached atmost the outer cortex, pMtBG2-driven expres-

sion can be visualized in dividing inner root cortical cell layers (Fig-

ures S2I and S2J). Sections validated GUS staining restricted to

dividing inner tissues localized below an infection site (Figure 1K).

At a later stage of nodule primordia development, when infection

threads have already reached the second root cortical cell layer,

GUS stainingwasmore intense and broadly distributed from inner

to outer root tissues (Figures 1M–1O). GUS staining was not only

detected in dividing inner tissues but was also found in middle-

to-outer cortical cells (and eventually the epidermis) directly asso-

ciated with rhizobial infection thread progression (Figures 1L–1O).

Longitudinal root sectioningconfirmed the expressionofMtBG2 in

dividing inner tissues (from pericycle to inner cortex) and in non-

dividing infection thread-containing cortical cells (Figure 1M). In

mature nodules, GUS staining was restricted to the apical zone,

which includes both meristematic and early infection zones (Fig-

ures S2K and S2L).

Taken together, our results indicate that rhizobial inoculation

induces the expression of MtBG2 in dividing inner pericycle

and cortical tissues, where callose levels are coincidently

reduced, and subsequently in outer tissues preparing or under-

going rhizobial infection.

Rhizobial Inoculation Promotes Cell-to-Cell Symplastic
Connectivity inOuter Root TissuesUndergoing Infection
The initial expression of MtBG2 in dividing cells supports an

active role in the creation of symplastic connections in nodule

primordia initials, in line with previous findings [34]. However,

the progressive outward expression of MtBG2 also favors the

hypothesis that symplastic connections are established in non-

dividing outer root cells undergoing rhizobial infection (Figures

1L–1O). To explore changes in epidermal-cortical symplastic

connectivity during rhizobial infection, we traced the transport

of the carboxy-fluorescein diacetate (CFDA) symplastic tracer

(STAR Methods) in roots after rhizobial inoculation. CFDA is a

non-fluorescent and membrane-permeable dye that once inside

the cell is cleaved by endogenous esterases to produce a

permeable fluorescent form that, within a given period, can

only move between cells via intercellular PD connections. The

diffusion of the CFDA-derived fluorescent molecule was fol-

lowed from outer to inner root tissue layers in both mock and

rhizobia-inoculated conditions. The green fluorescence signal

was restricted to epidermal tissues of mock control roots (Fig-

ure 2A) but clearly diffused from epidermal to underlying cortical

cells at 3 dpi in rhizobia-inoculated tissues (Figures 2B and 2C).

To verify this, mobile YFP (yellow fluorescent protein) that can

freely diffuse through PD and the non-mobile ER-tagged

mCherry-HDEL protein were co-expressed in the root epidermis

of M. truncatula roots, under the epidermal-specific EXPA pro-

moter [30]. As expected, the red mCherry-HDEL fluorescence

was restricted to the root epidermis in both inoculated and

non-inoculated conditions (Figures 2D, 2E, 2G, and 2H), whereas

the green YFP signal diffused, presumably via PD, from the root

epidermis to the underlying cortex only in rhizobia-inoculated

conditions (compare rhizobia-inoculated roots in Figures 2E,

2F, and 2H with mock control in 2D).

Together, these results indicate that epidermal and cortical

cells become symplastically connected during early stages of

rhizobial root colonization.
Current Biology 28, 3562–3577, November 19, 2018 3565



Figure 2. Rhizobia-Induced Changes in Root Intercellular Symplastic Connectivity

(A–C)M. truncatula roots were spot inoculated with a S. meliloti mCherry strain and, at 3 dpi, exposed to the symplastic tracer CFDA. In control non-inoculated

roots (A), the green CFDA-derived fluorescence is restricted to the root epidermis and root hairs. In bacterial-spot-inoculated roots (B and C; 3 dpi), the green

CFDA-derived fluorescence is clearly visible in cortical cells (arrowheads). Arrows in (B) and (C) highlight red fluorescent bacteria. Note that green fluorescence in

the cortex is preferentially visualized at the spot-inoculated root zone (at the right side of the dotted line in C).

(D–H) M. truncatula roots co-expressing a mobile YFP (green or yellow fluorescence seen in both cytoplasm and nuclear compartments) and an endoplasmic-

reticulum-taggedmCherry-ER (red fluorescence) under the control of the epidermis-specific promoterpEXPAwere inoculated (E–H) or not (D)with aS.melilotiCFP

strain and analyzed 3 dpi. The green or yellow YFP and red mCherry-ER fluorescence is restricted to the root epidermis (ep) in non-inoculated roots in (D). Upon

inoculation, thegreenor yellowfluorescence isdetected incells in the rootepidermis (ep inE,F,andH)and in the rootcortex (whitearrowheads inE,F,andH), and the

redmCherry-ER fluorescence remains restricted to the root epidermis (ep in E, G, and H) and is not transported to underlying cortical cells (white arrowheads in G).

Scale bars represent 100 mm (C), 50 mm (A and B), and 20 mm (D–H).
MtBG2 Is a PD-Localized Callose-Degrading b-1,3-
Glucanase that Regulates Symplastic Flux and Root
Nodule Development in M. truncatula

Symplastic communication is established in rhizobia-inoculated

tissues [34] (Figure 2), whereMtBG2 is shown to be progressively
3566 Current Biology 28, 3562–3577, November 19, 2018
expressed (Figures 1K–1O). In order to investigate whether

MtBG2 is actively involved in rhizobia-induced degradation

of callose at PD sites, we first evaluated MtBG2 localization. To

this end, a fluorescent protein fusion was generated for sub-

cellular localization in M. truncatula roots produced via



(legend on next page)
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A. rhizogenes transformation. The fluorescent fusionwas created

by inserting the mCherry coding sequence between MtBG2

amino acids 462 and 463, just before the predicted omega site,

and was expressed inM. truncatula under the constitutive Arabi-

dopsis UBIQ promoter. As shown in Figures 3A–3C, the protein

localized to the cell periphery at callose enriched PD sites, which

are revealed using aniline blue staining. To determine whether

MtBG2 encodes an active enzyme,we investigated callose levels

in M. truncatula roots constitutively expressing the MtBG2-

mCherry fusion protein. Immunolocalization in root sections

and aniline blue staining revealed callose-associated fluores-

cence signals strongly reduced in MtBG2-overexpressing roots

compared tocontrol roots transformedwith anempty vector (Fig-

ures S2M–S2P). Integration analysis of aniline blue fluorescence

signal in multiple sections confirmed a significant decrease in

callose in MtBG2-overexpressing roots consistent with a role in

callose degradation (Figure S2Q).

In order to investigate whether degradation of callose by

MtBG2 affects symplastic communication, we monitored

the symplastic transport of a mobile GFP version in roots

ectopically expressing MtBG2. A stable M. truncatula line ex-

pressing GFP under the epidermis-specific promoter pEXPA

was transformed to co-express a control empty vector (Fig-

ure 3D) or a pUBIQ:MtBG2 construct (Figure 3E). The green

GFP signal is detected in the root epidermis and diffuses

to the underlying cortical cells in rhizobia-inoculated condi-

tions in both control and pUBIQ:MtBG2 roots (compare Fig-

ures 3D and 3E). However, GFP diffusion is significantly

increased in pUBIQ:MtBG2 roots, as reported by quantifica-

tion of the signal in root cortical cells (Figure 3F). The data

suggest that MtBG2 expression positively affects symplastic

communication.

Phenotypic analysis of transgenic roots expressing pUBIQ-

MtBG2 was carried out in parallel. MtBG2-expressing roots

were not substantially affected in their development but ex-

hibited a significant increase in nodule number compared to

control roots at 7 dpi with rhizobia (Figures 3G and 3J–3M).

These developed nodules were efficiently colonized by the sym-

biotic bacteria, as scored by the number of nodules containing

histochemically stained lacZ-expressing rhizobia (Figure 3H).

Interestingly, the number of root hair infection threads was also

significantly increased in pUBIQ-MtBG2 roots (Figure 3I), sug-
Figure 3. The b-1,3-Glucanase MtBG2 Localizes at Plasmodesmata an

(A–C) MtBG2 fused to mCherry was expressed under the ubiquitin promoter (p

periphery and accumulates in putative PD sites (white arrows in A). Callose deposi

images shown in (C) highlight the co-localization of MtBG2-mCherry with callose

(D–F) A stableM. truncatula line expressing a mobile GFP version under the contr

roots co-expressing a control empty vector (D) or pUBIQ:MtBG2 (E). Roots were

propidium iodide reveals the epidermal cell layer in red. GFP fluorescence (gree

cortical tissues presumably due to symplastic diffusion (arrowheads). (F) shows qu

cell layers (x axis represents distance from the epidermis) in three independent b

above and below themean (continuous line for control; discontinuous line for MtBG

increase in GFP diffusion.

(G–M) M. truncatula roots constitutively expressing MtBG2 showed significantly

rhizobia-colonized nodules and nodule primordia (H), and root hair infection thread

and H and n = 27 in I independent samples). AMann-Whitney test (G–I) was perfor

***p < 0.001). Boxplots represent first and third quartile (horizontal box sides), mini

circles) values.

Scale bars represent 20 mm in (A)–(E) and 1 cm in (J)–(M). See also Figure S2.
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gesting that ectopic expression of MtBG2 positively influences

both infection and nodule organogenesis.

In summary, MtBG2 constitutes a new callose-degrading, PD-

associated enzyme that regulates intercellular symplastic trans-

port and root nodule development and infection inM. truncatula.

Establishment of Symplastic Connectivity Is Important
for Root Endosymbiotic Colonization
Because ectopic expression of MtBG2 induces an increase in

cell-to-cell connectivity, we decided to evaluate whether

obstruction of root symplastic fluxes can affect root nodulation.

For this, wemade use of amutant version of the callose synthase

gene CALS3 (cals3m), previously shown to occlude PD in Arabi-

dopsis by the localized overproduction of callose in cell walls

[37]. Expression of cals3m under theUBIQ promoter inNicotiana

benthamiana leaves confirmed the ability of cals3m to overpro-

duce PD-localized callose by comparison with the mock control

(Figures S3F and S3G). To evaluate the effect of PD obstruction

in rhizobium-inoculated M. truncatula roots, we expressed

cals3m under the control of rhizobia-induced symbiotic pro-

moters: pMtBG2 (Figures 1K–1O and S2A–S2L); pERN1 [18];

or pANN1 [40], and the epidermal-specific promoter pEXPA.

These promoters display partially overlapping expression pat-

terns during root nodule development (Figure S3A). Although

pMtBG2-driven symbiotic expression initiates in inner tissues

and propagates toward infected tissues, pERN1- and pANN1-

driven expression initiates in outer root tissues (Figure S3A). In

rhizobia-inoculated roots, pERN1-driven expression is detected

very early (within hours) in the root epidermis of the symbiotic

responsive zone before being associated with cells preparing

and undergoing infection (from 3 dpi onward) in epidermal and

outer cortical tissues and then in nodule primordia cells before

and during infection [18]. pANN1-driven expression is higher in

outer root tissues, but it is also associated with the root endo-

dermis and epidermis of infection sites and detected later in

developing nodules [40]. As illustrated for rhizobia-inoculated

pERN1-cals3m, ectopic expression of cals3m increases callose

levels in M. truncatula roots (Figures S3H–S3K).

Transgenic roots expressing the pMtBG2:cals3m construct

showed a partial but significant reduction in the number of nod-

ules and infected nodules formed at 7 dpi with rhizobia,

compared to control roots expressing pMtBG2:GFP (Figures
d Regulates Symplastic Flux and Nodulation in M. truncatula

UBIQ) in transgenic M. truncatula roots. MtBG2-mCherry localizes in the cell

tion at PD is revealed in (B) by aniline blue staining (false colored white). Merged

deposits at PD (white arrows).

ol of the epidermis-specific promoter pEXPA was used to generate transgenic

imaged 5 dpi with rhizobia using confocal microscopy. Counterstaining with

n) is expressed in the root epidermis (ep in D and E), but it is also detected in

antification of theGFP signal (using ImageJmean gray values as a.u.) in cortical

iological replicas and in a region of interest 55 mm wide (n > 5). The gray area

2) shows SEs. Notice that mean values inMtBG2 are above control, indicating

higher number of nodules (at 7 dpi in G and at 15 dpi as illustrated in J–M),

s (I) at 7 dpi compared to control roots expressing an empty vector (n = 26 in G

med in R (asterisks indicate statistical difference compared with vector control;

mum andmaximum (outside whiskers), median (central lines), andmean (black



Figure 4. Ectopic Expression of the Callose Synthetic Enzyme cals3m under the MtBG2 Promoter or RNAi Silencing of the Endogenous

MtBG2 Gene Affects Nodule Development and Colonization

(A–C) M. truncatula roots expressing the callose synthase synthetic mutation cals3m under the control of MtBG2 promoter sequences were inoculated with a

S.meliloti lacZ strain and analyzed 7 and 16 dpi. Total number of nodules (A) and rhizobia-colonized nodules and nodule primordia (B and C) were scored per root

system at 7 dpi (A and B) and 16 dpi (C). Boxplots in (A)–(C) represent values from control (n = 45 for 7 dpi; n = 57 for 16 dpi) and cals3m (n = 41 for 7 dpi; n = 52 for

16 dpi) plants from three independent experiments. AMann-Whitney test was performed in R (asterisks indicate statistical difference comparedwithGFP control;

*p < 0.05).

(legend continued on next page)
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4A and 4B). 69% of pMtBG2:GFP control roots exhibited colo-

nized nodules/primordia (an average number of 4.3 per root

system), and pMtBG2:cals3m exhibited a lower frequency

(49%) of colonized nodules/primordia (an average of 2.5 per

root system). Although the reduction in the number of colonized

nodules is also observed at 16 dpi (Figure 4C), the difference

is not supported by statistic tests, likely due to the overall vari-

ability among individual plants. However, a close microscopic

analysis revealed that nodules in pMtBG2:cals3m roots are

less differentiated and colonized (Figures 4H–4K) compared to

the pMtBG2:GFP control (Figures 4D–4G).

A more drastic phenotype was observed in transgenic roots

expressing the pERN1:cals3m construct, which displayed a

highly significant reduction in the number of nodules formed at

7 dpi compared to the pERN1:GFP control (Figure 5A). Although

the majority (79%) of pERN1:GFP control roots exhibited colo-

nized nodules/primordia (an average number of 6 per root

system), only a small proportion (28%) of pERN1:cals3m roots

exhibited colonized nodules/primordia and at a low frequency

(an average of 0.8 per root system; Figure 5B). This low fre-

quency was also observed at 16 dpi (Figure 5C), indicating that

the colonization defect is maintained over time. A close view of

rhizobia-inoculated roots revealed that the few nodules formed

in pERN1:cals3m roots were under-differentiated and exhibited

mostly growing infection threads (Figures 5G and 5H), compared

to control roots at 7 dpi with rhizobia (Figures 5D and 5E). At a

subsequent developmental stage, mature pERN1:cals3m nod-

ules exhibited abnormally long infection threads (Figure 5I)

compared to control nodules (Figure 5F), suggesting a defect

in bacterial release into plant cells [41]. Moreover, pERN1:

cals3m roots also showed non-colonized nodule primordia

with arrested infection threads in outer epidermal and cortical

tissues, reinforcing the defective infection phenotype upon

cals3m expression. To verify that this strong phenotype corre-

lates with changes in symplastic connectivity, we used a stable

transgenic line expressing mobile free GFP under the EXPA pro-

moter (Figures 5L–5N). As before, rhizobia-inoculated control

roots showed GFP expression in epidermal and cortical tissues

(presumably due to symplastic diffusion). In contrast, expression

was mostly restricted to the root epidermis in pERN1:cals3m

roots at 5 dpi (Figures 5M and 5N). A nodulation-defective

phenotype was also observed in roots expressing cals3m under

the pANN1, but not under the epidermis-specific pEXPA pro-

moter (Figure S4), suggesting that regulation of callose in the

root epidermis is not sufficient to restrict nodulation.

Because the expression of cals3m under theERN1 promoter is

sufficient to alter root nodulation, we also tested whether

pERN1:MtBG2 RNAi constructs (targeting 50 untranslated or
(D–K) Illustrative images of developing nodules formed in M. truncatula roots exp

with rhizobia. Pictures show longitudinal sections counterstained with Rutheniu

magenta or blue, the bacteria b-galactosidase activity in infection threads (arrow

pMtBG2:cals3m roots are overall less differentiated or colonized than those of th

(L–N)MtBG2 RNAi-50 andMtBG2 RNAi-cds constructs targeting the 50 UTR or co

promoter inM. truncatula transgenic roots that were inoculated with aS.meliloti la

colonized nodules and nodule primordia (M and N) were scored per root system

reporter transformed roots (control). Boxplots represent values from control GUS (

14–16 dpi), andMtBG2 RNAi-cds (n = 34 for 7 dpi; n = 35 for 14–16 dpi) from three

R. Classes sharing the same letter are not significantly different (p < 0.001 in L a

Scale bars in (D)–(K) represent 100 mm. See also Figures S3 and S5.
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coding sequences of MtBG2), aiming to downregulate MtBG2

in ERN1 expression domains, could also affect root nodulation.

Following the same trend as pMtBG2:cals3m,MtBG2 RNAi con-

structs led to reduced root nodulation and colonization at 7 and

14 dpi with rhizobia (Figures 4L–4N and S5B), although not

strongly affecting general root weight (Figure S5A). We per-

formed complementary experiments using a pERN1-driven

PD-associated beta-1,3-glucanase (PdBG1) previously charac-

terized in Arabidopsis [38]. PdBG1 remains PD associated in

M. truncatula transgenic roots (Figures S5D–S5F), and its

expression under pERN1 did not significantly affect root devel-

opment (Figure S5C). Similarly to pUBQ:MtBG2, these plants

exhibited significant increase in the number of nodules and in-

fected nodules at 16 dpi (Figures S5C and S5G–S5I).

Together, these findings indicate that callose regulation and

symplastic communication in tissues overlapping ERN1/ANN1/

MtBG2 expression domains are important for nodule develop-

ment and colonization.

Symplastic Connectivity Is Required for the
Transcriptional Activation of NIN and Its Targets in
Developing Nodules
Because obstruction of root symplastic communication led to

strong root nodulation phenotypes, we monitored how the

expression of the key symbiotic regulators ERN1 [12, 13] and

NIN [10] and associated targets were affected in this context.

Transcript levels of ERN1 and its target ENOD11 [13] were found

to accumulate at a slightly higher (for ERN1) or comparable levels

(for ENOD11) in cals3m (rhizobia-inoculated pERN1:cals3m)

compared to control (rhizobia-inoculated pERN1:GFP) samples

at 16 dpi (Figures 6A and 6B). In contrast, the expression of NIN

and its target NF-YA1 [42] were strongly reduced in pERN1:

cals3m by comparison with the pERN1:GFP control (Figures 6C

and 6D). To investigate at which symbiotic stage their downregu-

lation occurs, we analyzed the expression of these and other

symbiotic genes (NPL1 [21], CRE1 [43], CLE12, and CLE13 [32])

by qRT-PCR before (at 3 dpi) and after (at 7 dpi) developing

nodules and nodule primordia were detected (via microscopy)

in rhizobia-inoculated roots. At 3 dpi, ENOD11, ERN1, NIN,

CLE12,CLE13,CRE1, andNPL1were expressed at similar levels

in mock or rhizobia-inoculated roots of both pERN1:GFP control

and pERN1:cals3m roots (Figures S6A–S6H), suggesting that

callose overaccumulation does not strongly affect gene expres-

sion during early stages of root colonization. However, a clear

reduction in the expression of NIN and associated targets

NF-YA1/CLE12/CLE13 was observed in pERN1:cals3m roots at

7 dpi (Figures S6K–S6N and S6P), although the expression of

other symbiotic genes was not strongly affected (Figures S6I,
ressing the control vector pMtBG2:GFP (D–G) or pMtBG2:cals3m (H–K) 7 dpi

m Red and X-Gal, which, respectively, reveal cell outlines in magenta and, in

s) and differentiating bacteroid rhizobia. Note in (H)–(K) that nodules formed in

e control GFP in (D)–(G).

ding sequence (cds) ofMtBG2 were expressed under the control of the ERN1

cZ strain and analyzed 7 dpi and 14–16 dpi. Number of nodules (L) and rhizobia-

at 7 dpi (L and M) and 14–16 dpi (N) and compared to transgenic pERN1:GUS

n = 63 for 7 dpi; n = 58 for 14–16 dpi),MtBG2 RNAi-50 (n = 38 for 7 dpi; n = 31 for

independent experiments. Kruskal-Wallis test of the values were performed in

nd M; p < 0.01 in N).
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S6J, and S6O). These results suggest that the selective downre-

gulation ofNIN and its targets is associatedwith the development

of nodule primordia or nodule structures. To verify this hypothe-

sis, the tissue-specific promoter activity of NIN was investigated

in control and pERN1:cals3m roots using pNIN-GUS fusions.

Although not functionally validated before, the 2-kb and 1.4-kb

NIN promoter sequences used here were sufficient to confer

NIN expression during infection and nodule organogenesis (Fig-

ures 6 and S7). A basal level of NIN expression was observed in

the root apex, lateral root primordia or epidermal and outer

cortical tissues of non-inoculated roots (Figures S7A–S7C). At

the root infection zone, GUS activity was clearly more intense in

the root epidermis andouter cortex at localized rhizobial infection

sites (Figures 6K and S7D–S7F, S7H, and S7J). In developing

nodule primordia, GUS activity was associated with both infec-

tion sites andunderlyingdividing cells in themiddle and inner cor-

tex (Figures 6E–6G, 6L, and 6M). In transgenic roots co-express-

ing the pERN1:cals3m construct, GUS activity was observed at

infection sites (Figures 6H–6J, 6N–6P, S7G, S7I, and S7K); how-

ever, GUS staining in the middle or inner cortex of nodule

primordia formed in pERN1:cals3m (Figures 6H–6J and 6N–6P)

was not evident when compared to control roots (Figures 6E–

6G and 6K–6M). Similar results were obtained when analyzing

the expression of a pNF-YA1:GUS fusion [42] co-transformed

with pERN1:cals3m (Figures S7M–S7O) compared to control

roots (Figure S7L). Taken together, our findings suggest that

the expression of NIN (and downstream NF-YA1) in the middle

and/or inner cortex of developing nodules is dependent on the

establishment of symplastic connectivity and, potentially, on

yet uncharacterized symplastically regulated signals.

DISCUSSION

In this manuscript, we provide evidence that symplastic commu-

nication is necessary for endosymbiotic colonization during
Figure 5. M. truncatula Roots Expressing cals3m under the Control o

Colonization and Symplastic Communication

(A–C)M. truncatula roots expressing the callose synthase mutant version cals3m u

S. meliloti lacZ strain and analyzed 7 dpi and 16 dpi. Total number of nodules (A) a

root system at 7 dpi (A and B) and 16 dpi (C). Boxplots in (A)–(C) represent values

pERN1:cals3m (n = 79 for 7 dpi; n = 43 for 16 dpi) obtained from five (7 dpi) and two

minimum and maximum (outside whiskers), median (central lines), and mean (b

(asterisks indicate statistical difference compared with control; ***p < 0.001).

(D–K) Representative images ofM. truncatula nodules from control pERN1:GFP tr

composite plants taken 7 dpi (D, E, G, H, and J) or 12 dpi (F, I, and K). Pictures repr

magenta) and X-Gal or Mag-Gal, which label in blue or magenta the rhizobial infec

in control roots contain growing infection threads (arrows in D–F) and recently rel

magenta, as indicated by arrowheads in D and E). At a subsequent developmenta

(asterisks, zone I) followed by a clearly defined infection-thread-containing invas

periphery (arrowheads, F). The few infected nodules formed in cals3m roots are u

and only a few differentiated rhizobia (arrowheads) at 7 dpi (G and H) compared to

clearly defined and comprise abnormally long infection threads (white arrowhead

(J and K) At 7 and 12 dpi, cals3m roots exhibited non-colonized nodule primor

visualized in outer epidermal (epi) and/or outer cortical tissues but do not reach

(L–M) A stable pEXPA:GFP transgenic line was transformed to co-express a co

(control counterstained in red with propidium iodide) of the transgenic roots are

epidermal cell layer in the cals3m, suggesting reduced symplastic connectivity.

(N) Quantification of the GFP signal (using ImageJ mean gray values as a.u.) in

dependent biological replicas and in a region of interest 55 mm wide (n > 5). The

c1 and c2, cortical cell layers 1 or 2; epi, epidermis. Scale bars represent 100 mm
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legume root nodulation. We report new findings on the impor-

tance of the regulation of callose in inner root tissues for the initi-

ation and development of nodule primordia. Callose levels

decrease in inner pericycle and cortical root tissues as early as

1 day after spot inoculation with rhizobia (Figure 1), which over-

laps with the onset of the first set of cell divisions (18–24 hr) [3].

Reduction in callose levels coincides with the localized endoge-

nous expression of a novel PD-localized b-1,3-glucanase from

M. truncatula (MtBG2) that degrades callose and regulates

symplastic communication at PD sites (Figures 3 and S2). This

supports an active role for MtBG2 in creating symplastic do-

mains to connect nodule primordia initials, in agreement with

previous work describing the formation of phloem-to-inner cor-

tex symplastic continuity associated with initial cell divisions

[34]. Similar remodeling in symplastic connectivity was reported

to control lateral root initiation and patterning, regulated by the

closely related b-1,3-glucanases PdBG1 and PdBG2 in Arabi-

dopsis [38]. It is thus conceivable that MtBG2, also expressed

in lateral root primordia (Figures 1 and S2), was recruited from

a basal root developmental function to regulate the formation

of nodule primordia in legumes. Phenotypic and gene expres-

sion analyses of transgenic plants affected in callosemetabolism

clearly indicate that PD regulation is an important early step for

the successful establishment of the rhizobia-legume associa-

tion, as illustrated in a model presented in Figure 7.

In addition to its early expression in dividing nodule initials,

MtBG2 expression progressively extends outward to the outer

cortex and epidermal cell layers, where new symplastic connec-

tions are created, as shown by the transport of fluorescent mol-

ecules in vivo (Figures 2 and 3). These findings indicate that sym-

plastic communication is not only established between dividing

cells but also in root cells actively preparing for endosymbiotic

accommodation. We have evaluated the importance of this sym-

plastic connectivity by the tissue-specific expression of a hyper-

active callose synthase (cals3m) shown before to enhance
f the Infection-Related ERN1 Promoter Are Defective in Symbiotic

nder the control of the infection-related promoter ERN1were inoculated with a

nd rhizobia-colonized nodules and nodule primordia (B and C) were scored per

from control roots expressing pERN1:GFP (n = 66 for 7 dpi; n = 41 for 16 dpi) or

(16 dpi) independent experiments. First and third quartile (horizontal box sides),

lack circles) values are depicted. A Mann-Whitney test was performed in R

ansformed roots (D and F), non-transformed roots (E), or pERN1:cals3m (G–K)

esent longitudinal sections counterstained with Ruthenium Red (cell outlines in

tion threads (arrows) and the differentiated rhizobia. Young developing nodules

eased rhizobia differentiating into the nitrogen-fixing bacteroid form (in blue or

l stage, nodules are recognized by the presence of an apical meristematic zone

ion zone II and a zone III with differentiated cells containing rhizobia at the cell

nder-differentiated and contain essentially growing infection threads (arrows)

control nodules (D and E). Nodule zonation of mature cals3m nodules (I) is less

s), which is reminiscent of defective bacterial release into plant cells.

dia, which were not observed in control roots. Infection threads (arrows) are

the dividing nodule primordia tissues in the cortex (asterisks).

ntrol empty vector (L) or pERN1:cals3m (M). Representative confocal images

shown 5 dpi with rhizobia. GFP fluorescence (green) appears restricted to the

cortical cell layers (x axis represents distance from the epidermis) in three in-

gray area above and below the mean shows SEs.

in (D)–(K) and 20 mm in (L) and (M). See also Figures S3 and S4.



Figure 6. Symplastic Connectivity Is Important for the Expression of NIN in the Cortex

(A–D) qRT-PCR analyses of ERN1 (A), ENOD11 (B), NIN (C), and NF-YA1 (D) transcripts in total RNA samples of nodulated roots (16 dpi) from individual

M. truncatula composite plants expressing cals3m (cals3m) or the GFP control (control), under the pERN1. qRT-PCR analyses of these and other symbiotic

(legend continued on next page)
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Figure 7. Schematic Model for the Role of MtBG2 and Symplastic Communication during Root Nodule Development in M. truncatula

The construction of rhizobial infection threads involves cell-autonomous signaling in the root epidermis (ep) and outer cortex (oc), which results in the local

expression of the transcription factors NIN and NF-YA1 (Figure 6; 1). In parallel, unknown non-cell-autonomous signaling pathways induce the expression of

MtBG2, and possibly other functionally related b-1,3 glucanases, in the inner pericycle and cortical root tissues (it) (Figure 1). These enzymes are responsible for

callose degradation (turnover) at PD sites and the regulation of symplastic intercellular transport (Figure 3). The expression of MtBG2 likely contributes to

symplastic communication between the phloem and the inner cortex, which correlates withmitotic cell divisions and the formation of the nodule primordia (2) [34].

MtBG2 expression subsequently expands toward outer tissues accompanying the entry of rhizobial infection threads (Figure 1), where callose degradation,

mediated by MtBG2, contributes to the creation of symplastic domains (Figures 2, 3, 4, and 5; 3). This symplastic regulated pathway is required for the activation

of NIN and NF-YA1 in the middle/inner cortex (Figure 6), which are necessary for the proper regulation of nodule development and colonization (4).
callose accumulation and to block symplastic connections in

Arabidopsis roots [37, 38, 44, 45]. Expression of cals3m in

M. truncatula under the control of symbiotic promoters (pMtBG2,

pERN1, and pANN1) affects root nodule development and colo-

nization (Figures 4 and 5). A root nodulation phenotype was also

observed when RNAi constructs, which target MtBG2 expres-

sion, were expressed under the ERN1 promoter, and an increase

in nodulation frequency, mimicking the ectopic expression of

MtBG2 (Figure 3), was observed when PdBG1 was expressed

under the same promoter. Although root hair infection thread for-
transcripts were also analyzed in cals3m or GFP control roots 3 and 7 dpi with rhizo

for GFP; n = 24 for cals3m) from three independent biological experiments after

third quartile (horizontal box sides) and minimum and maximum (outside whiske

sample t test of the values revealed statistically significant differences (***p < 0.0

Welch two-sample t test of the values revealed statistically significant difference

(E–P) Representative images of M. truncatula roots expressing a 1.4-kb pNIN:GU

pERN1:cals3m (H–J or N–P) during early stages of nodule primordia development

epidermal and cortical tissues associated with infection sites (K). At a subseque

undergoing infection (black arrowheads) and inner dividing cortical tissues (white a

sections (L and M). In pNIN:GUS/pERN1:cals3m (H–J and N–P) roots, GUS ac

Ruthenium Red sections in N–P) around growing infection threads (arrows) and n

pNIN:GUS fusion was observed in M. truncatula roots 3–7 dpi with rhizobia (n = 5

2.0 kb pNIN:GUS, and n = 24 for 2.0 kb pNIN:GUS/pERN1:cals3m). Representat

epidermis. Scale bars represent 50 mm.

See also Figures S6 and S7.
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mation was favored in roots expressing PdBG1 or MtBG2, no

major phenotypic effect was observed in roots expressing

cals3m in the root epidermis (whether driven by MtBG2, ERN1,

ANN1, or EXPA promoters), suggesting that symplastic connec-

tivity is not critical for infection thread initiation. Accordingly, the

tissue-specific expression of NIN and NF-YA1 in the epidermis

and outer cortex underlying a growing infection thread was not

strongly affected in the cals3m context (Figures 6 and S7).

This indicates that the machinery required for the local con-

struction of infection threads, orchestrated by ERN1 and NIN,
bia. Boxplots in (A)–(D) represent the average values of individual plants (n = 24

normalization against three reference transcripts. Boxplots represent first and

rs). Central lines refer to median, and black circles depict mean values. Two-

01) between GFP and cals3m samples for NIN in (C) and NF-YA1 in (D). Aspin-

s (*p < 0.05) between GFP and cals3m samples for ERN1 in (A).

S (E–J), a 2-kb pNIN:GUS (K–P), or co-expressing the respective fusions with

and infection. In control pNIN:GUS roots, GUS activity is first detected in outer

nt stage, GUS activity is associated with both epidermal and cortical tissues

rrowheads), as illustrated in (E)–(G) and in Ruthenium-Red-stained longitudinal

tivity is limited to outer tissues (black arrowheads in H–J and in longitudinal

o longer detected in inner cortical tissues (asterisk in O). The expression of the

9 for 1.4 kb pNIN:GUS, n = 40 for 1.4 kb pNIN:GUS/pERN1:cals3m, n = 36 for

ive images were taken 4 dpi (E–G) and 7 dpi (H–P) with rhizobia. c, cortex; ep,



is cell-autonomously regulated, which is consistent with the

described mechanisms for cell-autonomous control of infection

by symbiotic signaling [25, 46].

Our work and other studies [25, 46] suggest that non-cell-

autonomous signal(s) exist to integrate the epidermal and

cortical nodulation programs, but the nature of this signal(s) or

whether it is symplastically regulated is currently unknown.

Blocking symplastic connectivity using pERN1:cals3m led over

time to a drastic reduction in the expression ofNIN and the asso-

ciated target NF-YA1 in the cortex of the developing nodule

primordia (Figures 6, S6, and S7). This implies that the transmis-

sion of a putative non-cell-autonomous signal to regulate NIN

expression in dividing nodule primordia tissues is symplastically

regulated. MtCRE1, which is interconnected with NIN during

cytokinin-mediated nodule organogenesis in the cortex [5],

does not have its expression modified in the pERN1:cals3m

context. This suggests that the putative symplastic signal regu-

lating NIN expression in the nodule primordia operates down-

stream or independent of CRE1.

Previous studies demonstrated the importance of NIN and

otherkey regulators in thecontrol ofboth infection in theepidermis

and nodule organogenesis in the root cortex [22, 25, 30]. NIN in

particular has the ability to induce nodule organogenesis in the

cortex when expressed exclusively in the root epidermis of

M. truncatula [30], which has led to the proposition that NIN itself

or a downstreamsignalmightmove from the epidermis to the cor-

tex to induce nodule organogenesis. We demonstrated here that

both nodule development and colonization were affected in

pMtBG2:cals3m/pERN1:cal3sm/pANN1:cal3sm roots (Figures 4

and 5), implying that signals required for these processes are, at

least in part, dependent on symplastic communication. Although

nodule formation was affected, poorly colonized nodule

primordia/nodules were formed in cals3m roots, suggesting that

signal(s) from the epidermis could be still partially transmitted to

induce cell division in the cortex. This suggests that the putative

organogenesis-triggering signal does not absolutely require a

symplastic route to be transmitted and might navigate through

symplastic, apoplastic, and/or transcellular paths. Cytokinins or

flavonoids synthesized in the root epidermis of M. truncatula are

potential candidates for this non-cell-autonomous role that rapidly

promotes cell division in the cortex [5, 47, 48]. However, in

pMtBG2:cals3m, pERN1:cals3m, and pANN1:cals3m situations,

amorepronouncedphenotypewasobservedduring nodule colo-

nization, giving rise to nodule primordia with infection arrests or

under-differentiated nodules with signs of defective bacterial

release into plant cells. These results are consistent with the

enhanced nodule colonization observed in pUBIQ:MtBG2 and

pERN1:PdBG1 roots, suggesting the existence of a secondary

symplastically transmitted signal required for the later nodule

primordia colonization and the expression of NIN in the cortex.

Symplastic routes mediate the transport of a number of non-

cell-autonomous molecules, including mobile RNAs and tran-

scription factors that play critical roles in the regulation of most

processes related to organ development in plants [36, 49]. NIN

transcription was shown to be regulated by the CYCLOPS/

CCaMK complex [17] and potentially by the GRAS-type NSP1/

NSP2 complex together with the IPN2MYB factor [20, 50]. Mem-

bers of the GRAS and the MYB families of transcription factors

have the ability to move intercellularly, presumably through PD
[44]. However, no evidence has been provided to date support-

ing the function of these regulators as mobile signals in legumes

and/or during symbiosis. Future research will help to elucidate

the identity of the mobile factors involved in nodulation and to

establish the molecular mechanism and crosstalk with other

cell-autonomous pathways.
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Experimental Models/Strains

Medicago truncatula A17 N/A http://www.noble.org/
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Agrobacterium rhizogenes ARquA1 [51] N/A

Sinorhizobium meliloti 1021-lacZ (with the pXLGD4 lacZ reporter) [47] Sm 1021-lacZ
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Sinorhizobium meliloti Sm 2011-mCherry (constitutively expressing

mCherry)

N/A Sm 2011-mCherry Kindly provided

by J. Fournier, LIPM.

Critical Commercial Assays
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X-Gal substrate (5-bromo-4-chloro-3-indolyl-b-Dgalactopyranoside Fisher BioReagents Cat#10113253; CAS: 7240-90-6

Technovit 7100 Heraeus-Kulzer, Germany Cat#64709003

Macherey-Nagel NUCLEOSPIN RNA kit Macherey-Nagel Cat#740955.250

Agilent RNA Nano Chip and Reagents Agilent Technologies Cat#5067-1511

Transcriptor Reverse Transcriptase for QRT-PCR Roche Cat#03531287001

LightCycler480 Sybr Green I Master Roche Cat#04707516001

Anilin Blue EMS Cat#10840; CAS: 28631-66-5

glutaraldehyde 25% EMS Cat#16210; CAS: 111-30-8

Paraformaldehyde aqueous solution 32% EMS Cat#15714; CAS: 30525-89-4

5(6)-Carboxyfluorescein diacetate (CFDA) Sigma-Aldrich Cat#21879; CAS: 124387-19-5

Ruthenium red Sigma-Aldrich Cat#R-2751; CAS: 11103-72-3

Recombinant DNA

PdBG1(At3g13560)-eGFP protein fusion GenScript, this work PdBG1-GFP

MtBG2 (Medtr3g083580)-mCherry protein fusion GenScript, this work MtBG2-mCherry

pMtBG2:GUS in a pCambiaCR1 derived vector This work pMtBG2:GUS

1.4 kb pNIN:GUS reporter in a pCambiaCR1 derived vector This work 1.4 kb pNIN:GUS

2.1 kb pNIN:GUS reporter in a pCambiaCR1 derived vector This work 2.1 kb pNIN:GUS

2.2 kb pERN1:GUS reporter in a pCambiaCR1 derived vector This work pERN1:GUS
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by Yk€a Helariutta

pDONR221-cals3m

pCambiaCR1 vectors [55] N/A

pK7WG2-R-pLjUb vector [56] N/A

Oligonucleotides

See Table S2 for the List of primers used in this study. This work N/A

Deposited Data

Raw and analyzed data This work Medeley database; https://doi.org/

10.17632/5hzcxdb4dp.1

Software and Algorithms

Leica, ImageJ [57] http://imagej.nih.gov/ij/

Volocity version 6.0.1 software PerkinElmer License n� 147.99.102.74

Figtree http://tree.bio.ed.ac.uk/

software/figtree/
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TreeGraph2 [58] http://treegraph.bioinfweb.info/

R software http://r-project.org N/A
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Fernanda

de Carvalho-Niebel (fernanda.de-carvalho-niebel@inra.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant material, bacterial strains and growth conditions
Medicago truncatula A17 wild-type and a derived transgenic line harboring the pEXPA:GFP construct (in the destination vector

pBGW7) were used in this study. The pEXPA:GFP homozygous seed population used here (propagated for four generations) is

derived from three independent transgenic lines that were generated and selected before by M. Smoker at the Sainsbury Lab

(Norwich) [59], on the basis of their transgene copy number and GFP expression. M. truncatula seeds were scarified with sulfuric

acid for 10 mn, rinsed with sterile water, and surface-sterilization in bleach water (12% sodium hypochlorite) before incubation for

20 minutes in water. Sterilized seeds were germinated on inverted Campbell agar plates for 3-4 days at 4�C and overnight at

20�C-25�C (for further information, http://www.noble.org/medicagohandbook), before being transferred to various growth condi-

tions for nodulation studies or used for A. rhizogenes transformation as described in the Method details below. The Escherichia

coli strain DH5a was used to propagate plasmid DNAs and the A. rhizogenes ARquA1 strain [51] was used for A. rhizogenes-medi-

ated transformation. The following S. meliloti strains were used for rhizobia-inoculation experiments: the strain 1021 carrying a

pXLGD4 lacZ reporter (Sm 1021-lacZ) [47], was used to inoculate transgenic roots expressing MtBG2/PdBG1 and in callose immu-

nostaining assays; the strain 2011 constitutively expressing a hemA-lacZ fusion (Sm 2011-lacZ) [52], was used to inoculate aeroponi-

cally-grown seedlings or transgenic roots expressing pMtBG2:GUS, pNIN:GUS, pNF-YA1:GUS, pERN1:GUS, pERN1:MtBG2 RNAi

or the cals3m/GFP constructs; the strain 2011 constitutively expressing CFP (Sm2011-CFP) [53] was used in pEXPA:YFP symplastic

flux inoculation experiments, and the strain 2011 constitutively expressing themCherry fluorescent protein (Sm2011-mCherry, kindly

provided by J. Fournier, LIPM), was used in CFDA spot-inoculation experiments. E. coli strains were propagated at 37�C in Luria

Bertani (LB) media while A. rhizogenes and S. meliloti strains were propagated at 28�C on selective tryptone yeast media supple-

mented with 6 mmol.L-1 calcium chloride and respective antibiotics. The selective growth of the S. meliloti strains was done in

the presence of 10 mg.mL-1 tetracycline. The growth of theA. rhizogenes ARquA1 strains carrying different binary vectors with various
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antibiotic resistances was done in the presence of 100 mg.mL-1 streptomycin (helper plasmid resistance) and supplemental binary

vector resistance antibiotics (50 mg.mL-1 of kanamycin, 300 mg.mL-1 of spectinomycin or 200 mg.mL-1 chloramphenicol).

DNA Constructs
Promoters, cDNA sequences and fluorescent fusion proteins necessary for the generation of PdBG1 fusion proteins were

synthesized by GenScript. For the PdBG1(At3g13560)-eGFP fusion, DNA fragments were concatenated using Golden-Gate assem-

bly reactions [60] to generate the final fusion protein which expression is driven by pERN1 [18]. Cassettes to express DS-Red as a

marker for transformation was also introduced in the binary vectors. For pUBIQ-MtBG2 (labeled with mCherry), multisite Gateway

cloning was used. In brief, primers were designed to amplify Medtr3g083580 (MtBG2), pUBIQ (isolated fromAtUBIQ10) andmCherry

(Table S2). C-terminal and N-terminal parts of the protein were amplified separately and cloned into different donor vectors by BP

reaction. Plasmids from confirmed positive pDNR clones were used for LR reaction into destination vectors following manufacture’s

instruction (invitrogen) and transformed into E. coli. Colonies were screened by colony PCR and confirmed by sequencing. Following

the same protocol, a version without mCherry fusion was generated. The transcriptional reporter pMtBG2:GUS, pNIN:GUS, pERN1:

GUS, the pEXPA:PVcd (PVcd, parvalbumin mutated in EF hand motif, Addgene, reference Plasmid #16345):NLS:CFP [54],

pEXPA:YFP, pEXPA:mCherry-ER and the pERN1:MtBG2 RNAi constructs were obtained by Golden-Gate cloning in pCambiaCR1

derived vectors [55]. DNA fragments corresponding to 1400 bp or 2100 bp upstream the ATG of NIN, 1705 bp upstream the ATG

of MtBG2 (Medtr3g083580), 2200 bp upstream the ATG of ERN1, 401 bp of upstream EXPA sequences [30] were amplified by

PCR, cloned in pbluescript vectors and sequenced before concatenated using Golden-Gate assembly reactions [55]. The pERN1:

cals3m, pMtBG2:cals3m and pANN1:cals3m constructs were generated by combining restriction enzyme and gateway cloning. First

pMtERN1 (1926 bp from ATG), pMtBG2 (1705 bp from ATG) and pANN1 (2234 bp from ATG) DNA fragments were amplified by PCR

using primers listed in Table S2, and sub-cloned into pBlueScript II. After sequencing validation and restriction digestion, pMtERN1

and pANN1DNA fragmentswere inserted into HindIII and SpeI sites of the pK7WG2-R-pLjUb vector [30], replacing 431 bp of the LjUb

promoter, and cloned just upstream the proximal 100bp sequences of pLjUb without regulatory sequences. The pMtBG2 DNA frag-

ment was inserted into HindIII and SpeI sites of the pK7WG2-R-pEXPA vector replacing the pEXPA promoter sequence [30]. The

created pK7WG2-R-pMtERN1, pK7WG2-R-pANN1, pK7WG2-R-pMtBG2 constructs and the pK7WG2-R-pLjUb [30] and

pK7WG2-R-pEXPA [30] vectors were used in LR gateway reactions with pDONR221-cals3m (kindly provided by Yk€a Helariutta)

and a pENTRY-GFP to create pERN1:cals3m, pERN1:GFP, pANN1:cals3m, pANN1:GFP, pMtBG2:cals3m, pMtBG2:GFP, pLjUb:

cals3m, pEXPA:cals3m, and pEXPA:GFP constructs. TheMtBG2-RNAi 50 andRNAi-cds constructs were generated by using respec-

tively the 250 bp non-coding sequences upstream the ATG (50) or the 850 bp (coding) sequences downstream the ATG of MtBG2

(cds). MtBG2 5’and cds sequences and the 1300 bp intron spacer sequence of the pK7GWIWG2(II)-RedRoot vector [56] were ampli-

fied by PCR and sequence validated before used for generated the RNAi constructs. MtBG2 5’and cds sequences were assembled

by Golden-Gate in the pCambiaCR1 [55] vector in sense and antisense orientations before and after the intron spacer sequence.

METHOD DETAILS

Generation and selection of M. truncatula transgenic roots
A. rhizogenes transformation of M. truncatula roots was done according to previous protocols [13, 61] with minor modifications.

Germinated seedlings with a radicle length of approximately 10 mm, were sectioned 3 mm from the root tip and placed on

Farhaeus-agar plates (12 cm x 12 cm) supplemented with 25 mg L-1 of kanamycin and ammonium nitrate (NH4NO3, 0.5 mM), before

inoculation with a drop (�3 ml) of theA. rhizogenes bacterial suspension (OD600nm 1). Plates were partially sealedwith parafilm to allow

crucial gas exchanges and placed vertically in plastic boxes at controlled environments with 16h light/ 8h dark photoperiods, at 20�C
for 1 week and then at 25�C for two to three weeks before selection. Kanamycin resistant composite M. truncatula plants were

selected under the stereomicroscope for the expression of the DsRED fluorescent protein encoded in the T-DNA of the transforma-

tion binary vectors. Individual DsRED+ composite plants were transferred to pouch paper/Fahraeus agar plates (nitrogen and anti-

biotic free) [62] and used for S.meliloti inoculation as described below.

Growth conditions and inoculation of M. truncatula roots
ForMtBG2/MtBG5 quantitative RT-PCR experiments, germinatedM. truncatula A17 seedlings were directly transferred to aeroponic

conditions [18] and nitrogen starved for 3 days before inoculation with a Sm 2011-lacZ suspension in water (OD600 0.002). For

immunolocalization, germinated seedlings were transferred to square plates containing Buffered Nodulation Medium [47] (BNM)

supplemented with 1 mM L-a-(2-aminoethoxyvinyl)-Gly (AVG) and M. truncatula roots were spot-inoculated with 2 mL of a Sm

1021-lacZ bacterial suspension in water (OD600 of 0.002) in the region of root hair emergence. For CFDA experiments, germinated

seedlings were grown for 7-10 days in pouch paper/Fahraeus agar [18] plates before spot inoculation with 2 mL of a Sm 2011-

mCherry bacterial suspension in water (OD600 0.01) in the nodulation competence root zone. For YFP symplastic assays, composite

plants were grown and flood inoculated with a water suspension of Sm 2011-CFP (OD600 0.001). Similarly for the analysis of GFP

transport in pEXPA-GFP transgenic roots, composite plants were grown for 3 weeks before flood inoculation with Sm1021-lacZ bac-

terial suspension in water (OD600 of 0.002). For phenotyping transgenic roots expressing MtBG2/PdBG1 constructs, composite

plants were transferred to either square plates containing BNM (with 1 mMAVG) or amixture of equal amounts of sand and terra green

4 weeks after transformation and were flooded with a suspension of Sm 1021-lacZ (OD600 of 0.05) in 10 mMMgCl2. Transgenic roots
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expressing pMtBG2:GUS, pMtNIN:GUS, pMtNF-YA1:GUS [42], pERN1:GUS, pERN1:MtBG2 RNAi and GFP/cals3m constructs

driven by pEXPA, pERN1, pMtBG2 or pANN1 promoters were transferred to pouch paper/Fahraeus agar plates 2-4 weeks post-

transformation and flood inoculated with a Sm 2011-lacZ suspension (OD600 of 0.01) in water. After 1h, excess solutions were

removed and plates with composite plants were incubated vertically until sample harvesting. Non-inoculated or mock (water) inoc-

ulated controls were used in all experiments listed above. After transferring to respective growth conditions, plates with composite

plants were randomly divided in two pools, to be subsequently inoculated and processed as control or rhizobia-inoculated samples.

Biological experiments involved the analyses of root samples of individual plants issued from independent biological experiments.

The number of samples analyzed (n), and the number of biological repetitions are indicated in the Figure legends for each experiment.

Individual root systems of composite plants were subsequently used for in vivo imaging, histochemical GUS/ b-galactosidase stain-

ing followed by microscopy analyses or ground in liquid nitrogen for RNA extraction and qRT-PCR, 1-16 days post inoculation.

GUS and b-Galactosidase assays
Inoculated or non-inoculated root samples of compositeM. truncatula plants were prefixed in 0.5% paraformaldehyde/0.1 M potas-

sium phosphate buffer pH 7.0, for 1 h, before histochemical (blue) staining for GUS activity was performed for 2-5 hours at 37�C using

1 mM of the substrate X-Gluc (5-bromo-4-chloro-3-indoxyl-b-D-GlcA, cyclohexylammonium salt, B7300; Biosynth, Staad,

Switzerland) [10, 11]. To reveal the constitutive b-galactosidase activity of S. meliloti strains Sm 2011-lacZ and Sm 1021-lacZ in inoc-

ulated root tissues, GUS-stained or non-stained root samples were rinsed in Z buffer (10 mMKCl, 1 mMMgCl2, and 0.1M phosphate

buffer, pH 7.4) and fixed for 1 h in 1.25% glutaraldehyde/Z buffer. After Z buffer rinsing, root samples were incubated overnight in the

dark at 28�C in Z buffer containing 2mMof theMagenta-Gal (5-bromo-6-chloro-3-indoxyl-b-D-galactopyranoside; B7200; Biosynth)

or the blue X-Gal (5-bromo-4-chloro-3-indolyl-b-Dgalactopyranoside,W5376C; Thermo Fisher Scientific, Guilford, CT) substrates

[22, 47]. GUS, GUS/LacZ or LacZ stained tissues were occasionally cleared for 30 s with 12% sodium hypochlorite solution before

microscopy observations, or collected for Technovit 7100 embedding as described below.

Symplastic transport assays
Carboxy Fluorescein Diacetate (CFDA, Sigma) was dissolved in DMSO (24mg/ml) and stored at�20�C. Plants were grown on pouch

paper/Fahraeus agar plates [18] for 7-10 days, before being spot inoculated with the Sm 2011-mCherry strain (OD600 0.01). A freshly

prepared CFDA working solution (60mg/ml) in H2O was added to the roots. After 20 min incubation in the dark, roots were rinsed at

least twice with water and used for microscopy 2-3 days post-inoculation. Composite transgenic roots expressing pEXPA-YFP and

pEXPA:mCherry-ER constructs were grown on pouch paper/Fahraeus agar plates and inoculated with the Sm 2011-CFP strain

(OD600 0.001) and analyzed by confocal microscopy 2-3 days post-inoculation. Data were obtained from 2-3 biological experiments

after analyses of 20 plants. pEXPA:GFP stable transgenic lines transformed via A. rhizogeneswith pERN1:cals3m, pUBIQ-MtBG2 or

an empty vector control were grown for 3 weeks in Fahraeus agar plates and rhizobia-inoculated as described above. GFP expres-

sion was visualized in three independent transformation events under confocal microscopy 5 days post-inoculation and images

analyzed as described in the Microscopy methods section.

Callose immunolocalization
M. truncatula roots were spot-inoculated with the Sm 1021-lacZ strain as described above. Root sections were selected 0.5 cm

above and below the region where roots hairs start to emerge, as this zone appears the most susceptible to infection by spot-inoc-

ulation. The selected root zone was sectioned into 1-2 cm pieces and fixed in 4% paraformaldehyde in PBS buffer (pH 7.0) supple-

mented with 0.01% Triton-100 before being dehydrated in ascending ethanol:water series. Samples were stained with a 2% eosin

solution to facilitate sample positioning during embedding and sectioning as described in [63] with the following modifications: wax

changes were performed for 5 days and blocks were stored at �20�C until they were processed. Sections of 10 mm were collected

using a Rotatory Microtome HM 325 (MICROM) in polylysine slides (VWR International). Slides were kept at �20�C overnight before

following steps. Callose immunolocalization was performed using amonoclonal antibody (Biosupplies, http://www.biosupplies.com.

au/) as described [63]. Briefly, after removal of wax, sections were treated with 0.1 M NH4Cl (in PBS) for 5 min, blocked with 5% BSA

and exposed to the primary antibody O/N. Detection was carried out using Alexa Fluor� 488 anti-mouse (Invitrogen). All steps were

carried out at room temperature unless stated otherwise. When hand sections were needed, roots were sectioned with a razor blade,

exposing the inner tissue, and were let drying for two hours at room temperature before immunolocalization.

Microscopy methods
Aniline blue was used to stain callose at the cell wall in entire roots. Roots were cut and rapidly submerged in 0.01% (w/v) aniline blue

in phosphate buffer (pH 9), vacuum infiltrated for 15 min and incubated overnight in the dark at RT. Roots were rinsed in water before

imaging. Confocal analysis was performed on a Zeiss LSM700 Inverted and LSM800 upright microscope using a 488 nm excitation

laser for GFP or a 405nm for CFP/aniline blue staining. Emission was collected using the filters: BP 505–530 for GFP and the DAPI

filter for aniline blue (463 nm). The images corresponded to individual stacks of z-optical sections. For quantification, confocal images

of callose immunolocalization in M. truncatula roots were taken under non-saturated conditions and regions of interest (ROI) of

100 mm2were drawn in developmentally comparable areas of spot-inoculated roots comprising pericycle/endodermis and inner cor-

tex. Fluorescence intensity analysis was performed using ImageJ software (http://imagej.nih.gov/ij) [57]. The integrated density was

corrected for background fluorescence by dividing the measured intensities with the average intensity of a cell-free (dark) region. For
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each condition, the fluorescence intensity of 3 individual roots was analyzed. Similar protocols were followed for quantification of

GFP fluorescence in images taken in the pEXPA-GFP background. In this case, mean gray values for each image were calculated

in more than 5 independent ROI of 55 mmwide at different distances from the epidermis (as represented in the x axis of the graphs).

Analyses of CFDA/GFP symplastic conductivity were carried out by monitoring CFDA, YFP, mCherry-ER and the bacterial CFP

fluorescence signals by confocal microscopy using a Leica SP8 laser point scanning microscope. The argon laser bands of 458

and 488 nm were used to excite CFP, and YFP/CFDA, respectively, and a 561-nm diode to excite the mCherry. Specific emission

windows used for CFP, YFP, mCherry were 465 to 485 nm, 500 to 550 nm, 600 to 630 nm. The images shown are single confocal

sections, maximal projections of selected planes of a z stack. Images were acquired and projected and processed using Leica,

ImageJ (http://imagej.nih.gov/ij/) [57] or Volocity version 6.0.1 (PerkinElmer) softwares.

Longitudinal (8-10 mm) sections were generated for the detailed phenotypic analyses of pMtBG2:GFP/cals3m and pERN1:GFP/

cals3m rhizobia-inoculated root or nodule tissues and for the the tissue-specific analysis of pMtBG2:GUS, pNIN:GUS and pNF-YA1:

GUS expression (with or without GFP or cals3m expression). Briefly, GUS/lacZ or lacZ-stained root tissues collected at 7 or 12 dpi

were cut in �1 cm root pieces and fixed in 1.5% glutaraldehyde for 1 hour, re-rinsed and sequentially dehydrated using an ethanol

series (from 30%, 50%, 70%, 90% to 100% ethanol for 60 min each). Subsequently, tissues were embedded in

ethanol:Technovit�7100 (Heraeus-Kulzer, Germany) LP series (3/1, 2/1, 1/1,1/2, 1/3 v/v, each step 60 min) before an overnight incu-

bation in 100% Technovit�7100 LP. Samples within the final Technovit polymerization solution were left to polymerize overnight.

Each Technovit�7100 block comprised 4-5 root pieces of independent composite plants, each comprising variable numbers of

nodule primordia or nodule structures, depending of whether it was a control or a cals3m sample. 5 blocks (with �20 root pieces

of independent plants) were cut for pMtBG2:cals3m, pERN1:cals3m/pNIN:GUS and respective pMtBG2:GFP and pNIN:GUS control

samples. 4 blocks (with 16 root pieces of independent plants) and 1 block (with 5 root pieces of independent plants) were respectively

cut for pERN1:cals3m/pNF-YA1:GUS and pNF-YA1:GUS control samples. 15 blocks (with �60 root pieces of independent plants)

were cut for pERN1:cals3m and respective pERN1:GFP or non-transformed control samples. Technovit blocs were sectioned to

8-10 mm by using an Ultracut E ultramicrotome (Reichert-Jung, Germany). Thin sections of one bloc were distributed on 4-6 slides

and stained with Ruthenium Red (4-5 min, 0,05% in H2O) to reveal cell outlines. Slides with poor quality sections and/or not cutting in

the longitudinal axis were not considered for further microscopic analyses. Visualization of GUS or lacZ-staining tissues was done

using a stereomicroscope (Leica Microsystems, Wetzlar, Germany), light microscopes (an AxioPlan 2 Imaging; Carl Zeiss, Oberko-

chen, Germany and a GX L1500light microscope), and/or CCD cameras (AxioCam MRc; Carl Zeiss Olympus -BH2 fitted with a

QIMAGING camera, Canada). Images taken from individual root, nodule primordia or nodule sections were subsequently adjusted

(luminosity, contrast or focus) by using ImageJ or Powerpoint softwares. Sections shown in Figures 4 and 5 were obtained after the

analyses of 9, 16, 28, and 15 individual sections of pMtBG2:GFP, pMtBG2:cals3m, control (pERN1:GFP and non-transformed plants)

or pERN1:cals3m, respectively, from 2 experiments.

RNA extraction and QRT-PCR analyses
The entire root system of aeroponic grown A17 plantlets (for MtBG2/MtBG5 expression analyses) or individual composite plants

(used in transgenic ectopic and GFP/cals3m experiments) were used for RNA extraction. Total RNA was extracted from

M. truncatula roots using the Macherey-Nagel total RNA isolation kit according to the manufacturer’s instructions. The DNA-free

RNA samples were quantified, and RNA integrity was checked by Agilent RNA Nano Chip (Agilent Technologies). First-strand

complementary DNA synthesis was performed using 1 mg of total RNA with an anchored oligo (dT) and Transcriptor Reverse Tran-

scriptase (Roche) following the manufacturers’ protocol. Quantitative RT-PCR was performed on 384-well plates using the Light

Cycler 480 system (Roche) and the SYBR Green I Master mix (Roche), according to the manufacturer’s instructions. Each reaction

was performed with 2 mL of 1:20 (v/v) dilution of the first complementary DNA strand, with 0.5 mM of each primer in a total reaction

volume of 7 mL. Primer pairs to amplifyMtBG2,MtBG5,GFP,NPL1, cals3m andCRE1 transcripts are listed in Table S2. Those used to

amplify ERN1, ENOD11, NIN, Ubiquitin, NFYA1,Mt0089_00067,Mt0085_00020, MtCLE12 andMtCLE13were previously described

[18, 22, 32, 42]. The PCR cycling conditions were as follows: 95�C for 5 min followed by 45 cycles of denaturation at 95�C for 15 s,

annealing at 60�C for 20 s, and extension at 72�C for 20 s. PCR amplification specificity was verified by analysis of the dissociation

curve at the end of the PCR cycles by heating samples from 65�C to 95�C. Only samples showing a clear unique melting peak in the

expected temperature rangewere considered for further analysis. To confirm the specificity of the primer pairs, we purified the ampli-

fied PCR products from the QRT-PCR reactions using the Promega Wizard kit, and used them directly of after subcloning for DNA

sequencing. TheMtBG2/MtBG5 genes were selected for Q-RT-PCR analyses following their in silico expression profiles in rhizobial

root hair infectome [47] and/or laser-dissected nodule zones [64] transcriptomes. For the analyses of symbiotic gene expression in

pERN1:GFP or pERN1:cals3m and RNAi roots, we first analyzed by Q-RT-PCR the expression of GFP or calS3m in individual root

samples. Only GFP+ and calS3m+ samples were considered for the further analyses of symbiotic gene expression as shown in

Figures 6 and S6. The Q-RT-PCR data represent mean values of five (Figures 1I and S1C), three (Figures 6A–6D) or two (Figures

S6A–S6P) independent biological experiments, with at least two technical replicates after normalization with the three reference tran-

scripts (Ubiquitin, Mt0089_00067, and Mt0085_00020) shown before to exhibit invariable expression levels [18].

Phylogenetic analysis
The selection ofM. truncatula and A. thaliana sequences containing the b-1,3-glucosidase domain (GHL17) and other characteristic

features of this family: a signal peptide (SP), a glycosyl phosphatidylinositol anchor (GPI) and a carbohydrate-binding module (X8)
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was done using prediction tools as described [39]. Only protein sequences containing a complete GHL17 domain were used for

phylogenetic trees calculations as described in [39]. The best model under the Akaike Information Criterion was LG+G. The Major-

ity-rule consensus trees convergence was reached after 1130000 generations. The trees were visualized using Figtree (http://tree.

bio.ed.ac.uk/software/figtree/) and edited using TreeGraph2 [58]. Note that Figures 1 and S1 only shows the Bayesian tree, the other

Maximum Likelihood and Neighboring-Joining trees are available on request.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data was obtained from independent biological replicates (and technical replicates in the case of QRT-PCR analyses) and after the

analyses of individual randomly distributed samples. The number of individually analyzed samples (n), number of replicates and p,

significant level values are indicated in Figure legends. All statistical analyses were performed using the R software (http://

r-project.org). Data were evaluated for normality using a Shapiro-Wilk test and for homogeneity of variances using both Fisher

and Bartlett tests. Parametric (ANOVA and two sample t test) or non-parametric (Mann-Whitney and Kruskal-Wallis) statistical tests

were used for normally-distributed or non-normally distributed samples, respectively. Integrated density fluorescent signal values in

Figure 1G and ERN1 QRT-PCR data in Figure 6A, showing a normal distribution but heterogeneity of the variance, were analyzed

using the Aspin-Welch two sample t test (for data in Figure 1G, T =�4.6349, p < 0.001 and for the ERN1QRT-PCR data in Figure 6A:

T =�2.0765, p < 0.05). Root weight data in Figure S5Cwere first transformed into normality using Log10 data values before statistical

analysis using the Aspin-Welch two sample t test (T = �1.8763, p > 0.05). MtBG2 and MtBG5 QRT-PCR data (Figures 1I and S1C)

were normally-distributed and showed homogeneity of variances, thus statistical analyses of the data was done using one-way

ANOVA followed by Tukey honest significant difference (HSD) tests (For MtBG2: F = 9.618, p < 0.001; for MtBG5: F = 14.25,

p < 0.001). CRE1 (3 and 7 dpi), CLE12 (3 dpi) and CLE13 (3 dpi) QRT-PCR data in Figure S6 were first transformed into normality

using Box-Cox (S6E l =�1.10, S6F l =�0.06, S6G l = 1.31, S6O l = 1.6) before statistical analysis using one-way ANOVA followed

by Tukey honest significant difference (HSD) tests (F = 0.631, p > 0.05 for Figure S6E; F = 4.555, p < 0.01 for Figure S6F; F = 0.221,

p > 0.05 for Figure S6G; F = 2.974, p < 0.05 for Figure S6O). MtBG2QRT-PCR data in Figure S5Bwere first transformed into normality

using Box-Cox (l=0.67) before statistical analysis using one-way ANOVA followed by Tukey honest significant difference (HSD) tests

(F = 0.030538, p < 0.001). Integrated density fluorescent signal values in Figure S2Q and ENOD11, NIN andNFYA1QRT-PCR data in

Figure 6 were first transformed into normality using Box-Cox (Figure S2Q l = 0.14 and Figure 6B l = 0.22) or Log10 data values (Fig-

ures 6C and 6D), before statistical analysis using a Two sample t test (T = �4.3291, p < 0.001 for Figure S2Q; T = 1.608, p > 0.05 for

Figure 6B; T = 3.8477, p < 0.001 for Figure 6C; T = 4.5582, p < 0.001 for Figure 6D). The nodule number data in Figure S4B, following a

normal distribution and homogeneity of the variance were analyzed using a two-sample t test (T = 1.4701, p > 0.05). Data in Figures

3G–3I, 4A–4C, 5A–5C, S4A, and S5F–S5H did not follow a normal distribution and were then analyzed using the non parametrical

Mann-Whitney test: Figures 3G–3I (3G, W = 129.5, p < 0.001; 3H, W = 149, p < 0.001; and 3I, W = 170, p < 0.001); Figures 4A–4C

(4A, W = 1210, p < 0.05; 4B, W = 1169.5, p < 0.05; 4C, W = 1754.5 p > 0.05); Figures 5A–5C (5A, W = 3995.5, p < 0.001; 5B, W =

4232.5, p < 0.001; 5C, W = 1489, p < 0.001); Figure S4A (W = 740, p < 0.001) and Figures S5G–S5I (S5F, W = 78, p < 0.01; S5G,

W = 82.5, p < 0.01; S5H, W = 935.5, p < 0.05).

Data in Figures 4L–4N, S5A, S6A–S6D, S6H–S6N, and S6P did not follow a normal distribution and equality of the variance and

where then analyzed using the non parametrical Kruskal-Wallis test (4L, Chisq = 21.47, p < 0.001; 4M, Chisq = 21.83, p < 0.001;

4N, Chisq = 10.8, p < 0.01; S5A, Chisq = 8.01, p < 0.05; S6A, Chisq = 44.73, p < 0.001; S6B, Chisq = 26.56, p < 0.001; S6C, Chisq =

42.96, p < 0.001; S6D, Chisq = 52.44, p < 0.001; S6H, Chisq = 46.46, p < 0.001; S6I, Chisq = 46.27, p < 0.001; S6J, Chisq = 32.97,

p < 0.001; S6K, Chisq = 43.78, p < 0.001; S6L, Chisq = 37.02, p < 0.001; S6M,Chisq = 21.99, p < 0.001; S6N, Chisq = 28.97, p < 0.001;

S6P, Chisq = 31.79, p < 0.001).

DATA AND SOFTWARE AVAILABILITY

The raw and analyzed data reported in this paper is available on the Mendeley database at https://doi.org/10.17632/5hzcxdb4dp.1.
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