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A lateral organ boundaries domain transcription factor acts
downstream of the auxin response factor 2 to control nodulation
and root architecture in Medicago truncatula
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Introduction

Summary

¢ Legume plants develop two types of root postembryonic organs, lateral roots and symbiotic
nodules, using shared regulatory components. The module composed by the microRNA390,
the Trans-Acting SIRNA3 (TAS3) RNA and the Auxin Response Factors (ARF)2, ARF3, and
ARF4 (miR390/TAS3/ARFs) mediates the control of both lateral roots and symbiotic nodules
in legumes.

e Here, a transcriptomic approach identified a member of the Lateral Organ Boundaries
Domain (LBD) family of transcription factors in Medicago truncatula, designated
MtLBD17/29a, which is regulated by the miR390/TAS3/ARFs module. ChIP-PCR experi-
ments evidenced that MtARF2 binds to an Auxin Response Element present in the
MtLBD17/29a promoter. MtLBD17/29a is expressed in root meristems, lateral root primor-
dia, and noninfected cells of symbiotic nodules.

e Knockdown of MtLBD17/29a reduced the length of primary and lateral roots and
enhanced lateral root formation, whereas overexpression of MtLBD17/29a produced the
opposite phenotype. Interestingly, both knockdown and overexpression of MtLBD17/29a
reduced nodule number and infection events and impaired the induction of the symbiotic
genes Nodulation Signaling Pathway (NSP) 7 and 2.

e Our results demonstrate that MtLBD17/29a is regulated by the miR390/TAS3/ARFs mod-
ule and a direct target of MtARF2, revealing a new lateral root regulatory hub recruited by
legumes to act in the root nodule symbiotic program.

(GAS) block, and a leucine-zipper-like coiled-coil motif that par-
ticipates in homo and hetero dimerization of this family of tran-

LATERAL ORGAN BOUNDARIES DOMAIN (LBD) pro-
teins are plant specific transcription factors that play essential
roles in the development of lateral organs in shoots and roots
(Majer & Hochholdinger, 2011; Xu ez al, 2016), but also in
plant regeneration (Fan er al, 2012), pollen development (Oh
et al., 2010; Kim ez al., 2015), photomorphogenesis (Mangeon
et al., 2011), ROS mediated radial growth (Dang et al., 2023),
the interaction with pathogenic fungi (Thatcher ez al, 2012),
bacteria (Hu et 4l., 2014) and nematodes (Cabrera ez al., 2014),
as well as during the symbiotic interaction with nitrogen-fixing
bacteria known as rhizobia (Schiessl ez al, 2019; Soyano
et al., 2019). LBDs are characterized by an N-terminal LAT-
ERAL ORGAN BOUNDARIES (LOB) domain consisting of a
zinc finger-like motif required for DNA-binding, a Gly-Ala-Ser
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scription factors (Shuai et 4/, 2002). LBDs have been shown to
interact with other transcription factors to mediate transcrip-
tional control of their target genes, for example AtLBD18 inter-
acts with the auxin response factors AtARF7 and AtARF19 to
enhance transcription of A#4ARF7 promoting lateral root develop-
ment (Pandey ez al., 2018), whereas AtLBDG6/AS2 interacts with
the MYB domain protein ASYMMETRIC LEAVES1 (AS1) to
mediate the repression of a KNOX locus controlling stem cell
activity and meristem identity in Arabidopsis (Guo ez al., 2008).
Phylogenetic analysis classified the LBD family into two major
classes, class I and class II, characterized by the presence and
absence of a functional leucine-zipper-like coiled-coil motif,
respectively (Majer & Hochholdinger, 2011). Most LBDs belong
to class I, which was further classified into subclasses IA1, IA2,
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IB, IC1/D, and IE. Members of the subclass IB were mainly
implicated in the development of underground organs and/or the
auxin signaling and response (Majer & Hochholdinger, 2011;
Xu et al., 2016; Zhang et al., 2020). AtLBD16 and AtLBD29 are
direct targets of the AtARF7 and AtARF19 transcription factors,
which act as positive regulators of lateral root formation. Overex-
pression of A#LBDI6 and AtLBD29 in the arf//arfl9 double
mutant background was sufficient to promote lateral root forma-
tion, rescuing the impaired lateral root formation phenotype of
arf/larfl19, whereas dominant repression of A#LBDI6 inhibits lat-
eral root formation (Okushima et 4/, 2007). AtLBDI8 also acts
directly or indirectly downstream of AtARF7 and AtARF19 pro-
moting lateral root formation. Single loss of function mutants of
AtLBD16 or AtLBD18 exhibited a significant reduction in the
number of emerged lateral roots, whereas /bd16/lbd18 double
mutants showed an additive phenotype, indicating that these two
LBD members act via independent molecular pathways (Lee
et al., 2009). More recently, an LBD member phylogenetically
related to Arabidopsis AtLBD17 and AtLBD29, named
SHOOTBORNE ROOTLESS (SBRL), has been shown to play
an essential function in the development of lateral and
shoot-borne roots in tomato (Solanum lycopersicum) (Omary
et al., 2022). Expression and function of SBRL orthologs during
lateral root formation seem to be conserved in multiple angios-
perms (Omary ez al., 2022). In the model legume Medicago trun-
catula, it was shown that the expression of MtLBDI is directly
repressed by the HD-Zip transcription factor MtHB1 in specific
cell types during lateral root development (F. Ariel ez al., 2010).
Constitutive expression of MtLBDI resulted in a lower density of
lateral roots and a longer main root, globally altering the root sys-
tem architecture (F. D. Ariel et al., 2010). Another member of
the Class IB of LBD transcription factor, referred to as MtLBD16
in M. runcarula and ASL18/LjLBDI16a in Lotus japonicus, has
been shown to play an essential role in lateral root development
and the formation of root nodules, lateral organs formed in
legume plants during the symbiotic interaction with
nitrogen-fixing bacteria (Schiessl ez al, 2019; Soyano
et al., 2019). Thus, it has been proposed that legume plants have
hijacked this regulator of lateral root development across species
to coordinate the organogenesis of symbiotic nodules during
their interaction with rhizobia (Bishopp & Bennett, 2019;
Schiessl ez al., 2019; Soyano ez al., 2019, 2021).

The formation of symbiotic nodules requires the activation
and coordination of bacterial infection with nodule organogen-
esis. The most sophisticated mechanism of infection is initiated
by the attachment of the bacteria to the growing root hairs. Per-
ception of Nod Factors released by the bacteria triggers the cur-
ling of the root hair, which entraps the bacteria, forming an
infection pocket. Subsequently, the inward growth of the root
hair produces a tubular structure called infection thread that pro-
gresses and ramifies to invade the dividing cortical cells (Roy
et al., 2020; Jhu & Oldroyd, 2023). Nodule organogenesis is
initiated by the activation of cell divisions in the inner root cell
layers that form the nodule primordia (Xiao ez al, 2014). The
ontogeny of symbiotic nodules exhibits similarities and differ-
ences with lateral root development. Both developmental
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programs involve activation of cell division in the pericycle,
endodermis, and cortex as a function of local auxin maxima
(Moreno-Risueno ez al., 2010). However, lateral roots form from
founder cells primed by periodic auxin maxima oscillation. By
contrast, auxin maxima during nodule initiation is the result of a
combination of the inhibition of auxin transport below the site of
bacterial infection, which requires the perception of cytokinins
by the CRE1 cytokinin receptor (Ng ez al., 2015), and the loca-
lized de novo biosynthesis of auxins mediated by YUCCA genes
(Schiessl ez al., 2019). The shared regulatory component LBD16
is required for both lateral root formation and nodule organogen-
esis. However, its expression is activated by auxin in early lateral
root primordia derived from the pericycle, whereas during the
root nodule symbiosis LBD16 is activated in epidermal cells and
nodule primordia by the master transcriptional regulator Nodule
Inception (NIN), where, together with the nuclear factor Y subu-
nits NF-YAl and NF-YB, promotes nodule development
(Schiessl et al., 2019; Soyano et al., 2019). Additional common
regulatory components of lateral root and nodule formation
include members of the Auxin Response Factor (ARF) family of
transcription factors and products of the auxin biosynthetic genes
belonging to the YUCCA family (Breakspear et a/., 2014; Schiessl
et al., 2019; Kirolinko ez al., 2021).

The microRNA390/ Trans Acting SIRNA3/ARF (miR390/ TA-
S3/ARF) is an evolutionarily conserved module that mediates dif-
ferent aspects of plant development. The miR390 guides
ARGONAUTE 7 (AGO7)-mediated endonucleolytic cleavage of
the TAS3 transcript, triggering the production of secondary
trans-acting small interference RNAs (tasiRNAs), which bound
to AGO1 guide endonucleolytic cleavage of ARF2, ARF3 and
ARF4 mRNAs (Xia et al., 2017). We have previously shown that
the miR390/ TAS3/ARF module mediates the control of lateral
root formation and root nodule symbiosis (Hobecker
et al., 2017; Kirolinko ez al., 2021; Castaingts et al., 2022). Acti-
vation of the miR390/TAS3/ARF module by overexpression of
miR390 in M. truncatula roots altered root architecture and
impaired nodule formation and infection by Sinorhizobium meli-
loti, whereas inactivation of this module by expression of a target
mimicry of miR390 or mutations in AGO7 promotes nodule
organogenesis and bacterial infection (Hobecker ez al, 2017).
Simultaneous knockdown of MtARF2, MtARF3, and MtARF4 or
a loss of function mutation in MtARF4a enhances lateral root
density, but negatively impacts on the elongation of lateral roots.
Moreover, roots silenced in MtARF2, MtARF3, and MtARF4 or
arf4 mutant plants are compromised in nodule organogenesis,
bacterial infection, and the induction of the key symbiotic mar-
ker Nodulation Signaling Pathway 2 (MtNSP2) (Kirolinko
et al., 2021). Here, an RNA-Seq approach identified a transcript
encoding a M. truncatula class 1B LBD member, designated
MtLBD17/29a, as a novel target of the miR390/ TAS3/ ARF mod-
ule. MtLBD17/29a was upregulated in M. truncatula roots by S.
meliloti, but not in roots overexpressing miR390 or silenced in
MARF2, MtARF3 and MtARF4a/b. A ChIP-PCR assay demon-
strated that MtARF2 directly binds to the MtLBD17/29a promo-
ter. Reverse genetic approaches indicated that MtLBD17/29a

functions promoting the elongation of primary and lateral roots
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but impairing lateral root initiation. During the root nodule sym-
biosis, MtLBDI17/29a is required for nodule development and
the formation of infection threads, as well as the induction of the
symbiotic marker genes MtNSP! and MiNSP2. Hence,
MtLBD17/29a defines a new component of the miR390/7A4-
S3/ARF regulatory network controlling symbiotic interactions in
legumes.

Materials and Methods

Biological material

Wild-type (WT) Medicago truncatula Jemalong A17 seeds were
obtained from INRA Montpellier, (heep:/fwww.
montpellier.inra.fr). nin-1, nf-yal, and ernl mutants have been
described previously (Marsh ez al, 2007; Middleton ez al., 2007;
Laporte et al., 2014). Sinorhizobium meliloti strain 1021 (Meade
& Signer, 1977) or the same strain expressing RFP (Tian

et al., 2012) were used for root inoculation. Agrobacterium rhizo-

France

genes strain Arqual used for hairy root transformations was pre-

viously described (Quandt ez al., 1993).

Constructs for plant transformation

The pLBD17/29a-gfp-gus construct was generated by amplifying
the 1460-bp region upstream of the translational initiation codon
of MtLBD17/29a using pLBD17/29a F and pLBD17/29a R pri-
mers (Supporting Information Table S1) and pfis DNA polymerase
(Promega). The resuliing DNA fragment was cloned into the
pENTR/D-TOPO vector (Thermo Fisher Scientific, Waltham,
MA, USA) and then recombined into the Gateway-compatible bin-
ary vector pKGWES7,0 (Karimi ez @/, 2002) using LR Clonase
according to manufacturer’s instructions (Thermo Fisher Scienti-
fic). LBD17/294 RNAi 1 and LBD17/292 RNAi 2 constructs were
generated by PCR amplification using cDNA from M. truncatula
roots as template, LBD17/294 RNAi 1 F, LBD17/294 RNAi 1 R,
LBDI17/29a RNAi 2 F and LBDI17/29a RNAi 2 R primers
(Table S1) and pfu DNA polymerase. The amplified fragments
were cloned into the pENTR/D-TOPO vector and then recom-
bined into the destination vector pK7GWIWG2D (II) (Karimi
et al., 2007) to generate the LBD17/29a RNAi 1 and LBD17/29
RNAi 2 constructs. The GUS RNAi construct was previously
described (Kirolinko et al, 2021). The OXLBD17/29a construct
was generated by PCR amplification using M. truncatula cONA as
template, OXLBD17/29a F and OXLBD17/29a R primers
(Table S1) and pfu DNA polymerase. The amplified fragment was
cloned into the pENTR/D-TOPO vector and then recombined
into the Gateway-compatible binary vector pK7WG2D,1 (Karimi
et al., 2002). The pK7GWIWG2D (II) and pK7WG2D,1 vectors
contain the 70/D:GFP transcriptional unit for the detection and
selection of transgenic roots; therefore, only roots with detectable
GFP fluorescence (> 80% of roots) were considered for expression
and phenotypic analyses. ARF2 open reading frame was amplified
from ¢cDNA using HF-ARF2 R and HF-ARF2 F primers
(Table S1), cloned into the pENTRY/D-TOPO vector and then
p35S:HF-GAT (Mustroph

recombined into the vector
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et al., 2010). All constructs were verified by sequencing and intro-
duced into A. rhizogenes Arqual (Quandt et al., 1993) by electro-

poration.

Growth of M. truncatula, hairy root transformation,
inoculation with rhizobia and NF treatment

Seeds were surface-sterilized and germinated as previously
described (Hobecker ez al., 2017). Transgenic roots were gener-
ated by A. rhizogenes-mediated transformation essentially as
described previously (Boisson-Dernier ez al, 2001) and trans-
ferred to Petri dishes containing Fahraeus agar media (Fah-
1957) supplemented with 8 mM KNOj; and
12.5 pg ml~" kanamycin for 7 d. Seedlings were grown at 25°C
on a 16 h : 8 h, day : night cycle with radiation of 200 pmol
m™~? s~ " under mixed illumination with four OSRAM cool day-
light L36W/765 tubes per one OSRAM FLUORA L36W/77

tube. For root architecture analysis, composite plants, consisting

racus,

of a nontransgenic shoot and transgenic hairy roots, were trans-
ferred to slanted boxes containing Fahraeus media supplemented
or not with 8 mM KNOj; and grown under the conditions
described above for 15 d. For inoculation with rhizobia, plants
that developed hairy roots were transferred to slant boxes con-
taining Fahraeus media free of nitrogen covered with sterile filter
paper. Seven days after transplantation, roots were inoculated
with 10 ml of a 1 : 1000 dilution of S. meliloti 1021 (Meade &
Signer, 1977) or with the same strain expressing RFP grown in
liquid TY media until ODggo reached 0.8, or with 10 ml of
water as control (mock treatment). For Nod Factor treatment,
WT, nfiyal, ernl and nin mutants were grown on slant boxes
containing Fahraeus media free of nitrogen for 7 d and then trea-
ted with 10 ml of a suspension of 10 M of S. meliloti purified
NFs or with 10 ml of water as a mock treatment.

RNA extraction and RT-gPCR

Total RNA extraction and ¢cDNA synthesis were performed as
previously described (Hobecker ez al., 2017). Expression analysis
was performed by reverse transcription quantitative polymerase
chain reaction as previously described (Reynoso er al, 2013)
using gene specific primers listed in Table S1. Expression levels
were normalized to HIS3L, which was validated using GNORM
software (Vandesompele ez al., 2002), as previously reported by
F. Ariel er al. (2010) and Reynoso e al. (2013). Statistical signifi-
cance between samples was determined by an unpaired two-tailed
Student’s #test.

RNA-Seq library preparation and sequencing

RNA was extracted from OX390 and EV roots at 48 hpi with S.
meliloti 1021 or with water (mock) as previously described
(Hobecker ez al., 2017). Two biological replicates were obtained
with a minimum of 30 transgenic roots per condition. RNA
integrity and concentration was analyzed by capillary electro-
phoresis using a Bioanalyzer 2100 (Agilent Technologies, Santa
Clara, CA, USA). Libraries were prepared from 1.5 ng of RNA
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using the TruSeq RNA Illumina Sample Preparation Kit v.2 and
sequenced at the Université de Paris Saclay, France using the His-
Seq4000 platform with single end reads of 76 nts.

Data analysis

RNA-Seq reads were aligned to the M. truncatula genome v.5
(Pecrix et al, 2018) using Hisat2 (Kim ez al, 2019). Transcript
assembly and quantification of full-length transcripts was per-
formed using STRINGTIE (Pertea ez al, 2015). StringTie files for
each sample were merged using the STRINGTIE MERGE tool. Tables
of ‘genes counts’ were generated using STRINGTIE, and the DESEQ2
tool (Love et al., 2014) was used to identify DEGs keeping only
the genes that had FPKM values > 1 in at least one of the libraries.
Heatmap maps were generated using the Morpheus algorithm
(MORPHEUS, https://software.broadinstitute.org/morpheus/).

Chromatin immunoprecipitation assay followed by
quantitative polymerase chain reaction

Chromatin immunoprecipitation (ChIP) assays were performed
essentially as described (Ariel ez al, 2020). Briefly,
formaldehyde-crosslinked chromatin from HEF-ARF2 roots
48 hpi with S. meliloti 1021 was sonicated in a Bioruptor Pico
(30 s on/30 s off pulses, for 10 cycles). Fragmented chromatin
was incubated with anti-FLAG or IgG bound to Protein
G-coupled magnetic beads (Dynabeads, Thermo Fisher Scienti-
fic) overnight at 4°C in a rotary wheel. Sonicated chromatin was
processed in parallel and considered as input. Crosslinking
was reversed by incubation with Proteinase K and DNA was pur-
ified by 25:24:1 phenol : chloroform :
extraction and analyzed by quantitative polymerase chain reac-

isoamyl alcohol

tion using primers listed in Table S1.

Fluorescent microscopy

GFP fluorescence in roots was visualized and photographed with
an inverted microscope (Olympus IX51, Olympus Corporation,
Shinjuku City, Tokyo, Japan) using UV light with appropriate
filters for GFP. GFP fluorescence in RFP-expressing S. meliloti
inoculated roots and nodules was detected by confocal micro-
scopy using an SP5 inverted confocal microscope (Leica
Microsystems, Wetzlar, Germany). GFP and RFP were excited
with 488- and 543-nm lasers, and emissions were collected from
498 to 552 nm and from 578 to 626 nm, respectively. Images
were processed using the Las IMAGE ANALYSIS software (Leica
Microsystems).

GUS staining

Histochemical GUS staining was performed as previously
described (Hobecker et al, 2017). Cross sections (70 pm) of
roots were obtained from samples embedded in 6% agarose using
a vibratome Leica VT1000 S. GUS-stained tissue was visualized
and photographed under white light using an inverted micro-

scope (Olympus IX51).
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Phenotypic analyses

For root architecture analysis, composite plants were transferred to
slant boxes containing agar-Fahraeus medium supplemented or not
with 8 mM KNOj. Each root emerged directly from the sectioned
radicle inoculated with A. rhizogenes was considered a primary root
in the hairy root system, whereas roots emerged from primary roots
were considered lateral roots. The number of lateral roots per centi-
meter of primary root, the length of primary and lateral roots, and
the length of the aerial part were determined 15 d after transplant-
ing. For nodulation analysis, composite plants were transferred to
slant boxes containing nitrogen-free Fahraecus medium and, 7 d
after transplantation, inoculated with S. meliloti 1021. The num-
ber of nodules was recorded at different times after inoculation as
described previously (Hobecker ez al, 2017). Nodules were classi-
fied as pink (nitrogen-fixing mature nodules) or white (immature
nodules) according to Traubenik ez 4/ (2020). Live/dead assay of
bacterial cells using SYTO9/Propidium iodine staining was essen-
tially performed as previously described (Traubenik er al, 2020).
For determination of shoot and root dry weight, the aerial tissue or
the whole root system was collected at 21 dpi with S. meliloz,
dried at 80°C for 24 h and weighted using an analytical balance.
Three independent biological replicates were performed. For analy-
sis of infection events, 7 d after transplantation, roots were inocu-
lated with the RFP-expressing S. meliloti strain and 7 dpi infection
events were visualized, quantified, and imaged in an Olympus
IX51 inverted microscope. Infection events were classified as micro-
colonies, ITs terminating in the root hair, ITs reaching the base of
the epidermal root hair or ITs that reached and ramified in the cor-
tical cells as previously described (Kirolinko ez al, 2021). In all
cases, three independent biological replicates were performed with
at least 10 independent roots per replicate analyzed.

Results

Overexpression of miR390 altered the transcript levels of
hundreds of genes normally induced in response to rhizobia

To identify novel putative targets of the miR390/TAS3/ARF
module that may play a role in the root nodule symbiosis, an
RNA-Sequencing  (RNA-Seq) approach was applied on
miR390-overexpressing roots (OX390) and on roots transformed
with the empty vector (EV) at 48 h postinoculation with water
(mock) or with S. meliloti (Sm) (Fig. la). Overexpression of
miR390 was verified on both biological replicates used for Illu-
mina RNA-Seq (Fig. 1b,c). On average, 25 million reads per
library were obtained, and nearly 90% of the reads mapped to
the M. truncatula A17 r5.0 (MtruncA17r5.0-ANR) genome ver-
sion (Table S2). Pearson correlation analysis verified the high
reproducibility between biological replicates for all samples
(Fig. S1). In silico analysis using HisaT2, STRINGTIE, and DESEQ2
identified 1486 and 1345 differentially expressed genes (DEGs)
in response to S. meliloti in EV and OX390 roots, respectively
(Fig. 1c; Tables S3-S7). Most of the well-known symbiotic
genes, such as MtENODI11, MtNIN, MtNPL, MtNF-YAI, and
MNF-YA2, were included in shared upregulated DEGs (Fig. 1d;
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Fig. 1 Transcriptomic analysis of miR390 overexpressing roots under symbiotic and nonsymbiotic conditions. (a) Schematic overview of the experimental
design. Roots transformed with the empty vector (EV) or with a construct for overexpression of miR390 (OX390) were inoculated with water (mock) or
with Sinorhizobium meliloti (Sm). After 48 hpi, the whole root extracts were collected and subjected to total RNA extraction followed by RNA-Seq to
characterize changes in the transcriptome. Two independent biological replicates were obtained using root tissues from > 20 plants per experiment and
condition. (b) Reverse transcription quantitative polymerase chain reaction validation analysis of miR390 overexpression. RNA was extracted from EV and
OX390 roots, and expression levels were determined by reverse transcription quantitative polymerase chain reaction, normalized to HIS3L, and expressed
relative to the EV mock sample. Each bar represents the mean + SE of two biological replicates. Asterisks indicate statistically significant differences with a
P-value < 0.05 in an unpaired two-tailed Student's t-test. (c) Number of genes differentially regulated in EV Sm vs EV mock and OX390 Sm vs OX390
mock samples (1 < Log>FC < —1, P < 0.05 as identified by DESeQ2). (d) Fold change (FC) of the expression levels of early symbiotic marker genes in
response to rhizobia inoculation. Asterisks indicate statistically significant differences (*, P < 0.05; ***, P < 0.001) according to DESeq2 parameters. (e)
Venn diagrams comparing up- and downregulated differentially expressed genes (DEGs) in response to rhizobia in EV and OX390 roots.
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Table S8). However, the overlap between rhizobia regulated
DEGs in EV and OX390 roots was very limited, representing
only 11.4% and 7.2% of the up and downregulated DEGs,
respectively (Fig. le). Our transcriptomic approach highlighted
the strong influence of the miR390/ TAS3/ARF module on the
early symbiotic response.

Induction of MtLBD17/29a in response to rhizobia is
impaired by activation of the miR390/TAS3 pathway or
simultaneous silencing of MtARF2, MtARF3 and MtARF4

Functional classification using Gene Ontology (GO) revealed
that one of the most prominent categories among DEGs is tran-
scriptional regulation (Fig. S2; Table S9), including numerous
members of the AP2/ERF, MYB, C2H2, GRAS, and WRKY
families of transcription factors (Fig. 2a). Two members of the
LBD family with Gene IDs MounAl17Chrig0184271 and Mrru-
nA17Chr5g040261 1 were induced in response to rhizobia in EV
but not in OX390 roots. Moreover, MtrunA17Chrig0184271
was slightly downregulated in OX390 roots (Fig. 2a). A phyloge-
netic analysis of M. truncatula and Arabidopsis LBD members
indicated that the protein encoded by MerunA17Chrig0184271
belongs to the class IB and is closely related to A(LBD17 and
AtLBD29. Within the subclade containing the product of Mtru-
nA17Chrlg0184271, there was also the product of
MirunA17Chr7¢0261031 (Fig. S3). A syntenic analysis did not
resolve which M. #runcatula member could be the syntenic gene
of AtLBD17 and A:LBD29 (Fig. S4); thus, we designated Mrru-
nAl17Chrig0184271  and  MtrunAl17Chr7¢0261031  as
MtLBD17/29a and MtLBD17/29b, respectively. MtLBD17/29b
mRNA levels did not significantly change either in response to
rhizobia inoculation or by overexpression of miR390 (Table S3).
Since Class IB LBD members have been implicated in
auxin-mediated development of lateral root organs in different
plant species (Okushima ez al., 2007; F. Ariel ez al., 2010; F. D.
Ariel et al,, 2010; Schiessl ez al., 2019) and AtLBD16, AtLBDI8,
and AtLBD29 have been shown to act downstream of
ARF7/ARF19 to control lateral root formation (Okushima
et al., 2007; Zhang et al., 2020), we focused our analysis on
MtLBD17/29a. Reverse transcription quantitative polymerase
chain reaction experiments verified that MtLBD17/292 mRNA
levels accumulated to significantly higher levels in response to rhi-
zobia in EV roots, but not in OX390 or roots silenced in
MARF2, MtARF3 and MtARF4a/b (ARF2/3/4 RNAI) (Fig. 2b).
By contrast, roots of the ago7-3 mutant, where levels of MtARF2,
MARF3, and MtARF4 are uncoupled from the miR390/ TAS3
module, showed higher up-regulation of MrLBD17/292 mRNA
levels upon rhizobia inoculation as compared with WT roots
(Fig. 2b). These results suggest that the expression of
MtLBD17/29a is controlled by the miR390/ TAS3/ ARF pathway

during the establishment of root nodule symbiosis.

MtLBD17/29a is a direct target of MtARF2

A search of Auxin Response Elements (AREs) in the promo-
ter sequences of MtLBDI17/29a identified two putative AREs,
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named ARE] and ARE2, in the 2 kb region upstream of the
transcriptional start site of MtLBD17/29a (Fig. 2c), suggesting
that MtLBDI17/29a may be directly regulated by ARF tran-
scription factors. On the contrary, no ARE elements were
found in the 2 kb region upstream of the transcriptional start
site. of its closest homolog MtLBD17/29b, indicating that
there are no proximal ARF target sites in this promoter. We
also searched for ARE motifs in the promoter sequences of
MNSP2, which was proposed as a putative target of the ARF
family (Hobecker ez al., 2017; Kirolinko ez al, 2021), as well
as in the promotor region of MiARF2, MtARF3, MtARF4a
and MtARF4b, since ARF members has been shown to parti-
cipate in a positive feedback transcriptional regulatory
mechanism (Pandey et al, 2018). Two AREs were found in
the promoter region of M:NSP2, one in the promoter regions
of MiARF3, MiARF4a and MiARF46 and no AREs were
found in the promoter of MtARF2 (Fig. 2c). To assess
whether these genes were direct targets of ARF transcription
factors, we performed Chromatin Immunoprecipitation assays
followed by quantitative polymerase chain  reaction
(ChIP-gPCR). ChIP assays were conducted on chromatin
obtained from . meliloti inoculated roots that constitutively
expressed a FLAG tagged version of MtARF2 (FLAG-ARF2),
using a commercial o-FLAG antibody or o-IgGs as a negative
control. The expression of FLAG-ARF2 was confirmed in
FLAG-ARF2 roots by reverse transcription quantitative poly-
merase chain reaction using transgene specific primers
(Fig. S5a). Reverse transcription quantitative polymerase chain
reaction using primers that detect both the endogenous
MtARF2 and the transgene FLAG-ARF2 revealed an increase
of 20-fold in MtARF2 mRNA levels in FLAG-ARF2 roots as
compared to EV roots, and a concomitant increase of eight-
fold in MtLBD17/2924 mRNA levels (Fig. S5b). The increase
in MtARF2 levels did not significantly alter nodule formation
or infection, indicating that other components of the module
are required to promote the root nodule symbiosis (Fig. S5c,
d). After ChIP, quantitative polymerase chain reactions were
conducted using specific primers that flanked each ARE motif
in the MtARF4a, MtARF4b, MtARF3, MNSP2 and
MtLBD17/29a promoters. The ARE1 motif of MtLBDI17/29a
promoter was enriched by > 13-fold in the genomic DNA
fragments immunoprecipitated with o-FLAG antibody,
whereas the ARE2 motif present in the M#NSP2 promoter
was enriched by twofold in the immunoprecipitated with o-
-FLAG as compared to the samples immunoprecipitated with
IgG (Fig. 2d), indicating that both MtLBD17/294 and the
symbiotic gene MtNPS2 are direct targets of MtARF2. Quan-
titative polymerase chain reaction with specific primers for
ACTINI1I used as a negative control did not reveal any
enrichment. ChIP-qPCR also showed an enrichment of two-
fold for the ARE motif present in the MtARF4a promoter,
but not for those ARE present in the promoters of MtARF3
and MARF4b, indicating that MtARF2 can directly modulate
the expression of MtARF4a (Fig. 2d). In conclusion, our
ChIP analysis indicated that the MtARF2 binds with high
affinity to the MrLBD17/29a promoter.
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Fig. 2 MtLBD17/29a is a target of the miR390/TAS3/ARFs module. (a) Heat maps showing log, fold change (FC) of mRNAs encoding transcription 2

factors from different families in Sinorhizobium meliloti (Sm) inoculated vs water inoculated (mock) empty vector (EV) and OX390 roots. Heat maps and H

hierarchical clustering analyses were performed using MorpHeus. The purple arrow points to the MtLBD17/29a (MtrunA17Chr1g0184271) transcript. (b) 9

Transcript levels of MtLBD17/29a in EV, OX390, GUS RNAI, and ARF2/3/4 RNAI transgenic roots, as well as in root tissues of wild-type (WT) and ago7-3 2

mutant plants, inoculated with S. meliloti (Sm, purple bars) or water (mock, white bars) for 48 h. Expression levels were determined by reverse 3

transcription quantitative polymerase chain reaction and normalized to the levels of the MtHIS3L transcript. Values are expressed relative to the WT, GUS 3

RNAI, or EV mock-treated sample, which was set at 1. Bars are SEM of three biological replicates. Asterisks indicate statistically significant differences (*, %
P <0.05; **, P < 0.01; *** P < 0.001) in an unpaired two-tailed Student's ¢-test. (c) Schematic representation of ARE motifs found in 2 kb sequences S
upstream of the Transcription Start Site (TTS) of MtARF4a, MtARF4b, MtARF3, MtNSP2, and MtLBD17/29a. Black arrows represent the primers used for -i
the chromatin immunoprecipitation (ChiP)-PCR analysis. Gray arrows indicate the TSS. (d) Quantification of ChIP by quantitative polymerase chain >
reaction. The regions of interest were quantified by quantitative polymerase chain reaction. Fold enrichment was calculated by normalizing the percentage g

of the input in ChIP samples obtained using anti-FLAG to the percentage of the input in ChIP samples obtained using anti-IgGs. Bars represent the mean 3

and SEM of two technical replicates. A fragment of the Actin 17 (ACT) gene, which does not contain AREs, was used as negative control. 2
3

. . g

MtLBD17/29a is expressed in root meristems and MtLBD17/29a is a direct target of MtARF2, we asked whether g
influences root architecture this member of the LBD family play a role in root development, §
as its counterparts in other plant species (Okushima ez 4/, 2007; g

Considering that MtARF2, MtARF3 and MtARF4 modulate root ~ Omary et al, 2022). Inspection of public transcriptomic data 3

architecture in M. truncatula (Kirolinko et al., 2021) and that during lateral root formation indicated that M:LBDI17/29a H
g9
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pMtLBD17/29a

mRNA levels are downregulated at early stages of lateral root for-
mation (Fig. S6), that is when pericycle cells have undergone
periclinal and anticlinal cell divisions (Schiessl ez al, 2019). A
transcriptional fusion of the MtLBD17/29a promoter to reporter
genes (pMtLBD17/29a: GFP-GUS) revealed that MtLBD17/29a
is expressed mainly in the meristems of primary and lateral roots,
as well as in lateral root primordia formed 48 h after seedling
were turned 135° to induce lateral root formation (Fig. 3). At
this stage, multiple rounds of periclinal cell divisions formed a
cone shaped lateral root primordium as reported by Schiessl
et al. (2019). Expression of MtLBD17//29a in lateral root pri-
mordia agrees with the expression of AZLBD29 and SBRL in Ara-
bidopsis and tomato, respectively (Okushima ez al, 2007; Porco
et al., 2016; Omary er al., 2022), suggesting that the expression
of this LBD member in lateral root primordia is conserved across
the plant kingdom. In addition, the expression of MtLBD17/29a
coincides with the primary and lateral roots expression pattern of
other components of the miR390/TAS3/ARF pathway such as
MtARF3 and MtARF4a (Kirolinko et al., 2021).

To assess the role of MzLBD17/29a in root development, we
knocked down MtLBD17/29a in M. truncatula roots using two
different RNA interference (RNAi) constructs, that is one com-
plementary to the coding region and the other complementary to
the 3’ untranslated region, designated as MtLBD17/292 RNAIi 1
and MrLBD17/29a RNAi 2, respectively (Fig. 4a). Both con-
structs  significantly reduced MtLBD17/29a transcript levels
(78% and 65% reduction for MtLBDI17/292 RNAi 1 and
MtLBD17/29a RNAI 2, respectively), but did not affect mRNA
levels of its closest homolog M:LBD17/296 or of MtLBDI6
(Fig. 4b). In the absence of nitrogen, knockdown of
MiLBD17/29a wusing either M:LBDI17/294 RNAi 1 or
MtLBD17/29a RNAI 2 resulted in a reduction of primary and
lateral root length (Fig. 4c,d,h) and an increase in lateral root
density (number of lateral roots per cm of primary root) when
compared with GUS RNAI roots (Fig. 4¢,h). This increase in lat-
eral root density could not be explained by the reduction of pri-
mary root length since total number of emerged lateral roots was
enhanced in MtLBD17/29a RNAI roots as compared with GUS
RNAI root (Fig. 4f). The reduction in the length of primary and
lateral roots also impacted on the aerial part, limiting the elonga-
tion of the shoot (Fig. 4f,g). Similar changes in root architecture
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Fig. 3 Expression analysis of MtLBD17/29a in
primary and lateral roots. Expression of the GFP
and GUS reporter genes in primary and lateral
roots transformed with the pMtLBD17/29a:
GFP-GUS. Dashed lines mark the epidermal cells
of roots. ELR, emerged lateral root; LR, Lateral
root; LRP, lateral root primordia formed 48 h
after seedling were turned 135° to induce lateral
root formation; PR, primary root. Bars, 50 pm.

and shoot elongation were observed in M:LBD17/29a RNAi
plants when the media was supplemented with KNOj as a source
of nitrogen (Fig. S7). On the contrary, overexpression of
MtLBD17/29a, which caused a nearly 100-fold increase in
MiLBD17/29a2 mRNA levels (Fig. 4i), enhanced the elongation
of the primary and lateral roots but decreased lateral root density
when plants were grown in the absence of nitrogen (Fig. 4j—1,n).
This root phenotype also negatively impacted on shoot elonga-
tion (Fig. 4m,n). In the presence of nitrogen, overexpression of
MtLBD17/29a had no impact on primary root length but
enhanced lateral root length and reduced lateral root density
(Fig. S8). These results suggest that MtLBD17/29a promotes lat-
eral root elongation but limits lateral roots initiation and/or
emergence in M. truncatula.

MtLBD17/29a expression in response to Nod Factor
depends on MtNIN and is detected in noninfected cells of
the nodule

MtLBD17/292 mRNA levels increased in M. truncatula roots at
48 hpi with S. melilori (Fig. 2), thus, we wondered whether its
expression was dependent on the Nod Factor signaling pathway.
Levels of MtLBD17/29a accumulated to significantly higher
levels after 48 h of Nod Factor treatment in WT roots, as well as
in ernl and nfryal mutants, but not in a loss of function nin
mutant as determined by reverse transcription quantitative poly-
merase chain reaction experiments (Fig. 5a). Inspection of pub-
licly available RNA-Seq data of spot-inoculated roots (Schiessl
et al., 2019) verified that MtLBD17/29a, along with other mem-
bers of the Class IB of LBDs, is transiently upregulated at early
stages of the symbiosis in WT roots; however, up-regulation of
MtLBD17/29a was not observed in the nin mutant background
(Fig. S9), supporting the notion that induction of MtLBD17/29a
in response to rhizobia is N/N-dependent.
pMtLBD17/294:GFP-GUS analysis in M. truncatula roots at
6 d postinoculation (dpi) with an RFP-expressing S. meliloti strain
revealed that MrLBD17/29a promoter activity was detected in the
dividing cells below the infected root hair (Fig. 5b). In young
nodules of 10 dpi, the GFP expression was observed in nonin-
fected cells surrounding the infected cells. Later, in nodules of
21 dpi, GFP signal was detected in noninfected cells surrounding
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Fig. 4 Knockdown and overexpression of MtLBD17/29a alter root architecture. (a) Schematic representation of the MtLBD17/29a construct and the
position of the primers used to generate the LBD77/29a RNAi 1 (green arrows) and LBD77/29a RNAi 2 (blue arrows) constructs. (b) mRNA levels of
MtLBD17/29a, MtLBD17/29b and MtLBD16 in GUS RNAI, LBD17/29a RNAi 1 and LBD17/29a RNAI 2 roots. Expression values were determined by
reverse transcription quantitative polymerase chain reaction, normalized to MtHIS3L, and expressed relative to the GUS RNAi sample, which was set at 1.
(c—g) Primary root length (c), lateral root length (d), lateral root density (e), lateral root number per plant (f) and shoot length (g) measured in GUS RNA,
LBD17/29a RNAi 1, and LBD17/2%9a RNAI 2 plants grown at 15 d after at 15 d after transplantation to square Petri dishes containing slanted
agar-Fahraeus medium in the absence of nitrogen. (h) Representative pictures of GUS RNAi, LBD17/29a RNAi 1, and LBD17/29a RNA: 2 plants at 15 d
after transplantation. (i) mRNA level of MtLBD17/29a in EV and OXLBD17/29a roots determined by reverse transcription quantitative polymerase chain
reaction, normalized to MtHIS3L, and expressed relative to the empty vector (EV) sample, which was set at 1. (j-m) Primary root length (j), lateral root
length (k), lateral root density (I) and shoot length (m) were measured in EV and OXLBD17/29a plants grown in the absence of nitrogen at 15 d after
transplantation to square Petri dishes slanted agar-Fahraeus medium in the absence of nitrogen. In (b) and (i) each bar represents the mean + SE of three
biological replicates with at least 10 plants per replicate. Asterisks indicate statistically significant differences between GUS RNAi and LBD17/29a RNAI 1
orLBD17/29a RNAI 2 or between EV and OXLBD17/29a roots in an unpaired two-tailed Student's ¢-test (P < 0.05). ns, no significant. In (c—g) and (j-m)
boxes extend from the 25t to 75t percentiles, the middle line is the median, and whiskers extend to the minimum and maximum values of three technical
replicates with at least 25 plants each. Asterisks denote statistically significant differences between GUS RNAi and LBD77/29a RNAi 1 or LBD17/29a RNAI
2 plants or between EV and OXLBD17/29a plants in an unpaired two-tailed Student's t-test (*, P < 0.05; **, P < 0.01; *** P < 0.001; **** P < 0.0001).
(n) Representative image of EV and OXLBD17/29a plants at 15 dag. Bars: (h, n) 1 cm.

the infected cells of the infection, transition, and nitrogen-fixing
zones (Fig. 5b). This spatial expression pattern is reminiscent of
that previously observed for the promoters of MIR390b and
MtARF4a (Hobecker et al., 2017; Kirolinko et al, 2021). Since
the MrL.BD17/29a promoter is targeted by MtARF2, we aimed to
analyze whether the spatial expression pattern of MLBDI17/29a
overlaps with that of MtARF2. Since we were unable to amplify
the MtARF2 promoter after several attempts using different
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primers combinations and PCR conditions (Kirolinko
et al., 2021), we explored the expression pattern of MtARF2 using
single nuclei RNA-Seq data described by Cervantes-Perez
et al. (2022). This analysis revealed that MtARF2 transcripts ubi-
quitously accumulate in the nuclei of root cells, and increase in
root hair, epidermal, cortical, and stele cells at 48 hpi with S.
meliloti (Fig. S10). This expression pattern partially coincides with
that of MtLBD17/29a, which is upregulated at 48 hpi but not
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Fig. 5 MtLBD17/29a expression during symbiosis depends on the MtNIN
and is detected in noninfected cells of the nodules (a) Levels of MtLBD17/
29a were analyzed in root tissue of wild-type (WT) and nin, ern1 and
nf-yal mutant plants treated with 10~ M purified Nod Factors (NFs,
green bars) or water (mock, white bars) for 48 h. Expression levels were
determined by reverse transcription quantitative polymerase chain reaction
and normalized to the levels of the MtHIS3L transcript. Values are
expressed relative to the WT mock-treated sample, which was set at 1.
Bars are SEM of three biological replicates. Different letters above the bars
indicate statistically significant differences between samples in an unpaired
two-tailed Student's t-test with P < 0.05. (b) Promoter:GFP-GUS reporter
expression analysis of MtLBD17/29a at different stages of the symbiotic
interaction with Sinorhizobium meliloti. GFP fluorescence was analyzed in
roots transformed with the pMtLBD17/29a:GFP-GUS construct at 6 d
postinoculation (dpi) and in developing nodules at 10 and 21 dpi with a
strain of S. meliloti that expressed the red fluorescent protein (RFP).
Dashed lines mark the epidermal cells of roots and nodules. Asterisks mark
the dividing cells below the infected root hair. Bars, 50 pm.

expressed in root hair (Fig. 5b, left panel). In mature nodules, pre-
vious inspection of RNA-Seq data of nodule section described by
Roux e al. (2014) revealed that, albeit enriched in the meriste-
matic zone, MtARF2 mRNA levels were detected in all differentia-
tion zones of the nodule (Hobecker ez 4/, 2017), overlapping with
the expression of MtLBD17/29a in the infection, transition, and
fixation zones (Fig. 5b, right panel).

Altered levels of MtLBD17/29a impair nodule formation,
infection by rhizobium, and induction of early nodulation
markers

Then, we explored the function of MtLBD17/29a during the root
nodule symbiosis. Roots silenced in MtLBD17/29a formed fewer
nodules that were not fully developed based on the morphology
of the nodules, the quantification of white and pink nodules and
the expression of leghemoglobin coding gene MtLgHbI (Jiang
et al., 2021) (Fig. 6a,b). MtLBD17/29a RNAi nodules were
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smaller than GUS RNAi nodules and seemed to lack an active
persistent meristem (Fig. 6¢,d). In addition, the number of cells
within the infection and fixation zones containing living bacteria
was dramatically reduced in MtLBD17/29a RNAi 1 nodules as
compared to GUS RNAI nodules as evidenced by live/dead assay
using SYTO9/Propidium iodine staining (Fig. 6d). The reduc-
tion in nodule number and development caused by
MtLBD17/29a RNAI negatively impacted root and shoot bio-
mass, reducing the dry weight in 30-45% as compared with
GUS RNAI plants (Fig. S11). Since nodule occupancy by living
bacteria was reduced, we evaluated the density of infection events
(number of infection events per root cm), as well as their progres-
sion to the cortical cells. The density of infection events was sig-
nificantly reduced in MtLBD17/29a RNAi 1 and MtLBD17/29a
RNAI 2 as compared with the control GUS RNA: roots (Fig. 6e);
however, the progression of these infection events was not largely
affected by the knockdown of M:LBDI17/29a. Only the
MtLBD17/29a RNAi 1 showed a larger proportion of infection
events at the microcolony stage as compared to control GUS
RNAI roots (Fig. 6f). These results indicate that the two genetic
programs associated with symbiosis, the nodule organogenesis
and the infection by rhizobia, are modulated by M¢LBD17/29a.
Interestingly, overexpression of MtLBD17/292 under the
CaMV35S promoter also impaired nodule formation (Fig. 6g)
and initiation of infection events, but not their progression to the
cortical cells (Fig. 6h,i), suggesting that a fine-tune regulation of
MtLBD17/29a levels is required for the successful establishment
of the root nodule symbiosis.

It was previously shown that overexpression of miR390
impaired induction of M:NSPI and MtNSP2 upon rhizobia
inoculation (Hobecker ez al., 2017). Here, we evaluated whether
mRNA levels of these two symbiotic genes, as well as of
MNF-YAI and the early nodulin MtENOD40, were affected by
the knockdown or overexpression of MtLBD17/29a (Fig. 7).
Induction of both MtNSPI and MtNSP2, as well as MtNF-YAI,
in response to S. meliloti was diminished in MtLBDI17/29a
silenced roots (Fig. 7). Interestingly, levels of MzNSP2 were con-
stitutively reduced in MzLBD17/29a RNAI roots, that is in unin-
fected roots. Consistent with the reduction in nodule number
and infection events observed in MtLBD17/29a overexpressing
roots, OXLBD17/29a roots also exhibited reduced rhizobium
induced up-regulation of MtNSPI and MtNSP2. Accumulation
of MtENOD40 mRNAs was not significantly affected by knock-
down or overexpression of MtLBD17/29a (Fig. 7).

Discussion

Here we identified the class IB member of LBD transcription fac-
tors MtLBD17/29a as a target of the miR390/ TAS3/ARFs mod-
ule. Phenotypic characterization upon knockdown and
overexpression of MtLBD17/29a revealed that this member of
the LBD family promotes the elongation of both primary and lat-
eral roots but reduces the initiation of lateral roots. This coincides
with the phenotype previously observed in ARF2/3/4 RNAI roots
or arf4 mutants in M. truncatula (Kirolinko ez al., 2021), sup-
porting the notion that MtLBD17/29a and these ARF members
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Fig. 6 Knockdown and overexpression of MtLBD17/29a affect both nodule development and infection by rhizobia. (a) Time course of nodule formation in
GUS RNAI, LBD17/29a RNAi 1 and LBD17/29a RNAI 2 roots upon inoculation with Sinorhizobium meliloti. (b) Percentage of pink and white nodules per
root (left panel) and relative expression of MtLgHb1 (right panel) in GUS and LBD17/29a RNAI 1 roots. (c) Representative picture of nodules formed in GUS
and LBD17/29a RNAI 1 roots. Bars, 0.5 cm. (d) Live/dead bacteria staining of GUS and LBD17/29a RNAi 1 nodules. Nodules were stained with SYTO9
(green) and propidium iodine (magenta) fluorescent dyes, which reveal cells containing live bacteria and cells with membrane damage, respectively, and
visualized by confocal microscopy. Bars, 200 um. (e) Density of infection events in GUS RNAI, LBD77/29a RNAi 1 and LBD17/29a RNAi 2 at 7 dpi with a
S. meliloti strain expressing the red fluorescent protein (RFP) protein. (f). Progression of infection events in GUS RNAi, LBD17/29a RNAi 1 and LBD17/29a
RNAI 2 roots. (g) Time course of nodule formation in empty vector (EV) and OXLBD17/29a roots upon inoculation with S. meliloti. (h) Density of infection
events in OXLBD17/29a and EV roots 7 dpi with a S. meliloti strain expressing the RFP protein. In (a) and (g) error bars represent SE of three independent
biological replicates, each with at least 50 roots. In (e) and (h) boxes extend from the 25M to 75t percentiles, the middle line is the median and whiskers
extend to the minimum and maximum values of three biological replicates, each with > 25 transgenic roots. Four asterisks indicate statistically significant
differences between OXLBD17/29a and EV roots with P < 0.0001. (i) Progression of infection events in OXLBD17/29a and EV roots. In (f) and (i) infection
events were classified as microcolonies, infection threads (ITs) that end in the root hair, in the epidermal cell layer, or reach the cortex at 7 dpi. Each category
is presented as the percentage of total infection events. Data are representative of three independent biological replicates, each with > 25 transgenic roots.
Asterisks indicate statistically significant differences in an unpaired two-tailed Student's ¢-test (*, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 0.0001).
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are components of the same pathway that contributes to shape
the root architecture system. Notably, MtLBD17/29a knock-
down in M. truncatula results in the opposite phenotype to the
one exhibited by Arabidopsis /6417/292 double mutants or
tomato sbr/ mutant plants, which exhibited reduced lateral root
density (Omary er al, 2022). These observations suggest that
ortholog actors may participate in analog pathways across species,
albeit inducing distinct developmental outputs, ultimately boost-
ing diversity within the plant kingdom. Distinct outputs in root
architecture depending on the species have been previously
observed in plants mutated or silenced in auxin response genes
such as ARF2, ARF3, and ARF4 (Marin et al, 2010; He
et al, 2018; Kirolinko et al, 2021) and ARFI6 (Mallory
et al., 2005; Bustos-Sanmamed ez al, 2013). Species-specific
determination mechanisms resulting in variable phenotypes upon
mutation of genes involved in auxin signaling and/or response
seem to be more extended than anticipated since they have also
been observed during leaf development (Yan ez @/, 2010; Yifhar
et al., 2012; Zhou et al., 2013). Such species-specific mechanisms
might also result from differences in endogenous auxin levels
and/or auxin transport in each species; although we cannot

exclude the possibility that the different phenotypes observed in
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M. truncatula as compared to Arabidopsis and tomato are due to
the use of an RNAI strategy in this study in contrast to mutant
lines in Omary ez al. (2022).

In the context of root nodule symbiosis, we found that
MtLBD17/29a was required not only for nodule organogenesis
and development, but also for bacterial infection. MtLBD17/29a
RNAI roots exhibited a reduced number of nodules, which seems
to lack a persistent meristem, compared to control GUS RNAi
nodules. LBD members of the class IB have been shown to regu-
late the activation of cell cycle genes such as CYCLINBI,I and
CYCLIN Al,1-DEPENDENT KINASE during lateral root for-
mation in Arabidopsis (Lee ez al, 2015) or nodule organogenesis
in M. truncatula (Schiessl et al., 2019). Thus, the phenotype
observed in MtLBD17/29a2 RNAI roots could also be attributed
to the failure in the activation of the cell cycle genes required to
form nodule primordia and the establishment of the nodule mer-
istem. By contrast, nodules formed in roots where the miR390/-
TAS3/ ARF module has been inactivated by mutations in AGO?,
which showed enhanced MtLBD17/292 mRNA levels, exhibited
multiple meristems (Hobecker er al, 2017), reinforcing the
notion that M:LBDI17/29a might act
the miR390/TAS3/ARF  module controlling  meristem

downstream  of
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formation. The observation that most of the nodules formed in
MtLBD17/292 RNAI roots were white and the dramatic reduc-
tion in the expression levels of the leghemoglobin coding gene
MtLhGb1 suggest that nodules formed MtLBD17/292 RNAi
roots are nonfunctional in nitrogen fixation. Moreover,
MtLBD17/294 RNAI nodules exhibited a limited number of cells
containing living bacteria, which might be a consequence of the
altered bacterial colonization through infection threads. This
infection mechanism requires extensive cell wall remodeling to
allow the formation of infection pockets and the elongation of
ITs (Su er al., 2023). It has been reported that members of the
LBD class IB modulate the expression of genes encoding cell wall
remodeling enzymes. AtLBD18 was shown to modulate the
expression of EXPANSINI14, EXPANSINI17, and POLYGALAC-
TURONASE upon an increase in auxin concentration, facilitat-
ing the emergence of lateral roots through softening and
remodeling of the cell wall (Lee et 4/, 2013). In addition,
[bd29-1 mutant roots failed to induce POLYGALACTURONASE
expression following auxin treatment (Porco et 2/, 2016). In this
context, the decrease in the density of infection events observed
in MtLBD17/29a silenced roots might be related to defects in the
cell wall remodeling required to initiate bacterial infection events
through root hairs.

The reduced nodulation and infection phenotype observed in
MtLBD17/29a overexpressing roots may be due to its ectopic
expression, which could alter the expression of nodulation regula-
tory genes in tissues other than those normally expressing
MtLBD17/29a. Alternatively, MtLBD17/29a could form tran-
scriptional complexes with additional components. Both the
increase and the reduction of MtLBDI17/29a levels would alter
the stoichiometry of the components, resulting in nonfunctional
transcriptional complexes. This hypothesis is supported by pre-
vious findings demonstrating that LBD members could form
homodimers (Lee ez al., 2017) or interact with other transcrip-
tion factors, such as members of the ARF family, to cooperatively
promote transcriptional activation of their target genes (Pandey
et al., 2018).

Reverse transcription quantitative polymerase chain reaction
experiments showed that MtLBD17/29a expression is dependent
on MtARF2, MtARF3 and MtARF4a/b, whereas ChIP-PCR
experiments indicated that MtARF2 binds with high affinity to
the MrLBDI17/29a promoter region activating its expression.
However, it should be considered that other ARF members or
additional transcription factors might also modulate the expres-
sion of MtLBD17/29a. The nodulation and infection phenotype
of MtLBD17/29a RNAI roots is reminiscent of that observed in
miR390 overexpressing roots (Hobecker ez al, 2017), in roots
silenced in MtARF2, MtARF3, and MtARF4a/b or in the arfda
mutant (Kirolinko ez al, 2021). The expression pattern of
MtLBD17/29a promoter coincides with that previously described
for MtARF4a in the infection, transition, and nitrogen fixation
zones of nodules (Kirolinko er 4/, 2021) and partially overlaps
with the previously described MtARF2 mRNA expression pattern
previously observed in the nodule differentiation zones
(Hobecker et al., 2017). It should be noted that the promoter of
MIR390b is active in the nodule meristem and mRNA levels of
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MrTAS3 and MiAGO7 accumulated at higher levels in the
nodule meristem (Hobecker et 4/, 2017). Thus, it can be specu-
lated that the miR390/ TAS3-mediated production of tasiARFs
might posttranscriptionally repress ARF transcripts in the nodule
meristematic zone and consequently, restrict the expression of
MtLBDI17/29a to nonmeristematic zones of the nodule. Alto-
gether, these data suggest a hierarchical activation of ARFs and
LBD transcription factors that positively modulate the root
nodule symbiosis. Hierarchical activation of ARFs and LBD tran-
scription factors was previously observed in Arabidopsis, where
AtARF7 and AtARF19 promote transcriptional activation of
AtLBD16, AtLBDI8, A:LBD29, and A:LBD33 in response to
auxin during lateral root development (Okushima et 4/, 2007).
This suggests that ARF-mediated transcriptional activation of
LBDs might be a common regulatory mechanism that mediates
the formation of lateral root organs. Full activation of
MtLBD17/29a in response to Nod Factor or rhizobia also
requires the master regulator MzNIN, but not MtNF-YAI, which
was shown to be required for activation of MtARF2, MtARF3,
and MtARF4 (Kirolinko et al., 2021). Transcriptional activation
of MtNF-YAI also depends on NIN (Soyano ez al., 2013), and
our analysis of early nodulation markers indicated that full activa-
tion of M:NF-YAI in response to rhizobia also requires
MtLBD17/29a. This suggests an intricated regulatory mechanism
involving hierarchical transcriptional activation and positive feed-
back loops controlling the expression of these transcription fac-
tors. MtNIN was also required for the activation of LBDI6 in
response to rhizobia (Schiessl ez al., 2019; Soyano et al., 2021).
Both LBDI16 and LBD17/29a have been implicated in the con-
trol of lateral root development in different plant species (Okush-
ima ez al., 2007; Omary er al., 2022) and the organogenesis of
symbiotic nodule in legumes (Schiessl ez al, 2019; Soyano
et al., 2019, and this work). This suggests that both LBD mem-
bers might be part of a key regulatory mechanism operating in
lateral root development that was co-opted by legumes to coordi-
nate nodule organogenesis. Although both AM:LBDI6 and
MtLBD17/29a are NIN-dependent, their expression pattern does
not fully overlap upon S. meliloti infection based on spot inocu-
lation RNA-Seq data (Schiessl ez al., 2019). In addition, they
seem to modulate the expression of different early nodulation
genes, for example MtLBD17/29a, but not MtLBD16, mediates
activation of MtNF-YAI and MtNSPI whereas MtLBDI16
instead activates MzINFP and MtNF-YBI18 (Schiessl et al., 2019).
Furthermore, alteration of MrLBD17/29a levels impaired not
only nodule development but also bacterial infection.

Activation of MtNSPI and MtNSP2 in response to rhizobia
requires fine-tuned regulation of MtLBD17/29 levels since both
overexpression and silencing of MtLBD17/294 partially impaired
the induction of these early symbiotic genes. MrNSP2 also
requires the MtARF2, MtARF3, and MtARF4a members for its
activation in response to rhizobia (Kirolinko ez al., 2021). More-
over, MtNSP2 is a direct target of MtARF2. An inspection of the
MiNSP2 promoter revealed that, in addition to the two ARE
motifs, it contains three LBD binding sites, supporting the
notion that both MtLBD17/29a and MtARF2 may act coopera-
tively to activate the transcription of MtNSP2 at early stages of
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MLtARF2, MtARF3 and MtARF4. MtARF2 plays a role in targeting and activating the expression of MtLBD17/29a but also directly binds the MtARF4a
promoter providing a possible positive feedback loop. MtARFs and MtLBD17/29a control root architecture by promoting lateral root elongation and
limiting lateral root formation. In addition, MtARF2 directly targets the promoter of the early nodulation marker MtNSP2, intersecting the Nod signaling
pathway. MtLBD17/29a is also required for induction in response to rhizobia of MtNSP7 and MtNF-YAT, two genes required for both bacterial infection
and nodule organogenesis. In addition, activation of MtLBD17/29a in response to Nod Factor (NF) or rhizobia is NIN-dependent, revealing an additional
link between MtLBD17/29a and the Nod signaling pathway. Solid arrows represent direct interaction, whereas dashed arrows indicate direct or indirect
interaction between components. Blunt ended arrow indicates posttranscriptional repression of gene expression.

the root nodule symbiosis. Thus, activation of MtARF2 mediated
by inactivation of the miR390/7AS3 module, could promote
direct activation of both MtLBD17/292 and MtNSP2, and in
turn M:LBD17/29 might further promote directly or indirectly
activation of M#NSP2 in response to rhizobia. Based on previous
results and those presented here, we propose an integrated model
that links the pathway involving the miR390/ TAS3/ARFs module
along with MtLBD17/29a in the control of root architecture and
its intersection with the Nod Factor signaling pathway in M.
truncatula (Fig. 8). The transcription factor MtNE-YAT is
required for induction of MtARF2, MtARF3 and MtARF4a in
response to rhizobia (Kirolinko er al, 2021), whereas the
miR390/ TAS3 module is inactivated at early stages of the sym-
biosis releasing posttranscriptional repression of MtARF2,
MtARF3 and MtARF4a (Hobecker et al., 2017). Downstream of
this module, MtARF2 binds to the MzLBD17/29a promoter acti-
vating its expression. Interestingly, MtARF2 also binds to the
MtARF4a promoter, which might represent a positive feedback
loop to promote the elongation of primary and secondary roots.
In addition, MtARF2 binds to the M#NSP2 promoter, intersect-
ing the nodulation signaling pathway. MtLBD17/29a is also
directly or indirectly regulated by M#NIN and, in turn, modu-
lates the expression of MtNSP1, MtNSP2, and MtNF-YAI, pro-
moting the formation of nitrogen-fixing nodules.

Finally, the ectopic expression of MtLBD17/29a was sufficient
to inhibit lateral root initiation and promote lateral root elonga-
tion; however, it was not sufficient to promote nodule organo-
genesis and bacterial infection. Instead, ectopic expression of
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MtLBDI17/29a disrupts transcriptional activation of essential
symbiotic genes such as MtNSPI and MtNSP2 resulting in
reduced density of infection events and nodule number. These
results indicate that additional regulatory components should be
required to completely fill the function of MrLBD17/29a during
the formation of nitrogen-fixing nodules. The identification of
such additional regulatory components will shed light on the dis-
tinct playing roles of MtLBD17/29a that underly lateral root and
nodule development.
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