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Early Phosphorylated Protein 1 is
required to activate the early
rhizobial infection program

Introduction

Most legumes fulfill their nitrogen needs through endosymbiosis
with soil diazotrophic bacteria, collectively known as rhizobia.
Host legumes form specialized organs called nodules, inside
which rhizobia fix atmospheric nitrogen in exchange for photo-
assimilates (Lindstrom & Mousavi, 2020). This endosymbiosis
begins with the detection by compatible rhizobia of flavonoids
released by the legume host (Liu & Murray, 2016). In response,
rhizobia produce and excrete lipo-chitooligosaccharides (also
known as Nod Factors: NF) that are perceived on the plant side
by LysM receptor-like kinases (Dénarié er al, 1996; Amor
et al., 2003; Arrighi et al., 2006; Murakami ez al., 2018; Riibsam
et al, 2023). NF perception activates the common symbiosis
signaling pathway, starting with the receptor-like kinase Does
not Make Infections 2 (DMI2; Stracke et al, 2002), which
prepares the host plant for symbiotic interactions with
intracellular symbionts such as rhizobia (Radhakrishnan
et al., 2020; Roy et al., 2020; Wang et al, 2022). One of the
crucial signaling events in this pathway is the rapid and sustained
oscillation of the nuclear and perinuclear calcium concentration,
named calcium spiking (Ehrharde e af, 1996; Kanamori
et al., 2006; Peiter et al., 2007; Saito et al, 2007; Charpentier
et al., 2016). The production of mevalonate via 3-hydroxy-3-
methylglutaryl coenzyme a reductase 1 (HMGR1) is likely
required to activate the calcium spiking (Venkateshwaran
et al, 2015). Decoding of these calcium signatures by the
calcium- and calmodulin-dependent protein kinase CCaMK/
DMI3 triggers the activation of a cohort of transcription factors,
including Nodule INception (NIN), which control different
stages of the root nodule symbiosis, from root-hair curling
required for infection to organogenesis and the symbiont
regulation (Schauser e al, 1999; Marsh er al, 2007; Liu
et al., 2019; Feng et al., 2021).

Although considerable progress has been made over the past two
decades in understanding the functioning of the common
symbiosis signaling pathway, the mechanisms that lead to its
activation still need to be better understood (Roy ez al., 2020). For
instance, the molecular events allowing the signal transduction
from the plasma membrane to the nucleus and the induction
of calcium spiking remain unknown. Using phosphoproteomic
analyses, we have previously identified EPP1 (Early
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Phosphorylated Protein 1) in Medicago truncatula to be
phosphorylated at Serine 77 (S77) 1 h after treatment with purified
NF (Rose et al., 2012). Further transcriptional characterization
demonstrated that the expression of MtEPPI is dependent on NF
perception (Valdés-Lopez ez al, 2019). Downregulation of
M:EPPI by RNA interference (RNAi) showed that MtEPP1 is
required for NF-triggered calcium spiking (Valdés-Lopez
et al., 2019). Furthermore, the number of nodules decreased by
90% in the MtEPPI-RNAI transgenic roots compared with
control roots (Valdés-Lopez et al, 2019). This MtEPPI
knock-down phenotype led us to hypothesize that MtEPP1 may
contribute to the common symbiosis signaling pathway immedi-
ately after perceiving NF at the plasma membrane. Here, we further
investigated the role of MtEPP1 in the common symbiotic
signaling pathway.

Materials and Methods

Plant material and growth conditions

Medicago truncatula line Jemalong A17, dmi2-TR25, dmil-B129,
and dmi3-TRV25 mutants derived from Jemalong (Ané
et al., 2002) were used in this study. Six stable MtEPPI-RNAi
transgenic lines (Lla, L28a, L28b, L31, L38, and L43) were
generated in the genetic background R108. The M:EPPI-RNAI
lines were generated using the pK7FWG2-RR vector expressing the
dsRed reporter gene. The kanamycin-resistant plants were screened
for red fluorescence under the fluorescent stereo zoom microscope.
Only plants expressing dsRed were used for root nodulation or
expression profiling assays. Seed germination was performed as
previously described (Valdés-Lopez ez al., 2019). All plants were
grown in a growth chamber at 22°C with a 16 h: 8 h, light : dark
photoperiod.

Bacterial strains and culture conditions

The empty vector pPBA-DC-TDT was amplified in Escherichia coli
DB3.1 cells. By contrast, the MtEPPI overexpression constructs
(see below for details) were amplified in E. coli DH5a cells.
Escherichia coli cells were handled using standard protocols.

Agrobacterium rhizogenes MSU440 strain was used to induce
transgenic roots in M. truncatula plants (see below for details).
Agrobacterium  rhizogenes cells were grown on S5mgl”!
tryptone/3 mg 1" yeast extract, 6 mM CaCl, (TY) plates for 2 d
at 30°C in the presence of 50 ugml™' spectinomycin or
50 pg ml~" kanamycin to select for the presence of vectors.

Sinorhizobium meliloti was used to inoculate M. truncatula
plants for nodulation assays. Sinorhizobium meliloti cells were
grown on TY plates supplemented with 50 pug ml™" streptomycin
for 2 d at 30°C.

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation


http://crossmark.crossref.org/dialog/?doi=10.1111%2Fnph.19423&domain=pdf&date_stamp=2023-11-27

New
Phytologist

Plasmid construction

To generate the MtEPPI wild-type (WT) overexpression construct,
the full CDS (coding sequence) of MtEPPI was amplified from
M. truncatula root cDNA using primers 5'-caccatgggaacaaatag
ccaggagcat-3' and 5'-tcattcaactacctgagatgaagcage-3’. The PCR
product was then cloned into pENTR-D-TOPO vector (Thermo
Fisher Scientific, Waltham, MA, USA). The resulting pENTR-
MEPPI plasmid was recombined into the pBA-DC-TDT binary
vector yielding the pBA-MtEPPI vy TDT construct (hereafter
referred to as MtEPPI ;- Ox).

For overexpression of the phosphomimetic MtEPP1 version, the
sequence was mutated on serine S77 using primers 5'-gatattagatggg
atggtccaatca-3’ and 5'-tgattggaccatcccatctaatatc-3'. The PCR
product was then cloned into pPENTR-D-TOPO vector (Thermo
Fisher Scientific). The resulting pENTR-M:EPPI s p) plasmid
was recombined into the pBA-DC-TDT binary vector yielding
the pBA-M:tEPPI s pyTDT construct (hereafter referred to as
MtEPPl(S_D)—OX).

Agrobacterium rhizogenes-mediated transformation

Binary vectors with MtEPPI yy,-Ox or MtEPPI s prOx con-
structs were mobilized into A. rhizogenes MSU440 by electropora-
tion. The empty vector pBA-DC-TDT was used as a control.
Agrobacterium rhizogenes-mediated transformation was performed
according to Boisson-Dernier ez al. (2001). Composite plants
(plants with the transformed root system and untransformed shoot
system) were grown in nitrogen-free Fahrdeus medium plates under
the environmental conditions described previously. TDT fluores-
cence in the transgenic roots was observed with a fluorescence
stereomicroscope.

Gene expression analysis
To analyze the expression of MtNIN, MtNF-YB, and MtERNI,

composite plants with transgenic roots expressing either an
empty vector (control), MtEPPIny,-Ox or MtEPPI s pyOx
constructs were grown in Fahrieus medium plates for 3 wk
under sterile conditions. Stable MtEPPI-RNAI lines and R108
control were grown in growth pouches for a week under sterile
conditions. Six stable RNAi lines showing a significant
decrease in nodule numbers were analyzed for RT-qPCR-
based expression profiling. Transgenic roots showing TDT or
dsRed fluorescence were harvested, immediately frozen in
liquid nitrogen, and stored at —80°C. Total RNA was isolated
from transgenic roots from 10 different composite plants
using the ZR Plant RNA miniprep kit (Zymo Research, Irvine,
CA, USA) following the manufacturer’s instructions. cDNAs
were synthesized from 1 pig of genomic DNA-free total RNAs
and used to analyze gene expression by RT-qPCR, as we
previously described in Valdés-Lopez er al. (2019). RT-qPCR
primer sequences used in this study were previously reported
by Valdés-Lépez er al. (2019). Five biological replicates, each
one with five technical replicates, were included in this
experiment.
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Preparation of messenger RNA-Seq libraries and next-
generation sequencing

Total RNA was isolated from 0.5 g of M. truncatulaJemalong A17
transgenic roots expressing an empty vector (Control),
MEEPPI ryy-Ox or MtEPPI (s - Ox constructs and growing under
sterile conditions. Stranded messenger RNA-seq (mRNA-seq)
libraries were generated from 1 pg of genomic DNA-free total
RNA from each experimental condition and prepared using the
TruSeq RNA Sample Prep kit (Illumina, San Diego, CA, USA)
according to the manufacturer’s instructions. Three biological
replicates containing transgenic roots from 20 independent
composite plants were included for each experimental condition.
Nine libraries were sequenced on an Illumina NextSeq 500
platform with a 150-cycle sequencing kit and a configuration of
paired-end reads with a 75-bp read length. Library construction
and sequencing were performed by the Unidad Universitaria
de Secuenciacién Masiva y Bioinformética (Instituto de
Biotecnologia, UNAM, México).

Mapping and processing messenger RNA-Seq reads

Adapter and contamination removal were carried out using in-
house Perl scripts. Sequences were filtered based on quality (Q33,
FastQ Quality Filter v.0.0.13, http://hannonlab.cshl.edu/fastx_
toolkit/index.html). About 20 million reads per sample were
aligned to the M. mruncatula transcriptome (V5 from INRA
MtrunA17r5.0-ANR) using BowTiE2 (v.2.3.5) using the recom-
mended parameters to match RSEM analysis input requirements
(Langmead & Salzberg, 2012). Gene expression was calculated
using the RNA-seq by Expectation Maximization (RSEM) method
(v.1.3.3) and the default parameters (Li & Dewey, 2011).
Significantly differentially expressed genes (DEGs: adjusted -
value <0.01) were identified using DESEQ2, part of the Integrated
Differential Expression Analysis MultEXperiment (IDEAMEX)
platform (Jiménez-Jacinto ez al., 2019), with the RSEM expected
counts. Gene Ontology (GO) term enrichment analyses were
performed using AGRIGO (v.2.0) and default parameters (FDR
cutoff =0.05; Tian et al., 2017).

Root-hair deformation analysis

Medicago truncatula Jemalong A17 and dmi2 composite plants
expressing an empty vector, MtEPPI ny,-OX or MtEPPI s prOX
constructs and growing in Fahrieus plates were treated with 10 nM
purified NFs from S. meliloti. Upon 16 h of treatment, transgenic
roots showing TDT fluorescence were observed with a bright-field
microscope. Twenty biological replicates, each one with 10 plants,
were included in this experiment.

Nodulation assays

Medicago truncatula Jemalong A17 composite plants expressing an
empty vector or the MEPPIyw,-OX or MtEPPI ;s prOX
constructs and growing in pots filled with wet perlite were
inoculated with 1 ml of S. meliloti solution (ODgg0: 0.03). At 30 d
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postinoculation, the total number of nodules was counted in roots
showing red fluorescence exclusively. For this experiment, 10
biological replicates, each one containing 20 plants, were used.

Medicago truncatula MtEPPI-RNAI stable transgenic and WT
R108 plants were grown in growth pouches supplemented with
modified Fihraeus media. After 7d of growth, plants were
inoculated with S. meliloti (ODgpo: 0.05). At 14 d postinoculation,
the total number of nodules was counted. Three biological
replicates, each containing 10 plants, were used for this experiment,
and the nodule numbers were counted only from plants showing
bright red fluorescence. One-way ANOVA followed by a Tukey
honest significant difference (HSD) test was performed to test the
statistical significance of the data.

Results and Discussion

NF-triggered root-hair branching, calcium spiking, and nodule
development are significantly reduced in M. truncatula MtEPPI1-
RNAI roots (Valdés-Lépez et al., 2019). Indeed, nodulation assays
in stable MtEPPI-RNAI transgenic lines confirmed that the
downregulation of MtEPPI significantly reduces the formation of
nodules in M. truncatula (Supporting Information Fig. S1a). All six
EPP1 RNA:I lines showed a decrease in nodule number compared
with the WT parent R108. However, 128a and L31 showed a
significant decrease of ¢. 85% nodule numbers compared with the
control. Similarly, the expression of MtEPPI in these two lines was
significantly reduced compared with R108 and other RNAI lines
(Fig. S1b). Overexpression of gain-of-function versions of genes
acting in the common symbiosis pathway leads to increased
activation of symbiotic responses such as gene induction and root-
hair deformation (Gleason ez al., 2006; Tirichine ez al., 2006; Singh
et al., 2014). To further test that MtEPP1 could participate in the
common symbiosis signaling pathway, we evaluated the effect of
overexpressing the WT version of M¢EPPI in the Jemalong A17
WT background. We observed no significant differences in the
number of NF-triggered root-hair branching in MtEPPI ny,-Ox
transgenic roots compared with control roots (Fig. S2a). Because
MEPP1 is highly phosphorylated at S77 in response to NF
(Valdés-Lopez et al., 2019), we generated a phosphomimetic
version of MtEPP1 by substituting S77 with a negatively charged
Aspartic  Acid  residue (MtEPP1s ).
MEPPI s p) in transgenic roots resulted in a 50% increase in
NF-triggered roots hair branching compared with control or
MEPPI ry,-Ox transgenic roots (Fig. S2a). Next, we evaluated
whether the overexpression of M¢EPPI influences nodule forma-
tion. We observed that MtEPPI y,-Ox roots developed the same
number of nodules than control roots, whereas MtEPPI ;s p-Ox
roots developed 40% more nodules compared with control and
MEPPI y,-Ox roots (Fig. S2b).

Swollen root hairs are a characteristic phenotype in dmi2 mutant
plants in response to rhizobia or purified NF (Catoira ¢t al., 2000).

Overexpression  of

This phenotype indicates that early signal transduction after
bacteria perception and infection is compromised in d7:2 mutants
(Catoira ez al., 2000). The fact that MzEPPI s pyOx transgenic
roots developed a higher number of branched root hairs in response
to purified NF (Fig. S2a) prompted us to evaluate whether the
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overexpression of MtEPPI s p)in dmi2 mutants could reestablish a
WT-like root-hair branching phenotype in response to purified
NF. As anticipated, dmi2 transgenic roots transformed with an
empty vector or overexpressing MtEPPI qy;) developed a majority
of swollen root hairs (Fig. S2¢). By contrast, dmi2 transgenic roots
overexpressing MtEPPI s ) developed more branched root hairs
than swollen ones (Fig. S2c). These phenotypic data support a
model where MtEPP1 phosphorylation upon NF perception is
required to decode the NF signal and activate the early rhizobial
infection program.

Overexpression of MtEPPI s p) increases the number of NF-
triggered root-hair branching and number of nodules in WT M.
truncatula plants and pardally restores root-hair branching
phenotype in dmi2 mutant plants. Autoactivation of the common
symbiosis signaling pathway is known to induce the expression of
symbiotic marker genes (Gleason ez al., 2006; Tirichine ezal., 20065
Singh ez al., 2014). We therefore tested the ability of MtEPPI vy,
Ox or MtEPPI 5 pyOx to induce MtERNI, MtNF-YB, and
M:NIN, which are all required to activate the early rhizobial
infection and nodule development programs (Schauser ez al., 1999;
Boisson-Dernier et al., 2005; Wan et al., 2007; Cerri et al., 2012).
First, we assessed the expression of these symbiotic genes in
Jemalong Al7 transgenic roots expressing an empty vector
(control), MtEPPI ry,-Ox or MtEPPI 5 pyOx and in the absence
of rhizobia or purified NF. This expression analysis revealed that
the overexpression of MtEPPIy,; was twice higher than in
MEPPI s p) (Fig. 1a). Furthermore, in the absence of rhizobia or
purified NF, the overexpression of MtEPPI, regardless of the
version (Wt or S77D), significantly increased the expression of
MtERNI, MtNF-YB, and MtNIN (Fig. 1a). However, despite the
lower overexpression levels of MtEPPI s p), the expression of these
symbiotic genes was significantly higher. Indeed, Mz/NINwas twice
expressed in MtEPPI s p) than in MtEPPI ) roots (Fig. 1a).
These expression profiles mirror the significant reduction in the
expression of these symbiotic genes in response to purified NFs
when knocking down MtEPP1 (Valdés-Lopez ez al., 2019).

We performed a similar expression analysis in the dmil, dmi2,
and dmi3 backgrounds. We observed that regardless of the version
of MtEPPI used, its overexpression increased the expression of
MtERNI, MtNF-YB, and MtNIN in the absence of rhizobia or
purified NF in the dmi2background but not in the dmil and dmi3
mutants (Fig. 1b—d). Interestingly, we also observed that the lower
overexpression levels of MtEPPI s p)have a more substantial effect
on the expression of these symbiotic genes, particularly MzNIN,
than in MtEPPI sy, roots (Fig. 1b).

To get further insights into the symbiotic genes that MtEPP1
might regulate, we performed an RNA-seq analysis in Jemalong
Al7 transgenic roots expressing an empty vector, MtEPPI y,-Ox
or MtEPPI s pyOx, and in the absence of rhizobia and purified
NF. Principal component analysis showed a clustering of biological
replicates and overexpressing-depending variation, with the first
component explaining an average of 57% of data variation
(Fig. $3). Gene Ontology (GO) enrichment analysis revealed that
GO terms related to cell wall remodeling were the most
significantly enriched in the upregulated genes from MtEPPI py,-
Ox and MtEPPI ;s pyOx roots (Fig. $4).
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Fig.1 Overexpression of MtEPP1 is sufficient
to activate the expression of symbiotic genesin
Medicago truncatula. Expression levels of
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Furthermore, our RNA-seq analysis revealed that M:EPPI s py
Ox transgenic roots displayed numerous upregulated genes partici-
pating in early signaling (i.e. DELLA3, NSP2, and ISF1/2), rhizobial
infection (i.e. ERNI1, ERN2, EXO70H4, and RbohA), and nodule
organogenesis (i.e. SINI) compared with control transgenic roots
(Fig. 1e). A few genes participating in these stages of the root nodule
symbiosis were also upregulated in MtEPPI yy,-Ox roots (Fig. 1e).
Interestingly, we observed that the expression of genes conforming
the autoregulation of nodulation pathway (AON), which negatively
regulates the formation of nodules (Ferguson ez al, 2019), was
significantly downregulated in MtEPPI s p-Ox roots (Figs 1e, S5).
This expression pattern of AON-related genes is in line with the
increase in the number of nodules observed in MtEPPI s - Ox roots.

Comparing our RNA-seq profiles with a previous study of NF-
regulated genes (Damiani ¢z 4/, 2016) revealed an overlap of 9% and
25% between the differentially regulated genes by NF in Al7
Jemalong WT roots and MtEPPI ry,rOx or MtEPPI ;s Ox roots,
respectively (Fig. S6a). We also observed that genes with known roles
in NF signaling, rhizobial infection, nodule organogenesis, AON,
and nitrogen fixation were significantly induced by MtEPPI s p) in
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the absence of purified NF or rhizobia (Fig. S6b). Altogether, these
transcriptional analyses confirm that MtEPP1 is sufficient to activate
the common symbiotic signaling pathway, particularly in activating
the early rhizobial infection program.

Given the fact that the overexpression of MtEPPI is required to
activate the expression of symbiotic genes that are essential
to activate the rhizobial infection and some for nodule develop-
ment, we investigated whether the overexpression of M¢EPPI can
lead to the formation of spontaneous nodules. However, despite
many attempts, we observed no spontaneous nodules regardless of
the version of MtEPPI used (Table S1).

These data indicate that MtEPP1 activation downstream of DMI2
is required for symbiotic signaling. The partial complementation of
the dmi2 phenotype and the induction of gene expression in the WT
and dmi2 background but not in the dmil and dmi3 background
position MtEPP1 as one of the missing links between the plasma
membrane and the events occurring in the nucleus in the common
symbiosis signaling pathway (Fig. 2). Further investigation is needed
to understand the mechanism of action of MtEPP1 in the activation
of the common symbiotic signaling pathway.
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Fig.2 Proposed model for MtEPP1 in activating the common symbiotic signaling pathway. (a) Nod Factors are perceived by Nod Factor
Perception (NFP) and Lysin Motif Receptor-Like Kinase3 (LYK3) plasma membrane receptors. Subsequently, the co-receptor Does not Make
Infections2 (DMI2) is activated and interacts with 3-hydroxy-3-methylglutaryl coenzyme a reductase 1 (HMGR1) leading to the production of
mevalonate, which likely acts as a second messenger. Based on our data, we proposed that, upon phosphorylation by a yet-unknown protein
kinase, MtEPP1 acts downstream of DMI2. The active form of MtEPP1 might contribute to the production of secondary messengers required to
promote the interaction between DMI1 and the cyclic nucleotide-gated channel 15 (CNGC15s). This protein—protein interaction is needed to
activate the calcium (Ca®") spiking decoded by the Does not Make Infections3 (DMI3)-Interacting Protein of DMI3IPD3 complex. (b) Without the
active form of MtEPP1, the production of second messengers might be compromised, and the subsequent activation of Does not Make Infections
(1) (DMI1) and the calcium spiking is inhibited. The absence of this calcium signature inhibits the expression of crucial genes required to establish
symbiosis with rhizobia. Dashed arrows depict a potential positive role, whereas blunt-ended dashed lines represents inhibitory effect. Images
were created with BioRender (https://biorender.com).
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Data availability
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Fig. S1 Downregulation of MtEPP] significantly reduces nodule
formation in stable transgenic Medicago truncatula plants.

Fig. S2 Overexpression of MtEPPI s p) increases the number of
Nod Factor-triggered deformed root hair and partially reestablishes
this phenotype in the dmi2 mutant background.

Fig. $3 Principal component analysis of the RNA-seq dataset.

Fig. S4 Gene ontology terms significantly enriched in the
differentially expressed genes in Medicago truncatula transgenic
roots expressing the MtEPPI qy,rOX or MtEPPI s prOX con-

structs.

Fig. S5 Overexpression of MtEPP1 downregulates the expression
of autoregulation of nodulation-related genes.

Fig. S6 Overexpression of MtEPPI constitutively activates
symbiotic genes required for signaling, rhizobial infection, and
nodule development.

Table S1 Overexpression of MtEPPI does not confer spontaneous
nodulation in Medicago truncatula.

Please note: Wiley is not responsible for the content or functionality
of any Supporting Information supplied by the authors. Any
queries (other than missing material) should be directed to the New
Phytologist Central Office.
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