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Methylated chalcones are required for rhizobial nod gene
induction in the Medicago truncatula rhizosphere
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Summary

¢ Legume nodulation requires the detection of flavonoids in the rhizosphere by rhizobia to
activate their production of Nod factor countersignals. Here we investigated the flavonoids
involved in nodulation of Medicago truncatula.

e We biochemically characterized five flavonoid-O-methyltransferases (OMTs) and a lux-
based nod gene reporter was used to investigate the response of Sinorhizobium medicae
NodD1 to various flavonoids.

e We found that chalcone-OMT 1 (ChOMT1) and ChOMT3, but not OMT2, 4, and 5, were
able to produce 4,4'-dihydroxy-2'-methoxychalcone (DHMC). The bioreporter responded
most strongly to DHMC, while isoflavones important for nodulation of soybean (Glycine
max) showed no activity. Mutant analysis revealed that loss of ChOMT1 strongly reduced
DHMC levels. Furthermore, chomt? and omt2 showed strongly reduced bioreporter lumines-
cence in their rhizospheres. In addition, loss of both ChOMT1 and ChOMT3 reduced nodula-
tion, and this phenotype was strengthened by the further loss of OMT2.

¢ We conclude that: the loss of ChOMT1 greatly reduces root DHMC levels; ChOMT1 or
OMT2 are important for nod gene activation in the rhizosphere; and ChOMT1/3 and OMT2
promote nodulation. Our findings suggest a degree of exclusivity in the flavonoids used for
nodulation in M. truncatula compared to soybean, supporting a role for flavonoids in rhizobial

host range.

Introduction

Most legumes engage in symbiotic interactions with soil bacteria
called rhizobia which involves the attachment of rhizobia to root
hair cells which then form a curl and entrap the rhizobia. Special
transcellular structures called infection threads then form in the
curled root hair and in underlying cells, providing passage for the
rhizobia into a specialized root outgrowth called a nodule
(Quilbé ez al., 2022; Wang et al., 2022). The rhizobia are then
endocytotically released from infection threads into nodule cells
where they differentiate and fix atmospheric nitrogen into
ammonia.

This symbiosis, referred to as nodulation, is highly specific,
with certain species of rhizobia being able to colonize only a lim-
ited number of legume species. A major determinant of this spe-
cificity is Nod factors (NFs), the signaling molecules that are
produced and released by the rhizobia and are perceived by the
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host plant. The binding of NFs to their cognate receptors triggers
events leading to successful endosymbiotic infection and nodule
formation (Broghammer ez 4/, 2012; Wang et al., 2022). In this
case, specificity is achieved through the production of NFs with
specific modifications that activate the NF receptors of their com-
patible hosts (Downie, 1994; Radutoiu ez al, 2007; Luu
et al., 2022). This lock-and-key mechanism restricts the symbio-
tic interactions of each legume species to specific co-evolved rhi-
zobia, thereby conferring a selective advantage to both partners
(Walker ez al., 2020).

Nod factor production in rhizobia is triggered by flavonoids, a
large class of phenolic compounds produced by plants. During
nodulation, flavonoids are released from legume roots and acti-
vate the expression of rhizobial 70d genes which encode the NF
biosynthesis enzymes, as well as other genes important for nodu-
lation, such as those encoding the type III secretion system in
Bradyrhizobium elkanii (Bolzan de Campos er al., 2011). The
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response of rhizobia to flavonoids is mediated by the transcrip-
tion factor NodD, which binds to the nod-box upstream of the
nod gene operon to activate gene expression in a flavonoid-
dependent manner (Spaink ez al., 1987; Yeh et al., 2002). It has
been demonstrated that the production of flavonoids by Medicago
truncatula is essential for its nodulation by Sinorhizobium meliloti
(Wasson et al., 2006). Besides being essential for nodulation, rhi-
zobial studies indicate that flavonoids may also play an important
role in host specificity. This is suggested by the observation that
in many cases different flavonoids induce the nod genes of rhizo-
bia that nodulate different hosts (Liu & Murray, 2016; Wang
et al., 2018; Walker ez al., 2020). For instance, nod gene reporter
activity in Bradyrhizobium japonicum USDA110, which nodu-
lates soybean (Glycine max), is strongly activated by the isofla-
vones genistein and daidzein, but not in response to the chalcone
4,4'-dihydroxy-2'-methoxychalcone (DHMC; Banfalvi et al,
1988). Conversely, S. meliloti NodD1 mediates nod gene activa-
tion in the presence of DHMC, but not with genistein or daid-
zein (Peck et al., 2006; Kamboj et al., 2010). This specificity is
typically reflected by the ability of root exudates to induce nod
gene expression. For example, the NodD from Mesorhizobium
ciceri, which nodulates chickpea (Cicer arietinum), mediates
expression from a nod gene reporter in the presence of chickpea
root exudates, but not those of alfalfa, clover (Trifolium pratense),
or pea (Pisum sativum; Kamboj et al, 2010). It was also shown
that other compounds, such as trigonelline and stachydrine, can
act as nod gene inducers in S. meliloti (Phillips er al., 1992).
Importantly, several reports have shown that transfer of nodD
genes can alter rhizobial host range. Substitution of the nodD of
R. trifolii strain ANU851 with that of either R. leguminosarum or
S. meliloti narrowed its host range, allowing nodulation of 77ifo-
lium repens (white clover) but not 7. pratense (red clover) (Spaink
et al., 1987). A Sinorhizobium meliloti strain carrying the nodD1
of the Rhizobium strain MPIK3030 enabled it to nodulate the
nonhost Macroptilium atropurpureum (Horvath et al., 1987).
The addition of the nodDI from R. leguminosarum trifolii
ANUB843 to Rhizobium NGR234 extends its host range to the
nonlegume Parasponia andersoni (Bender er al., 1988). Transfer
of R. ropici CIAT 899 nodD1I to R. etli and R. leguminosarum sv.
trifolii, extended their host range to Leucaena esculents and Pha-
seolus vulgaris, respectively (Sousa ez al., 1993). Regardless, while
data from rhizobial studies indicate that flavonoids play a role in
specificity, genetic evidence is needed to determine the extent of
this role and to identify which flavonoids, or other compounds,
are needed for the nodulation of specific legumes.

Genetic studies in three different legume species have provided
some progress in identifying host flavonoids involved in nodula-
tion. In soybeans, RNAi was used to reduce the expression of Iso-
Sflavone Synthase, suggesting that the isoflavones daidzein and
genistein are important for nodulation in this species (Subrama-
nian et al., 2006). In L. japonicus, reduced nodulation was seen
with RNAi-suppression of Chalcone Isomerase 4 (CHI4) tran-
scripts, suggesting that flavanones play a role in this interaction
(Kelly ez al., 2018). Finally, RNAi-based knockdown of two fla-
vone synthases, which produce 7,4'-dihydroxyflavone (DHEF),
reduced nodulation in M. truncatula (Zhang et al., 2007, 2009).
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It was previously shown that the flavone DHF can induce nod
genes of both soybean and Medicago symbionts (Kosslak
et al., 1987; Maxwell et al., 1989), so it is possible that multiple
legumes use DHF for nodulation. On the other hand, genistein
or daidzein can induce the expression of nod gene reporters in
Bradyrhizobium japonicum but not in S. meliloti, suggesting that
it’s unlikely that isoflavonoids are important for the nodulation
of alfalfa or M. truncatula (Peck et al., 2006; Kamboj e al.,
2010). Clearly, more genetic data is needed to ascertain whether
different legumes use different flavonoids, which ones are impor-
tant for nodulation, and to what extent they determine the rhizo-
bial host range.

In Medicago sativa, another root flavonoid, DHMC, was
shown to have stronger nod gene-inducing activity than DHF
(Maxwell ez al., 1989). Investigations by Maxwell ez al. (1992,
1993) in M. sativa revealed that DHMC is produced by
chalcone- O-methyltransferase (MsChOMT) through methylation
of isoliquiritigenin. Subsequent determination of the MsChOMT
crystal structure and functional analysis of the protein was used to
identify specific residues involved in substrate binding (Zubieta
et al., 2001; Noel et al, 2003). Later studies showed that several
MsChOMT homologs in M. truncatula were symbiotically
induced, some of which were shown to be specifically expressed in
infected root hairs during rhizobial infection and in young
nodules (Breakspear er al., 2014; Chen et al, 2015). Although
genetic evidence to support DHMC’s role in nodulation is miss-
ing, its strong nod gene-inducing activity and its association with
thizobial infection indicate its potential importance.

In this study, we show that two MsChOMT homologs from
M. truncatula catalyze the production of DHMC and these,
along with another homolog of unknown function, are required
for nodulation of M. truncatula. We use a lux-based rhizobia
reporter strain to show that loss of the major isoform of CROMT
reduces DHMC to nearly undetectable levels and greatly reduces
nod gene activation in the M. mruncatula rhizosphere. Using the
same reporter strain we confirm that genistein and daidzein,
which are known to activate nod genes in B. japonicum, do not
activate expression of S. meliloti nod genes. Our findings indicate
that soybean and M. truncatula use different flavonoids for nodu-
lation, suggesting a role for these compounds in host specificity.

Materials and Methods

Plant material

Medicago truncatula Gaertn. ecotype R108 was used as WT
depending on the experiments. The following 77zl insertion
mutants were obtained from the mutant resource at Oklahoma
State University, USA: chomzi-1 (from line NF10582), chomzl-2
(NF12032) and chomti-3 (NF16030); omz2-1 (NF5164) and
omt2-2 (NF4653).

GUS analysis

The creation of the promoter: B-glucoronidase (GUS) constructs
for OMT2 (originally named ChOMT2in Chen ez al., 2015) and
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Fig. 1 The phylogenetic relationship between
chalcone-O-methyltransferase (MsChOMT) and
its closest Medicago truncatula homologs and
their expression patterns during nodulation. (a)

—
(1)
~

The methylation of isoliquiritigenin catalyzed by 0 omr2
MsChOMT. (b) A portion of the phylogenetic 12 @ ChOMT3
tree of M. truncatula OMTSs (Supporting 10

Information Fig. S3) shows the clade containing
the proteins of interest. MsChOMT from M.
sativa (alfalfa) and GeOMT from Glycyrrhiza
echinata (licorice) were included for comparison.
Branches with bootstrap support >0.80 are
marked with a black dot. (c) Expression of M.
truncatula OMTs at Sinorhizobium meliloti spot
inoculation sites. Data from Schiessl et al. (2019).
(d) OMT expression levels in M. truncatula in
root hair cells 4 and 24 h after treatment with
Nod factors (NFs). Data from Jardinaud

Expression (log, fold changes)
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etal. (2016). (e) pChOMT1, pOMT4 and @ 104
pOMT5 GUS-reporter analysis of transgenic Z 8-
roots 7-21 days post inoculation (dpi) with S. S 36
meliloti 2011. Arrows indicate rhizobia-induced ? 3

. . . QO = 4 T
root hair curls. Top row: root hairs and nodule 55
primordia 7 dpi; bottom two rows: mature ) § 2 1
nodules 21 dpi. The bottom row shows c. 50 um o 0
nodule sections. Bars: (top panel) 50 um; (middle S 2

and bottom panels) 200 um.

OMT3/ ChOM1T3 was previously described (Chen er al., 2015).
The promoter region of OMT4 (from 0 to —2053 bp) was
synthesized by Genescript. The promoters of CHOMTI
(Medtr1g096310; from —108 to —2027bp) and OMT5
(Medtr7g011990; from 0 to —2393 bp) were amplified by PCR
and cloned into pENTR. Then, LR reactions were performed to
insert the promoter regions upstream of GUS in the pPKGWES7
vector using the GATEWAY cloning system (Life Technologies).
The primers used for amplification are listed in Supporting Infor-
mation Table S1. M. truncatula R108 seedlings were transformed
with the various constructs using Agrobacterium rhizogenes-
mediated hairy root transformation (Chabaud ez 4/, 2006). After
growth on Fahrdeus medium plates (Barker ez /., 2006), compo-
site plants with transgenic roots were transferred to a
nitrogen-free soil mixture and inoculated with S. melilot: 2011,
and watered as needed. Nodulated roots were then stained for
GUS activity at 7, 14 or 21 d post-inoculation (dpi). For GUS
analysis, excised roots were stained with 0.5 mg ml™" 5-bromo-4-
chloro-3-indolyl B-D-glucuronide, cyclohexylammonium salt,
X-Gluc) (X-GlcA; Yeasen Biotechnology Co., Ltd., China) as
previously described (Stomp, 1992), and incubated at 37°C for
1-3 h. Stained nodules were vibratome sectioned, rinsed with
water, and fixed in 70% ethanol before imaging.

© 2024 The Authors
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Overexpression of ChOMT7 and OMT3/ChOMT3

Constructs for overexpression of CAOMT1 and OMT3/ChOMT3
were constructed using Golden Gate cloning. The CDS of
ChOMTI and OMT3/ChOMT3 were individually inserted into
the pLOV-SC-41308 entry vector. Vector pL1V-F2-47742 was
used as a backbone to generate a Level 1 (L1) constructs from the
LO constructs containing the Lozus japonicus (Regel) K. Larsen
Ubiquitin (LjUBI) promoter (pLOM-PU-LjUBI1-15251) and
OMT CDS (pLOV-SC-41308), and pLOM-T-H4-15323. Vector
pL1V-R1-47802 was used as a backbone to generate a construct
for expressing dsRed from the 35S promoter, containing pLOM-
PU-p35S-15 058, pLOM-SC-dsRed-15 073 and pLOM-T-Ocs-1-
41432. Finally, L2 constructs for overexpression of ChOMT]
and CHhOMT3 (pLjUBI-ChOMT1-H4-p35S-dsRed-Ocs-ELE2
and pLjUBI-ChOMT3-H4-p35S-dsRed-Ocs-ELE2) were intro-

duced into A. rhizogenes using hairy root transformation.

Quantitative real-time polymerase chain reaction

The RNA extraction was carried out using the Total RNA
Extraction Kit (Tiangen, Beijing, China). Quantitative real-time
polymerase chain reaction was carried on an Applied
New Phytologist (2024) 242: 2195-2206
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Biosystems™ 7500 Real-Time PCR System, using 2Xx Realstar
green fast mixture with ROX (GenStar). In each case, three bio-
logical replicates each with three technical replicates were used.
M. truncatula Ubiquitin was used as a housekeeping gene. The
expression was then calculated relative to the control using the
AAC, method. Primer specificity was checked on a 2% agarose
gel containing ethidium bromide. The primers used are listed in

Table S1.

Protein expression and in vitro enzyme assays

The CDS of ChOMTI1, OMT2, OMT3/ChOMT3, OMTH4, and
OMT5 were inserted between the Kpn I and Hind 111 restriction
sites of the pOPINF vector (His-tag) using the In-Fusion® HD
Cloning Kit as directed by the manufacturer (Takara Bio USA,
San Jose, CA, USA), and then transferred into Escherichia coli
DH5a. All primers used in vector construction are listed in
Table S1. Transformants were plated on LB containing carbeni-
cillin and single colonies were picked and sequence verified. Plas-
mids containing the correct inserts were transferred to E. coli
BL21 (DE3) for protein expression. Protein expression was
induced by 0.5 mM isopropyl f-D-thiogalactoside and incuba-
tion was carried out for 16 h at 18°C, starting from an ODy of
0.8. The cells were harvested and the proteins were purified using
QIAGEN Ni-NTA Agarose. Ten pig of each protein was loaded
on an 8% SDS-PAGE gel and run at 150 V for 1.5 h followed by
fast Coomassie Blue staining.

The enzymatic reaction systems (100 pl) contained 200 ng pl !
recombinant protein, 500 pM S-adenosyl-L-methionine (SAM),
100 pM isoliquiritigenin, 10 mM phosphate buffer (pH 7.5), and
dH,O. The reactions were incubated at 25°C for 2 h and stopped
by the addition of 100 pl of 100% methanol. Kinetic assays were
performed in 100 pl final volume reactions containing 100 nM
protein, 250 uM SAM, and 10 mM phosphate buffer (pH 7.5)
and were incubated at 25°C for 20 min with concentrations of
isoliquiritigenin varying from 3.125 to 200 uM. The reaction
mixture for kinetic assays was extracted twice using methanol
(1:1 volume) with centrifugation at 13 500 g for 10 min, and the
supernatant was passed through a 0.22 um filter and then ana-
lyzed using an AB SCIEX 6500+ LC-MS/MS system. The reac-
tion products were quantified using a DHMC standard curve.
Vinao K> and K, values were calculated using the Michaelis—
Menten equation in GRAPHPAD PRrisM 8 software.

High-performance liquid chromatography (HPLC) analysis

The above enzyme reaction products were analyzed using an Ulti-
mate Ultra 3000 chromatography system (Thermo Fisher Scien-
tific, Waltham, MA, USA). A 250 mm x 4.6 mm, 5 pum particle
size C18 column (Thermo Fisher Scientific) was used for chro-
matographic separation at RT with a flow rate of 0.3 ml min™".
Gradient elution was performed as follows: water containing
0.1% formic acid (A) and acetonitrile (B), 0 min, 25% B; 0—
8 min, 25-75% B; 9-12 min, 75-95% B; 12—13 min, 95% B,
13—-16 min, 95-25% B. The injection volume was 10 pul and the
UV detection wavelength was 346 nm.
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Creation of the flavonoid bioreporter and /ux assays

The flavonoid bioreporter plasmid pLMB830 was created by
cloning a 1384bp PCR product amplified from the region
upstream of pSMED_RS30380 (#04A) containing all of its regu-
lator and SMED_RS30375 (nodD1) of Sinorhizobium medicae
WSM419 into Xhol-digested pIJ11268. The predicted S.
medicae and S. meliloti NodD1 sequences differ by only six
amino acids and their predicted flavonoid binding regions (as
described in Ferguson er al, 2020) are 100% identical. The
pLMB830 plasmid was then transferred into S. melilori 2011 by
triparental mating (Pini ez al, 2017). The S. melilori
2011/pLMB830 bacteria were cultured in 100 ml freshly pre-
pared UMS liquid medium (Pini ez 2/, 2017) with 10 mg 17! tet-
racycline and grown at 28°C for 24-36h. A version of the
reporter lacking nodD1 was unable to respond to flavonoids,
indicating that assays using pLMB830 reflect the activity of the
plasmid-borne copy of S. medicae NodD1 (Fig. S1).

For flavonoid assays in liquid culture, 1, 10 and 100 nM of
different flavonoids were added to an ODgpp=0.2 culture of S.
meliloti 2011/pLMB830 and after 8 h at 28°C (ODyqy of ¢ 1.0).
The flavonoids used are shown in Fig. S2. Then 200 pl of the
bacteria was transferred to transparent 96 well plates and lumi-
nescence was measured using a Varioskan Flash Spectral Scan-
ning Multimode Reader (Thermo Fisher Scientific).

For analysis of bioreporter luminescence on roots, M. trunca-
tula seeds were scarified, sterilized, and imbibed and then trans-
ferred onto agarose plates placed nearly vertically in growth
chambers (23°C with a 16 h : 8 h, day : night cycle) for 3 d. The
S. meliloti 2011/pLMB830 culture was prepared essentially as
described above, 2—5 ml of bacteria were grown to an ODggq of
0.6-0.8 in UMS medium. The rhizobia were pelleted and the
pellet was washed using dH,O and then resuspended in dH,O to
a final ODgqg of c. 0.05. Then 10 pl of the rhizobia was inocu-
lated directly onto each plant near the root tip. Plates were then
placed in a near-vertical position in a growth chamber. A Night-
Shade LB 985 In vivo imaging system (Berthold Technologies,
Bad Wildbad, Germany) was used to take pictures of the plates at
2 and 7 dpi. CCD bright field images were exposed for 0.1 s and
for luminescence signal acquisition 120-s exposures were used.
Images were analyzed with the IndiGO imaging software. Total
root luminescence was determined for each seedling. At least fif-
teen seedlings per line were analyzed for each treatment.

Extraction and analysis of flavonoids

Seedlings were grown in a growth chamber in nitrogen-free soil
for 4d and then half the plants were inoculated with S. meliloti
2011 and watered as needed. Three days later both groups of
seedlings were put into aluminum foil-covered tubes (seven seed-
lings per tube) containing 5 ml of Fahrideus medium. After 8 h
the plants were removed and the root exudates were lyophilized.
Then, the dried samples were extracted using 100 pl of 80%
methanol followed by sonication for 10 min. Then the mixtures
were centrifuged twice at 13 500 g for 15 min to remove any pre-
cipitates and the final supernatants were transferred into glass
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vials before LC-MS/MS analysis. For root extracts, excised roots
were ground to a fine powder using liquid nitrogen and then
extracted with 80% methanol solution (v/w, 5:1) at RT for 3 h.
Then the mixtures were centrifuged twice at 13 500 g for 15 min
to remove precipitates and the supernatants were transferred into
glass vials before LC-MS/MS analysis. Five to six replicates were
used for each sample.

Quantification of plant flavonoids

Following extraction, flavonoids were analyzed by liquid
chromatography-tandem mass spectrometry using an AB SCIEX
6500+ LC-MS/MS system using negative mode ionization. An
Agilent InfinityLab Poroshell 120 SB-Aq column (3 x 100 mm,
2.7 um particle size) with a flow rate of 400 plmin~' and an
injection volume of 3 pl was used to separate analytes. The col-
umn oven was set at 30°C and the autosampler at 4°C. Two
mobile phases (A: 0.01% formic acid and 2 mM ammonium for-
mate in water and B: 100% methanol) were used in the LC
method. A linear gradient program was used as follows: 0—1 min,
20% B; 1-15.5 min, 20-60% B; 15.5-16 min, 60-95% B, 16—
18 min, 95% B, 18-18.1 min, 95-20% B, 18.1-20 min, 20% B.
The injection volume was 3 pl. The instrument parameters were
as follows: curtain gas, 35 psi; collision gas, medium; tempera-
ture, 500°C; ion source gas 1, 50 psi; ion source gas 2, 50 psi;
and ion spray voltage, —4500 V.

CRISPR/Cas9 knockouts in hairy roots

The pKGSD401-p35S: Cas9 vector containing dsRed as a trans-
genic marker was used for the CRISPR-knockout experiments
(Jiang er al, 2021). The guide RNAs were designed using
CRISPR-P 2.0 (Liu et al., 2017). Two gRNAs for two target sites
with pG-T1T2 (gRNA scaffold) overhangs were designed as for-
ward and reverse primers, and pG-T1T2 was used as a template
for amplifying gRNA scaffold as described in Xing et al. (2014).
The final pKGSD401 constructs were introduced into M. trunca-
tula  seedlings using hairy root transformation (Chabaud
et al., 20006). Plant genomic DNA was extracted for genotyping.
PCR fragments containing the target sites were amplified from
the gDNA of transformed hairy roots and were sequenced. The
sequencing results were analyzed using CRISP-ID to characterize
CRISPR-mediated indels and substitutions (Dehairs et al.,
2016).

Nodulation assays

For nodulating the mutants, S. meliloti 2011/ hemA:lacZ was
grown overnight in TY medium to an ODggg of 0.8-1.0 and
then was pelleted and then resuspended in dH,O to an ODggg of
0.02 and 1 ml of the rhizobia per plant was used to inoculate 7-
d-old M. truncatula seedlings. Nodules were then scored at 21
dpi. For hairy root composite plants, roots lacking dsRed fluores-
cence were removed and the seedlings with dsRed positive roots
were moved to a vermiculite: perlite mixture (1:1) without
nitrogen. Plants were inoculated with S. meliloti 2011/ hemA:lacZ
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after 3d in soil, and then dsRed positive roots were scored for
nodules at 21 dpi.

In silico gene expression analysis and phylogenetic tree
construction

In silico gene expression analysis was carried out using the Noble
MtGEA V3 by LIPME (Benedito ¢t al., 2008) and MtExpress
V2 (Carrere et al., 2021). Pfam search was used to identify the
OMT dimerization and O-methyltransferase domains. Phyloge-
netic analysis was performed using the Phylogeny.fr 1-click phy-
logeny pipeline with the default parameters and displayed using
ITOL (Dereeper er al., 2008; Letunic & Bork, 2021). All gene
IDs and synonyms for genes in this study are provided in

Table S2.

Bacterial strains used in this study

Sinorhizobium meliloti 2011 carrying the pXLGD4 (hemA:lacZ)
plasmid was used for nodulation phenotyping experiments.
S. meliloti carrying pLMB830 (nodD1-nodA:luxCDABE) was
used for all luminescence experiments.

Results

Identification of symbiotic OMTs in M. truncatula

Medicago truncatula homologs of MsChOMT, which catalyses
the methylation of isoliquiritigenin (Fig. 1a), were identified
using BLAST. This revealed 48 full-length homologs that con-
tained both dimerization and O-methyltransferase domains,
including one (Medtr1g096310) sharing 98.6% amino acid iden-
tity, which was designated as ChOMT1. These sequences, along
with GeOMT from Glycyrrhiza echinata (licorice), which can
methylate licodione at the 2'-hydroxy position (Ichimura
et al., 1997), and MsChOMT were used to construct a phyloge-
netic tree. This analysis showed that MsChOMT, MtChOMT1,
and GeOMT fall within a clade of five M. rruncarula homologs
(Fig. 1b, full tree shown in Fig. S3). Six of these homologs are
clustered within a ¢. 110 kb interval on chromosome 7 (Fig. S4a).
Further analysis using the closest homologs from nonlegume spe-
cies showed that these OMTs belong to a larger legume-specific
clade that is absent from apple (Malus domestica) and oak (Quer-
cus rubra; Fig. S4b), suggesting that they are legume-specific.
Notably, the six-gene cluster in M. truncatula appears to have
arisen recently, as Glycine soja and L. japonicus have only one
copy, and Lens culinaris, which is a member of the IRLC clade
like M. truncatula, has only two copies at this locus.

To identify OMTs with potential roles in nodulation we inves-
tigated their expression under symbiotic conditions using data
available in MtExpress (Carrere et al., 2021). This revealed that
the close homologs ChOMT1, OMT3 (Medtr7g011900), and
OMT4 (Medtr7g012070), and the slightly more distantly related
OMT2 (Medtr3g021440), are induced at rhizobial spot inocula-
tion sites (Fig. 1c). ChOMTI and OMT2 showed high induction
throughout the 5 d infection period while OM73 induction was
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Table 1 Kinetic parameters of recombinant ChOMT1 and ChOMT3 using
isoliquiritigenin as substrate.

Enzyme Kim (uM) Viax (nmolmg ™ "min™") K (s77)
ChOMT1 71.5+18.66 181.0+20.44 0.124+0.014
ChOMT3 80.9 +18.45 222.54+22.85 0.15+0.016

limited to the earliest stages (8-36 hpi) of infection (data from
Schiessl ez al., 2019). All four of these genes were also induced in
epidermal cells by NFs (Fig. 1d) (Jardinaud ez 4/, 2016). OMT4
showed only weak induction under both treatments. Besides
these, OMT5 (Medtr7g011990), which is highly expressed in root
hairs but is not induced by rhizobia or NFs, was also investigated.

The spatial expression patterns of OM72 and OM73 during
nodulation were previously investigated by Chen er al. (2015)
and were found to be expressed in rhizobia-infected root hairs,
throughout the nodule primordia (NP), and in the apex of
mature nodules. We then investigated the spatiotemporal expres-
sion patterns of the remaining three homologs in nodulated M.
truncatula roots using promoter-GUS analysis (pChOMT1-,
pOMT4-, pPOMT5-GUS) using A. rhizogenes hairy root transfor-
mation. This revealed that CAOMT1 was specifically expressed in
infected root hairs, while OM7T4 and OMT5 were expressed
in both infected and uninfected root hairs. ChOMTI, OMT4
and OMT5 were also expressed in young developing nodules and
in the nodule apex of mature nodules, but not in the interzone or
nitrogen fixation zone (Fig. le). These data suggest that these
OMT5 could be involved in rhizobial infection.

ChOMT1 and OMT3 are isoliquiritigenin OMTs
ChOMTT1 and OMT2-5 belong to the same phylogenetic clade
as MsChOMT and GeOMT, which were reported to,
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Fig. 2 Isoliquiritigenin methyltransferase activity
assays for Medicago truncatula OMTs. (a) High-
performance liquid chromatography traces of
OMT assay products with isoliquiritigenin
supplied as the substrate. Isoliquiritigenin and
4,4’'-dihydroxy-2'-methoxychalcone standards

E are indicated. (b) Michaelis-Menten curve for
ChOMT1 (circles) and ChOMT3 (triangles). (c)
Protein haplotype of key OMT residues (Zubieta
etal., 2001; Noel et al., 2003). Numbering based
on chalcone-O-methyltransferase (MsChOMT).
Nonconserved amino acids relative to MsChOMT
are shown in red.
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respectively, methylate isoliquiritigenin and licodione at the 2’
hydroxy position (Ayabe ez al., 1980; Maxwell ¢t al, 1992). To
investigate the biochemical function of ChOMT]1, it was het-
erologously expressed in E. coli as a His-tagged protein, purified,
and then incubated with isoliquiritigenin to analyze its activity
(Fig. S5a). High-performance liquid chromatography analysis of
the reaction products showed a new peak 1 (p1) with a reten-
tion time of 4.8 min and a UV absorption peak of 346 nm
(Fig. S5b). Mass spectrometry of peak 1 (pl) gave a precursor
jon [M-H]™ at m/z (mass to charge ratio of the ions)
269.0819, indicating a methyl group was added to isoliquiriti-
genin (m/z 255.0663) (Fig. S5c). The pl compound was then
examined using '"H NMR, 'H NMR (500 MHz, Methanol-
d4): & 7.64-7.55 (m, 2H), 7.53 (d, /=8.6 Hz, 2H), 7.43 (d,
J=15.7Hz, 1H), 6.84 (d, /=8.6 Hz, 2H), 6.54 (d, /=2.2 Hz,
1H), 6.48 (dd, /=8.5, 2.2 Hz, 1H), 3.91 (s, 3H) (Fig. S5d).
The 'H NMR profile of the product is in good accordance with
that of DHMC (Maxwell er al, 1989; Lee, 2011). The other
purified OMT proteins were similarly tested for their activity
against isoliquiritigenin (Fig. S5a). Of these, only OMT3
showed activity and was renamed as ChOMT?3 (Fig. 2a). Under
optimal conditions (25°C, pH7.5), ChOMT1 exhibited Km
values of 71.51 uM and its K, was 0.12s~'. ChOMT3 exhib-
ited Km values of 80.88 uM and its K., was 0.15s " (Fig. 2b;
Table 1). This indicates that ChOMT1 has a stronger substrate
binding affinity while ChOMT3 has a higher catalytic effi-
ciency. Given the high degree of sequence similarity between
ChOMT1/3 and GeOMT, we tested their activity, as well as
OMT2/4, against licodione (Fig. S6). Both ChOMT1 and
ChOMT?3 were able to methylate licodione, but appeared to be
selective for isoliquiritigenin, while GeOMT showed only
minor activity against both substrates, and OMT2/4 showed no
activity.
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To investigate the functional relationships of ChOMT1/3,
and OMT2/4/5, their catalytic and substrate binding residues
were predicted based on alignment with MsChOMT, which was
extensively characterized by (Zubieta er al., 2001). The authors
reported that methylation of isoliquiritigenin by MsChOMT
involves the catalytic residues His278, Glu306 and Glu337. The
conservation of these three residues (Fig. 2¢), as well as the SAM
binding domain (not shown), in all five enzymes, suggests they
are functional methyltransferases. Three key substrate binding
residues, Met189, Met329 and Thr332, which ensure the A-ring
2'-hydroxy is firmly positioned for deprotonation and methyla-
tion, were conserved in all of these except for OMT2/5. This is
consistent with the ChOMT1/3 and GeOMT being 2'-O-
methyltransferases and suggests that OMT2/5 have different
regioselectivity. Finally, the substrate binding residues in the
dimer interface (Ala39, Asn42, Ala43) were conserved in
ChOMT1/3 and OMTS5 bur differed in OMT2/4, indicating
they may have different substrates (Fig. 2c).

ChOMT1 is responsible for most DHMC biosynthesis in M.
truncatula roots

To further study the role of OMTs that are induced during
nodulation, we obtained 7n#I mutants for CHOMTI and
OMT?2. For ChOMT1, homozygous mutants were isolated from
lines NF10582 (chomtI-1, insertion at position 395), NF12032
(chomt1-2, insertion at position 95 bp), and NF16030 (chomti-
3, insertion at position 43 bp). For OMT2, om:2-1 (NF5164)
and omr2-2 (NF4653) had insertions at —361 bp and 63 bp,
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respectively (Fig. 3a). No mutants with insertions in ChOMT3
were found. We then isolated chomt! and omz2 homozygotes and
generated a chomrl-3 omt2-2 double mutant by crossing. We
then directly assayed the levels of flavonoids in mutant and wild
type (WT) roots and root exudates using LC-MS/MS with and
without rhizobial inoculation. Consistent with earlier reports in
alfalfa (Maxwell & Phillips, 1990), we found that DHMC levels
in exudates of rhizobia-inoculated WT plants showed a small
nonsignificant increase compared to controls (Fig. 3b). The same
trend was seen for DHMC in root extracts and the increase was
more pronounced (P=0.13, Tukey’s test; Fig. 3¢c). A severe drop
in DHMC, to nearly undetectable levels, was seen in chomti-2
and the chomtI-3 omt2-2 double mutant root exudates and root
extracts regardless of inoculation status, while DHMC levels in
omz2 were similar to WT (Fig. 3b,c). The levels of isoliquiriti-
genin, the precursor of DHMC, in root exudates and extracts
appeared slightly increased in the mutants in some cases, but the
changes were not significant (Fig. S7a,b).

ChOMT1, OMT2 and ChOMT3 promote nodulation
We then tested the importance of ChOMT1 and OMT?2 for

nodulation. We found that the number of nodules and infection
threads was unaffected in the chomtl-1,2,3, omt2-1,2, and
chomt1-3 omt2-2 mutants (Fig. S8a—d). This could be caused by
functional redundancy of other homologs, particularly ChOMT3
which showed similar activity against isoliquiritigenin as
ChOMT1. Thus, the role of ChOMT3 was further investigated.
We used CRISPR/Cas9 technology using two guide RNAs to
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Fig.4 ChOMT1, ChOMT3, and OMT2 promote nodulation of Medicago truncatula. (a) gRNAs targeting ChOMT3 for CRISPR/Cas9 mediated knockouts
in A. rhizogenes hairy roots are indicated by arrowheads. (b) Nodule number of wild-type (R108) plants transformed with empty vector (EV) and
ChOMT3-knockout (ChOMT3-KO) plants 21 d post-inoculation (dpi) with Sinorhizobium meliloti strain 2011. For EV n=45, and for chomt3, n=53. (c)
Nodule number of chomt1/EV plants and chomt1/ChOMT3-KO plants 21 dpi with S. meliloti strain 2011. For chomt1/EV n=27, and for chomt1/
ChOMT3-KO n=20. (d) Nodule number of chomt1-3 omt2-2/EV plants and chomt1-3 omt2-2/ChOMT3-KO plants at 21 dpi with S. meliloti strain
2011. EV n=22, for chomt1-3 omt2-2/ChOMT3-KO n=13. (e) Relative expression of ChROMTT in proLjUBI-ChOMT1 (OE-ChOMTT) transformed hairy
roots. (f) Relative expression of ChOMT3 in proLjUBI-ChOMT3 (OE-ChOMT3) transformed hairy roots. Expression values were determined by
quantitative real-time polymerase chain reaction and expressed relative to Ubiquitin. EV, roots transformed by empty vector control. (g) Nodule number in
proLjUBI-ChOMTT and proLjUBI-ChOMT3 transformed hairy roots at 21 dpi with S. meliloti strain 2011. For EV n =46, for proLjUBI-ChOMT1 n=47,
and for proLjUBI-ChOMT3 n =49. Error bars +SE from three biological replicates in (e—g). In (b—d) the box indicates the first to third quartile, the line
indicates the median, and the whiskers indicate the minimum and maximum. In (b—g) means were compared using Student's t-test: *, P<0.05.

target the first exon of CAOMT3 (ChOMT3-KO) (Fig. 4a). WT
roots transformed with ChOMT3-KO showed a slight, nonsigni-
ficant (P=0.10), decrease in nodule number compared to the
empty vector (EV) transformed control (Fig. 4b). We then trans-
formed the CHOMT3-KO construct into the chomtl mutant
background. Sequencing of PCR products from genomic DNA
of the chomtl ChOMT3-KO transgenic roots revealed mutations
in 20 of the 23 transgenic hairy roots for the first guide RNA and
1 of 11 transgenic hairy roots for the second position guide
RNA. The overall mutation frequency of CAOMT3 was 87.0%
(Fig. S8e). Only roots with mutations in ChOMT3 were scored
for nodulation. The chomtl ChOMT3-KO roots showed a reduc-
tion in nodule number compared with the chomrl control roots
(EV) at 21 dpi (Fig. 4c). Finally, we introduced ChOMT3-KO
into the chomrl-3 omr2-2 mutant, which resulted in a strong
reduction of nodulation (Fig. 4d).

To further test the roles of ChOMT1 and ChOMT3, we over-
expressed them using the L. japonmicus ubiquitin promoter
(proLjUBI-ChOMT1I and proLjUBI-ChOMT3) in M. truncatula
hairy roots. Quantitative real-time polymerase chain reaction
showed that ChOMTI and ChOMT3 were successfully overex-
pressed in the transgenic roots (Fig. 4e, f). The pLjUBI-ChOMT1
and pLjUBI- ChOMT3 roots formed 20% and 22% more nodules
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than control roots at 21 dpi with S. meliloti 2011, respectively,
but only the former was significant (Fig. 4g). Our results suggest
that ChOMT1, ChOMT3 and OMT?2 promote nodulation in
M. truncatula.

chomt1 and omt2 roots have reduced nod gene-inducing
flavonoids in their rhizospheres

A previous report showed that Rhizobium leguminosarum carrying
a lux operon driven by the n0dA promoter was able to detect fla-
vonoids in the rhizosphere and nodules of pea (Pini ez 2/, 2017).
In S. medicae, the nod gene operon is activated by the NodD1
protein in a flavonoid-dependent manner (Mulligan &
Long, 1985; Peck er al., 2006). We created a flavonoid biorepor-
ter by placing the genomic fragment containing the entire nodD1
CDS and promoter and the adjacent 70dA promoter upstream of
the lux operon (S. meliloti/ nodD1-nodA:luxCDABE). We then
inoculated WT and mutant roots with the bioreporter strain to
test its utility to detect nod gene-inducing flavonoids 7z vive. This
reporter was active on WT M. truncatula roots, showing lumines-
cence around the root tips, while the chomzl, omzt2, and chomrl
omtz2 plants showed strongly reduced luminescence (Fig. 5a,b).
In addition, luminescence was detected in nodules of WT,
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and 100 nM flavonoids in liquid culture for 12 h. Ay
cps, counts per second. *, P <0.05 level
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chomtl, and chomrl omi2 at 7 dpi (Fig. $9a), but no obvious dif-
ferences in intensity were seen. Notably, many of the plants,
including uninoculated plants, showed photoluminescence in the
green tissues and the bioreporter strain did not show lumines-
cence in the absence of plants (Fig. S9b). Based on these findings
we conclude that chomtl, omt2, and chomtl omt2 mutants secrete
lower levels of nod gene-inducing flavonoids at their root apices,
while no obvious difference in this activity was observed in their
nodules.

DHMC is a strong nod gene inducer

We then tested the ability of several flavonoids to activate the
S. meliloti 2011/pLMB830 bioreporter in a liquid culture assay.
We tested flavonoids that were reported to be present in M. trun-
catula root exudates, isoliquiritigenin, liquiritigenin, DHF, and
DHMC, as well as those found in M. truncatula roots, including
apigenin, naringenin, and medicarpin. We also included chrysoer-
iol and luteolin, which are found in M. truncatula seed coats, and
several chalcones, echinatin (an isomer of DHMC), and butein
and sappanchalcone, which have 2’hydroxy and methoxy groups,
respectively. Finally, we included daidzein and genistein, which
are the primary 7nod gene inducers for the soybean symbiont, B.
Jjaponicum (Subramanian et al., 2006), and hesperetin, a strong
nod gene inducer for the pea symbiont R. leguminosarum (Firmin
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et al., 1986; Begum et al, 2001). At 100 nM five chalcones
(DHMC, sappanchalcone, butein, isoliquiritigenin, and echina-
tin) and two flavones (chrysoeriol and DHF) significantly induced
luminescence (Fig. 5¢). At 10 nM, only DHMC, sappanchalcone,
and isoliquiritgenin showed activity, and only DHMC was able to
induce luminescence at 1 nM.

Our results show that the S. melilori 2011/pLMB830 reporter
is preferentially activated by chalcones and suggest that DHMC
is the strongest S. medicae nod gene inducer in M. truncatula root
exudates.

Discussion

The activation of rhizobial nod genes by host flavonoids triggers
the nodulation process. Here we show that the loss of CAOMT1
results in a decrease of 7o0d gene-inducing flavonoids in the M.
truncatula rhizosphere. We further found that ChOMT1 and
ChOMT3 produce the strong nod gene inducer DHMC and that
their activity, along with OMT?2, promotes nodulation of M.
truncatula.

The bioreporter described herein was able to detect flavonoids
in the rhizosphere as well as in liquid culture, where it was sensi-
tive down to nanomolar levels. Using this reporter we observed a
pattern of activity for M. truncatula as that described for an R.
leguminosarum-based reporter on Pisum sativum and Vicia sativa:
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a strong signal was seen at the root tip that gradually disappeared
after rhizobial inoculation and reappeared in nascent nodules
(Pini et al., 2017). Our assays using purified flavonoids showed
that S. medicae NodD1 responds strongly to chalcones, especially
those with 2/-hydroxy or methyl groups, with DHMC having the
strongest activity. By contrast, the reporter was insensitive to iso-
flavonoids that were shown to act as 7nod gene inducers in
B. japonicum and are required for nodulation of soybean (Kosslak
et al., 1987; Subramanian et 2/, 2006). Consistent with this,
available transcriptome data indicate that soybean CHOMT
homologs are not induced by B. japonicum (Libault ez al., 2010),
further suggesting that DHMC is unlikely to play a role in soy-
bean nodulation. Conversely, genistein and daidzein do not acti-
vate the 7nod genes of other rhizobia, such as S. melilot,
R. leguminosarum sv. trifolii, and R. leguminosarum sv. viciae
(Kamboj er al.,, 2010 and this study), suggesting that different
legumes use different flavonoids for nodulation. On the other
hand, good activity of the bioreporter was also seen with the fla-
vone DHF, which was previously implicated in nodulation of M.
truncatula (Zhang et al, 2009), indicating that DHF and
DHMC both contribute to nodulation in M. truncatula. Nota-
bly, the greatly diminished DHMC content of chomtl was asso-
ciated with a halving of nod gene-inducing activity in root tips;
whether DHF contributes to the remaining activity is unknown.

Our study demonstrates that methylation of chalcones
enhances their nod gene-inducing activity, with DHMC and sap-
panchalcone, which are 2’-methylated, having stronger activities
than their respective counterparts isoliquiritigenin and butein,
which have 2'-hydroxy groups (structures in Fig. S2). Methyla-
tion could affect flavonoid bioactivity by improving membrane
permeability, by enhancing their transport (either secretion by the
plant and/or uptake by the rhizobia; Fang er al, 2017), or by
improved binding/activation of the NodD protein. In legumes
flavonoid malonylation and glutathionation have been shown to
be important for their transport across membranes and flavonoid
malonylation was shown to promote nodulation (Li ez af, 1997;
Zhao et al., 2011; Ahmad ez al., 2021; Darwish ez al., 2022). In
animal cells, improved intestinal absorption and persistence of
methylated flavonoids were observed compared to their unmethy-
lated counterparts, suggesting that methylation improves the bioa-
vailability and stability of these compounds (Wen & Walle,
2006). Hence, OMTs, which substitute more reactive hydroxyl
groups for more stable methyl groups, might improve the meta-
bolic stability of flavonoids in biological systems, and so may
enhance their persistence in the rhizosphere.

Studies have revealed that plant OMTs methylate a wide range
of compounds with a high degree of selectivity (Liu ez al., 2022).
Zubieta et al. (2001) reported the crystal structures of ChOMT
and IOMT from M. sativa. The authors reported that the active
site residues donated from partner monomers upon dimerization
provide a protein—protein interface that contributes to substrate
binding (Noel ez al, 2003). Our comparative analysis revealed
that MsChOMT, ChOMT1/3 and GeOMT, which can methy-
late the 2’-hydroxy group of isoliquiritigenin, show conservation
of the residues of the substrate binding domain in the dimer
interface and active site donated from partner monomers.
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MtOMT2/4/5, which varied at these sites, were not active against
isoliquiritigenin, suggesting their substrates differ. OMT2/5 also
vary from ChOMT1/3 at the Thr332 position, a key substrate
binding residue that ensures that the A-ring 2'-hydroxy is firmly
positioned for deprotonation and methylation, suggesting they
have different regioselectivity. Identification of the OMT2/4/5
substrates would help further reveal the structure—function rela-
tionships of this important class of enzymes.

OMT?2 showed no activity against isoliquiritigenin or lico-
dione, consistent with it having different predicted substrate
binding residues than ChOMT1/3. When inoculated with the
bioreporter, the om#2 mutant unexpectedly showed a strongly
reduced signal in rhizobia-inoculated roots, similar to that seen
with chomzl, indicating that OMT?2 is involved in the produc-
tion of an S. medicae nod gene inducer. However, the nod gene
activation phenotypes of chomtl, omt2 and the chomtl omt2 dou-
ble mutant were similar, suggesting that ChOMT1 and OMT2
may act in the same pathway, perhaps to further methylate
DHMC. However, while our analysis suggested that OMT?2 has
different regioselectivity, it was unable to methylata DHMC
(data not shown) and DHMC levels, which in this case might be
expected to increase in omz2, were unchanged. Metabolic profil-
ing of the omz2 mutant and transgenic overexpression of OMT2
could help clarify the role of this enzyme.

This study demonstrates that DHMC serves as a key activator
of S. medicae nod gene expression in the rhizosphere and suggests
that it is specifically and locally produced in symbiotically
infected cells. Finally, while Nod factors are understood as the
principal factor determining specificity, our findings suggest that
the recognition of specific flavonoids by rhizobia acts as a second
constraint for compatibility. Hence, flavonoids, through their
direct regulation of Nod factor production, appear to serve as
specificity multipliers.
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