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SUMMARY

The conservation of GOLVEN (GLV)/ROOT MERISTEM GROWTH FACTOR (RGF) peptide encoding genes
across plant genomes capable of forming roots or root-like structures underscores their potential signifi-
cance in the terrestrial adaptation of plants. This study investigates the function and role of GOLVEN
peptide-coding genes in Medicago truncatula. Five out of fifteen GLV/RGF genes were notably upregulated
during nodule organogenesis and were differentially responsive to nitrogen deficiency and auxin treatment.
Specifically, the expression of MtGLV9 and MtGLV10 at nodule initiation sites was contingent upon the
NODULE INCEPTION transcription factor. Overexpression of these five nodule-induced GLV genes in hairy
roots of M. truncatula and application of their synthetic peptide analogues led to a decrease in nodule count
by 25-50%. Uniquely, the GOLVEN10 peptide altered the positioning of the first formed lateral root and nod-
ule on the primary root axis, an observation we term ‘noduletaxis’; this decreased the length of the lateral
organ formation zone on roots. Histological section of roots treated with synthetic GOLVEN10 peptide
revealed an increased cell number within the root cortical cell layers without a corresponding increase in
cell length, leading to an elongation of the root likely introducing a spatiotemporal delay in organ forma-
tion. At the transcription level, the GOLVEN10 peptide suppressed expression of microtubule-related genes
and exerted its effects by changing expression of a large subset of Auxin responsive genes. These findings
advance our understanding of the molecular mechanisms by which GOLVEN peptides modulate root mor-
phology, nodule ontogeny, and interactions with key transcriptional pathways.

Keywords: GOLVEN, ROOT MERISTEM GROWTH FACTOR, peptide hormones, root nodule symbiosis,
lateral root.

INTRODUCTION .
ensures the correct placement and regular spacing of

Root architectural responses to environmental cues such as lateral roots. Plant roots demonstrate this deliberate under-

availability of the macronutrient Nitrogen (N), are complex
and there is much to learn about the mechanisms that con-
trol root plasticity (Lynch, 2019). Changes in root system
architecture involve positioning, initiation and emergence
of lateral organs that enable plants to respond dynamically
to fluctuations in supply and demand of water and nutrients
(Laskowski & Ten Tusscher, 2017). For example, ‘rhizotaxis’
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ground architecture to optimize their nutrient acquisition
strategies. The ability of legumes to form nodules, a second
type of root lateral organ within which rhizobia convert
atmospheric-N into plant-usable ammonia, adds another
layer of complexity (Roy et al., 2020).

Plant hormones, including peptide hormones, are
major determinants of root plasticity that bring about their
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effects by synergistic and antagonistic interaction between
signaling networks (Leyser, 2018; Matsuzaki et al., 2010;
Meng et al., 2012; Roy & Muller, 2022; Whitford et al.,
2012; Zhu et al., 2020). Peptide hormones are short chains
of amino acids that upon binding with their cognate cell
surface receptors initiate a signal relay that ultimately con-
trols physiological responses (Roy & Muller, 2022). The
biological activity of chemically synthesized peptides pre-
dicted from genome sequences has revolutionized the field
of chemical genomics. This has led to the discovery of
multiple novel peptide hormones and helped uncover their
roles in plant growth and root development (de Bang
et al., 2017; Matsuzaki et al., 2010; Okuda et al., 2009). Two
well-known families of peptide hormones, namely CLAVA-
TA3/ENDOSPERM SURROUNDING REGION (that includes
MtCLE12, MtCLE13, MtCLE34, MtCLE35 encoding prepro-
peptides) and C-terminally ENCODED PEPTIDE (example
MtCEP1, MtCEP?7), control lateral root and nodule develop-
ment in Medicago truncatula (Imin et al., 2013; Mens
et al., 2021; Moreau et al., 2021; Mortier et al., 2010). CEPs
act as root-to-shoot ‘N-hunger’ signals controlling lateral
root development and uptake of nitrogen in N-poor soils
and in M. truncatula the shoot-acting LEUCINE RICH
REPEAT- RECEPTOR LIKE KINASE (LRR-RLK) receptor
named COMPACT ROOT ARCHITECTURE (MtCRA2), per-
ceives MtCEP1 (Mohd-Radzman et al., 2016; Roy et al.,
2022; Tabata et al., 2014). The CLE peptides are perceived
by an LRR-RLK, SUPER NUMERIC NODULATION (SUNN)/-
HYPERNODULATION ABERRANT ROOT FORMATION 1,
downstream of which the microRNA miR2111-5 targets the
transcripts of the nodulation repressor TOO MUCH LOVE
to optimize nodule number (Okamoto et al., 2013; Okuma
et al., 2020; Roy et al., 2020). Together these two pathways
maintain an optimal N-balance and control nodule number
in legumes as part of a long-distance feedback loop called
Autoregulation of Nodulation (AON) that restricts nodula-
tion under N-replete conditions as well as N-deficient con-
ditions (Laffont et al., 2020). Members of two additional
post translationally modified peptide families, PHYTOSUL-
FOKINE (LjPSK8) and GOLVEN/ROOT GROWTH FACTOR/-
CLAVATA3 EMBRYO-SURROUNDING REGION LIKE
(MtGLV9/MtRGF3) have also been implicated as positive
and negative regulators of nodule formation, respectively
(Li et al., 2020; Wang et al., 2015). While the roles of CLE
and CEP peptides in root and nodule development are
well-established, another class of peptides, the GOLVEN
(GLV) peptides, offers additional insights into the intricate
regulation of root growth and beneficial interactions with
rhizobia.

The sulfated GOLVEN (GLV) peptides are known to
control six root growth traits: cell number at the root meri-
stem via activation of PLETHORA (PLT) transcription fac-
tors, which affects primary root growth (Matsuzaki
et al., 2010); cell division during lateral root initiation

thereby controlling lateral root density and patterning (Fer-
nandez et al., 2015, 2020; Meng et al., 2012); auxin distribu-
tion via modulation of PIN efflux transporters thus
regulating root gravitropism (Whitford et al., 2012); root
cell number and circumferential cell growth rate under
phosphate deficiency (Cederholm & Benfey, 2015); nodule
number (Li et al., 2020), lateral root spacing (Jourquin
et al., 2022) as well as defense responses (Li et al., 2023;
Stegmann et al., 2022). At the molecular level, GLVs affect
components of the auxin efflux transport pathway
(PIN2) and auxin signaling (ARF7, ARF19) pathway and
may reduce auxin concentrations at lateral root (LR) initia-
tion sites (Fernandez et al., 2020; Whitford et al., 2012).
Both nodule and lateral root formation are conditioned by
changes in auxin flux and localized biosynthesis that
lead to formation of local auxin maxima conducive for
first cell divisions, organ initiation and outgrowth (Las-
kowski & Ten Tusscher, 2017; Leyser, 2018). During nodule
formation, this auxin buildup is associated with the tran-
scription factor NODULE INCEPTION (NIN) (Schiessl et al.,
2019).

Chemically synthesized plant hormones such as
Indole-3-Acetic acid (3-IAA) and 6-Benzyl-Aminopurine (6-
BAP) are instrumental in elucidating physiological roles of
the classical hormones auxin and cytokinin, respectively
(Michniewicz et al., 2019). Chemical genetics and synthetic
peptides are equally valuable for understanding the role of
peptide hormones in plant responses to their environment.
Notably, discovery of LURE peptide, CEP peptide, and CLE
peptide activity were all facilitated by their synthetic coun-
terparts (Corcilius et al., 2017; Goto et al., 2011; Laffont
et al., 2020; Okuda et al., 2009). The model legume M. trun-
catula has over 1800 potential genome encoded peptides,
of which less than twenty have been functionally character-
ized (Boschiero et al., 2020; de Bang et al., 2017). Even
when non-peptide-coding genes are functionally studied,
the assays used focus on three main phenotypes: rhizobial
infection (structure and number of infection threads), nod-
ule organogenesis (morphology and number of nodules),
and N-fixation rates (measured by acetylene reduction
assays) (Roy et al., 2020). An understudied aspect of root
nodule symbiosis is control of nodule positioning. Pen-
metsa et al., observed that the radial position of nodule
development relative to xylem and phloem poles were
altered in Medicago sickle and sunn mutants (Penmetsa
et al., 2003). Another hypernodulation mutant, Ljplenty,
exhibited a wider zone along the primary root over which
nodules were formed (Yoshida et al., 2010). In the current
study, we investigated the biological role of nodule-
induced GLVs and found that they decrease the length of
the nodulation zone by altering nodule positioning along
the primary root axis. We term this phenomenon ‘nodule-
taxis’, by analogy to the term ‘rhizotaxis’ to describes the
arrangement or positioning of nodules along the primary
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root, which we also find to be under the influence of the
GLV10 peptide.

RESULTS

GOLVEN peptide encoding genes are present in genomes
of all plants that form roots or root-like organs

The legume Medicago truncatula encodes fifteen GOLVEN
prepropeptide genes. To investigate neofunctionalization
of GLV genes in legumes, we retrieved their orthologues
from twenty-one species of the Fabales, Fagales, Cucurbi-
tales, Rosales nodule-forming eurosids, the rosid and
asterid clades of the eudicots as well as monocots, gymno-
sperms and basal lycophytes, bryophytes and chloro-
phytes (Figure 1; Figure S1, Table S1). All GLVs had
putative orthologues in non-nodulating plant species sug-
gesting no specialized roles during nodulation. However,
although the GLV genes were present in plants that form
roots or rhizoids, they were completely absent in the chlor-
ophytes, which lack roots, such as Chlamydomonas rein-
hardtii, suggesting an evolutionary role in land
colonization (Figure 1), (Furumizu et al., 2021). In contrast
with Furumizu et al., we found putative GOLVEN ortholo-
gues in the lycophyte representative Selaginella moellen-
dorffii genome, encoding putative thirteen amino acid long
bioactive peptides (Figure 1; Table S1). This is noteworthy
since the lycophyte clade represents the first lineage where
roots arose compared to the rootless chlorophytes (Fang
et al., 2021).

Members of the GOLVEN peptide family are
transcriptionally regulated by plant nitrogen-status and
during nodule development

To thoroughly investigate this gene family we next inves-
tigated their gene expression profiles. Using quantitative
Polymerase Chain Reaction (gPCR) on nodule segments
at 4, 10, 21 and 28 days post inoculation (dpi), we found
that among the fifteen GLV family members, MtGLV1,
MtGLV2, MtGLV6, MtGLV9, and MtGLV10 show higher
expression in nodules compared to roots across all ana-
lyzed nodulation stages (Figure 2a; Figure S2). Two
MtGLV1 orthologs in determinate nodule-forming Soy-
bean (Glyma.02G079700 and Glyma.16G164100) also
showed highly specific nodule expression (Figure S1). In
Medicago roots, MtGLV6, MtGLV9 and MtGLV10 encod-
ing genes were induced by short term N-deprivation
stress (Figure 2a) compared to supply of optimal Nitro-
gen (4 mm NO;~ + 2 mm NH,") for 48 h but not for pro-
longed N-deprivation stress (Figure 2a; Figure S2).
Expression of Arabidopsis GLVs were also altered in dif-
ferent zones of the root upon N-deprivation (Figure S3).
However, pre-symbiotic regulation of N-deprivation
induced GLVs in legumes could also allude to their func-
tion in early symbiosis stages such as dedifferentiation
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of root cortical cells and the regulation of early nodulin
genes.

The transcription factor NIN regulates MtGLV9 and
MtGLV10 expression during auxin-mediated nodule
initiation

For lateral organ formation, it is essential to establish local-
ized maxima of the hormone auxin. During nodulation, this
establishment relies on the transcription factor NODULE
INCEPTION (NIN) (Leyser, 2018; Schiessl et al., 2019). Since
GLVs act by altering auxin transport and signaling in Arabi-
dopsis roots (Fernandez et al., 2020; Whitford et al., 2012),
we first tested whether their expression is regulated by
auxin. Four of the five nodule-enhanced GLVs were upre-
gulated in seedling roots treated with 1 um Indole-3-acetic
acid (3-IAA) 3 h post treatment (Figure 2b). To further
investigate the relationship between GLVs and NIN in the
context of auxin regulation during nodule initiation, we
conducted experiments on nodulated roots. Using qPCR
on spot inoculated root segments infected with Sinorhizo-
bium meliloti strain 2011 (Sm2011) for 24 h, we detected
that MtGLV9 and MtGLV10 transcripts were induced at
nodule initiation sites in WT but not in nin-7 mutants, indi-
cating that induction of these genes is dependent on NIN
(Figure 2c). Publicly available RNA sequencing data sug-
gests expression of MtGLV1, MtGLV2, and MtGLV6 was
not dependent on NIN (Schiessl et al., 2019). These find-
ings indicate that at nodule initiation sites, where auxin
accumulation is an early step in nodule formation, GLV9
and GLV10 expression is dependent on NIN (Huo
et al., 2006; Roy et al., 2017; Schiessl et al., 2019).

Five GLV genes exhibit overlapping expression patterns
implicating redundant roles in nodule meristem
maintenance

Spatial expression patterns obtained using promoter-GUS
fusions in transgenic nodules corroborated our qRT-PCR
expression data (Figure 3). The five nodulation-related GLV
genes showed overlapping patterns of expression at sites
of nodule initiation associated with successful infections
and cell divisions suggesting they might act redundantly
during nodule formation (Figure 3). Of the five genes,
MtGLV10 had the most confined expression pattern, being
restricted to dividing cells underlying infection sites, while
expression of MtGLV1, MtGLV2 was associated with nod-
ule vascular bundles closer to the nodule meristem
(Figure 3a; Figure S2). None of the five genes were
expressed in infected root hairs (Figure 3a; Figure S2). In
mature nodules, expression of the GLVs was confined to
the meristem, typical of genes involved in meristem main-
tenance as in Arabidopsis (Fernandez et al., 2015). We
observed a similar but non-overlapping expression pattern
of all five GLVs in initiating lateral roots (LRs) and the root
tip. MtGLV1 and MtGLV10 were expressed in all dividing
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Figure 1. GOLVEN like peptides are encoded in all plants that form roots or root-like structures.
Maximum likelihood phylogenetic tree created with the full length GOLVEN encoding polypeptide using MEGA X with 1000 bootstraps each. Please refer to
Table S1 for gene IDs and corresponding peptide sequence.

cells of the LR while MtGLV2, MtGLV6, MtGLV9 were MtGLV1, MtGLV2 were expressed in root cap cells
expressed on the flanks of LR primordia. At the root tip, and MtGLV6 was expressed in the lateral root cap cells
MtGLV9 and MtGLV10 were expressed in columella cells, (Figure 3a).
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Figure 2. Expression of GOLVEN/ROOT GROWTH FACTOR peptide-coding genes is induced during nitrogen deficiency, auxin treatments and root nodule

symbiosis.

(a) Bar charts showing quantitative-PCR estimation of transcript abundance after 48 h of nitrogen deprivation and at different time points (days post inoculation)
during nodule development compared to uninfected roots (0 dpi). Error bars depict standard error of mean.

(b) Bar charts showing quantitative-PCR estimation of transcript abundance in M. truncatula seedling roots treated with 1 um auxin (3-IAA) or the solvent control
(DMSO). Data are representative of three biological replicates with 40-60 seedling roots per replicate. Error bars depict standard error of mean.

(c) Bar charts showing quantitative-PCR estimation of MtGLV9 and MtGLV10 transcript abundance in spot inoculated nodules on M. truncatula WT and nin
mutants. Data are representative of three biological replicates each with at least 50-60 spot inoculated nodules. *P < 0.05, **P < 0.01, ***P < 0.001.

Overexpression of five nodule-induced GOLVEN genes
negatively regulates nodule number

Next, to determine effects of GLV peptides on nodulation,
we cloned the coding regions of MtGLV1, MtGLV2,
MtGLV6, MtGLV9 and MtGLV10, downstream of the Lotus
UBIQUITIN promoter and generated transgenic hairy roots,
via Agrobacterium rhizogenes-mediated transformation
(Maekawa et al., 2008). We included a clone with a single
base pair deletion in the coding region of MtGLV9
(+203 bps from ATG) as a negative control along with an
empty vector overexpressing the GUS gene. Overexpres-
sion of the GLV genes reduced the number of nodules
formed on transformed roots 21 dpi by 25-50% (Figure 4;
Figure S5). MtGLV9 and MtGLV10 had the strongest inhibi-
tory effects on nodulation whereas the mutated mMtGLV9
had no significant effect on nodulation. These findings
indicated that overexpression of GLVs can deregulate opti-
mal nodule formation.

Synthetic GOLVEN peptides regulate several root growth
parameters including the position of the first nodule

To determine if externally applied synthetic peptides phe-
nocopied GLV function in planta we took a chemical genet-
ics approach to explore the role of GLVs in root nodule
symbiosis and control of root architecture traits (Figure S6).

© 2024 The Authors.

We synthesized GLV peptide variants and measured their
effects on root growth parameters and nodulation traits to
identify the synthetic peptide with the strongest, most
reproducible effects for further investigative studies. Pep-
tides predicted to be encoded at the C-terminal domain of
MtGLV1, MtGLV2, MtGLV6, MtGLV9 and, MtGLV10, immedi-
ately following the peptidase cleavage recognition motif
‘DY’ were synthesized (Figure S3). Phenotypic effects of the
peptides GLV1p, GLV2p, GLV6_hyp9p, GLV6_hyp10p,
GLV9p, and GLV10p carrying a modified sulfotyrosine at
position two, applied at 1 um concentration, were distinct
from those of scrambled, unmodified and unsulfated
GLV10p, and solvent controls (Figure 5a,b). These results
reinforce previous studies that show sulfation of the tyro-
sine at position two is essential for GOLVEN peptide activity
(Matsuzaki et al., 2010). Since the Autoregulation of Nodula-
tion is a well characterized pathway affecting total nodule
number, we tested effects of the GLV10 peptide on sunn
(SUPERNUMERIC NODULES) mutants (Figure S7). The
sunn mutants retained sensitivity to the peptide suggesting
that for nodule number control, the AON pathway and GLV
control of organogenesis act separately.

We tested eighteen root growth parameters and found
that GLV peptides significantly affected at least ten of them
(see Table S2). Similar to observations in Arabidopsis, GLV
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MtGLV1 MtGLV2

MtGLV6

4 DPI Nodule Primordia

MtGLV9 MtGLV10

28 DPI Nodules

Lateral Roots

Root Tip

Figure 3. Five GOLVEN/ROOT GROWTH FACTOR peptide-coding genes are expressed during nodule organogenesis and root growth.
Promoter-GUS reporter fusions showing spatial expression of nodule-induced GLV peptide-coding genes in nodule primordia, mature nodules, lateral roots and
root tips. Arrowheads indicate infection threads. Scale bars denote 100 um except for mature nodules (28 DPI) which measure 500 pm. At least 4-6 independent

hairy root lines were assessed at every time point.

peptides promoted primary root growth/length (Figure 5a).
Furthermore, the roots displayed varying degrees of agravi-
tropism, with GLV10p effects being the most pronounced
(Figure S6; Figure b5a) (Matsuzaki et al., 2010; Meng
et al., 2012; Whitford et al., 2012). However, while there was a
positive influence on root length, several GLV peptides,
including GLV1p, GLV2p, GLV6_hyp9p, GLV6_hyp10p,
GLV9p, and GLV10p, negatively affected lateral organs such

as lateral roots (LRs) and nodules. This impact was evident in
both the number and density of these organs along the pri-
mary root (Figure 5b). A clustering analysis further
highlighted that GLV9p and GLV10p had the most similar
effects on root growth phenotypes (Figure 5b). Notably, these
peptides didn’t influence the growth rates of S. meliloti
Rm2011 over 60 h. This suggests that the observed nodula-
tion phenotypes are likely a direct effect on the plant, not its

© 2024 The Authors.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), doi: 10.1111/tpj.16626



GOLVENSs in root nodule symbiosis 7

300 '
= ! - [[@] Experiment 1
g i { [ ]Experiment 2
© | . 157 kK
g 200 ; ¥ iy *kk

' *
g ] 96 n.s o . !"¥ __;__98 v 118
z % ; ¥ vy
o 100 2456 2 f =
3 Ef% *%k% 33 v 49
O () 1
= LA &) ;
0 T T T T T T T T

Control EV-1 LjUBQ:mMtGLV9 LjUuBQ:MtGLV1 LjUBQ:MtGLV10

Control EV-2 LjUBQ:M{GLV2 LjUBQ:MtGLV6 LjUBQ:MtGLV9

Figure 4. Overexpression of all five GLV coding genes in hairy roots of M. truncatula suppresses the formation of nodules.

Each individual dot or triangle in the box plot indicates an independent line. Average nodule number of indicates on the shoulder of each box plot. One-way
ANOVA followed by Dunnett’'s multiple comparison test was performed separately for experiment 1 and experiment 2 with their respective controls where
*P < 0.05, **P < 0.01, ***P < 0.001. Data displayed summarize two independent experiments per construct. Average values are provided on the shoulder of each

box plot.

associated microsymbiont (Figure S3d). Interestingly, there
was a shift in the position of the basal-most nodule (the devel-
opmentally oldest nodule, Trait 16) in relation to the primary
root length upon GLV10p treatment. This meant that nodules
began initiating further along the primary root (Figure 5c).
This resulted in a reduced absolute length of the zone over
which nodules initiated (Nod zone, Trait 18) (Figure 5c).

Since nodulation and rhizobial infections are geneti-
cally distinct but related processes, we tested effects of the
peptides on early infection structure development. GLV
peptides reduced the total root length, including secondary
and tertiary LRs, as well as the total number of early infec-
tion events (Figure S3). However, the GLVs did not affect
early infection initiation events per cm root, except for
GLV10p, which resulted in more microcolonies and infec-
tion thread initiations, but a strong reduction in nodule for-
mation (Figure S3). Increased infection induced by GLV10p
may have been a consequence of the severe reduction of
nodule number, as observed for symbiotic mutants with
colonization defects such as nf-yal (Laporte et al., 2014).
As GLV peptides did not seem to affect infection directly
but reduced nodule density, we focused on their effects on
root cortical processes such as organogenesis.

Alteration of the nodule position by GLV10 controls the
zone of lateral organ formation

Lateral root positioning (rhizotaxis) is an understudied trait
while nodule positioning over the longitudinal root axis (we
term noduletaxis) has not been described in literature
before. Therefore, we further investigated these two traits.
In Arabidopsis, periodic pulses of auxin-induced gene
expression occur over a zone of the root close to the root tip
called the ‘oscillation zone" which pre-patterns longitudinal
spacing or LR primordia positioning and consequently
determines the zone of the root that is primed or capable of
initiating lateral roots (Hofhuis et al., 2013; Laskowski & Ten
Tusscher, 2017). To better understand the effect of GLV pep-
tides on lateral organ positioning (Traits 16-18), we pursued

© 2024 The Authors.

the peptide with the strongest and most reproducible effect,
that is, GLV10p (Figure 6¢). In untreated seedlings, nodules
typically originated at the midpoint (50%) relative to the
length of the primary root. Upon GLV10p treatment,
the position of the first nodule shifted to approximately 60%
of the primary root length (Figure 6a,c). Similarly, the rela-
tive position of the first lateral root was lower on the pri-
mary root, while that of the developmentally last formed
root primordia appeared to be proximal to the root base
(Figure 6a). This shift in organ positioning resulted in a sta-
tistically significant reduction of the absolute length of the
root over which nodules formed (nod zone) and the zone
that supported lateral roots (LR Zone, Figure 6b,d). In cases
where there were only two nodules on the main root, the
distance between two successive nodules was reduced. We
tested the effect of GLV10p peptide effects over the 1-10 pum
range on WT M. truncatula seedlings (Figure S8) and found
that effects were detectable even at a concentration of
100 nm up to 1 nm, depending on the trait under study.

In A. thaliana, GLV peptides are perceived by five LRR-
RLKs ROOT GROWTH FACTOR1 INSENSITIVE/ROOT
GROWTH FACTOR RECEPTOR, namely AtRGI1/AtRGFR1,
AtRGI2/AtRGFR2, AtRGI3/AtRGFR3, AtRGl4, and AtRGI5.
The Arabidopsis rgfr1 rgfr2 rgfr3triple mutant has a stunted
primary root and an enlarged root meristem but retains sen-
sitivity to GLV peptide with respect to LR density (Shinohara
et al., 2016). We tested the effect of Medicago GLV10p on
Arabidopsis root growth. GLV10p, which has three amino
acids different from AtGLV10p, was perceived by Arabidop-
sis roots and, as in Medicago, shifted the relative position
of the first lateral root to a more distal position on the pri-
mary root and decreased the zone of LR formation
(Figure S4a,b). However, the triple rgfr mutant was insensi-
tive to GLV10p peptide with respect to LR positioning and
LR zone (Figure S4a), indicating that the effect of the pep-
tide on LR zone formation was dependent on the RGI recep-
tors. Using the synthetic AtGLV10 peptide yielded strong
effects on Arabidopsis plants, with the rgfr mutants
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(a) Representative images showing M. truncatula Jemalong A17 seedlings 10 days post germination (dpg) on plates containing 1 um of the indicated peptide in
B&D medium with 0.5 mm KNO3. The predicted bioactive peptides (GLVp) were around 13 amino acid residues long except for GLV2p (Figure S2). Peptides were
synthesized with a sulfotyrosine residue at position two and a hydroxyproline at position ten. In case of MtGLV6 where there was more than one proline, we
designed alternate versions with a hydroxyproline in either position 9 (GLV10_hyp9) or 10 (GLV10_hyp10). A synthetic version of MtGLV13 derived peptide,
which was not regulated during nodulation, was included. As negative controls we generated a non-modified (non-sulfated, non-hydroxylated) version of the
most potent peptide GLV10p (nmGLV10) and a hydroxylated non-sulfated version (nsGLV10). We generated a ‘scrambled’ version of MtGLV10 (scrlGLV10) with
identical amino acid composition but a randomized order of amino acids with or without the secondary group modifications (Refer to Extended Data Figure 2

for corresponding peptide sequences).

(b) Corresponding rain plot showing cumulative growth data of seedlings 10 dpi with Sinorhizobium meliloti Rm 2011 dsRED. Colors represent normalized aver-
age values with red representing increased trait values and blue representing decreased trait values. Data were compared using a Student’s t-test and bubble

size indicates -log (P-value). Refer to Table S1 for trait definitions.

(c) Boxplots of four individual traits of interest showing effect of GLV peptides compared to negative controls; Trait 9 (Total LR density), Trait 12 (Total nodule
number), Trait 16 (Relative position of first formed nodule), Trait 18 (Nodule formation zone). Asterisks represent *P < 0.05, **P < 0.01, ***P < 0.001 using a
Brown-Forsythe and Welch ANOVA-protected Dunnett’s multiple comparison test (treatment vs no-peptide control).

showing either no response or a response opposite to that
observed in wild type plants (Figure S9); phenotypes sug-
gesting the signaling pathway is no longer functional.
Finally, to test whether these effects were also medi-
ated by GLV10 in planta we isolated homozygous mutants
of MtGLV'10, glv10-1 (NF12742) and glv10-2 (NF20983), with
exonic insertions of the Tnt7 retrotransposon (Figure S5)
(Tadege et al., 2008). The lateral root zone appeared to be
wider than the WT for glv10-1 and glv10-2, but varied
between alleles for the Nod zone (Figure 6e,f) and addi-
tional root growth phenotypes (Figure S10). Since there
are several other GLV encoding genes involved in nodula-
tion, higher order mutants are necessary for characterizing
these traits in depth. Taken together, these data indicate
that GLV peptides are regulators of lateral root zone forma-
tion and that this may be dependent on RGFR receptors.

Mutants of orthologous genes in Medicago will shed light
on their regulation during root nodule symbiosis.

Increased primary root growth upon GLV10 application is
mediated by an increase in cell number per cortical cell file

but not cell length

The spatial distribution of LRs or rhizotaxis is determined
by a combination of three factors — primary root growth,
organ density and the distance between successive organs
(Du & Scheres, 2018). Studies in Arabidopsis show that
application of AtGLV6 peptide to roots disrupts early sym-
metrical cell divisions required for correct lateral root initia-
tion (Fernandez et al., 2020). Application of the peptide
GLV10 increases root length and decreases lateral root
density along the primary root both, in Arabidopsis and
Medicago (Figure 5b,c). GOLVENSs, therefore, control at

© 2024 The Authors.
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Figure 6. Peptide GOLVEN10 shifts the position of lateral organs consequently reducing the longitudinal zone of organ formation.

Position of the developmentally first and last formed organ relative to the primary root length measured from the root tip with and without GLV10p treatment
and the resulting zone of organ formation on M. truncatula Jemalong A17 seedlings 14 dpi with Sm2011 dsRED and 17 days post germination.

(a) Nodule position (b) Nodule formation zone (c) Lateral root position (d) LR formation zone. Asterisks represent *P < 0.05, **P < 0.01, ***P < 0.001 using a

Student’s t-test.

(e.f) Size of the Nod Zone and LR Zone in WT R108 compared to single glv9 and glv10 mutants two wpi with Rm2011. Data are representative of cumulative
values from two identical experiments. Asterisks represent *P < 0.05, **P < 0.01, ***P < 0.001 using ANOVA-protected Dunnett’'s multiple comparison test.
Numeric values for the absolute zone of lateral organ formation are provided on the shoulder of box plots.

least two of the three factors responsible for spatiotempo-
ral organ positioning. To understand the cellular basis of
GLV10 mediated root elongation in Medicago we collected
longitudinal sections of roots 1cm above the root tip
which revealed that cell number and cell size and cell orga-
nization were affected by application of GLV10 (Figure 7a).
While cell length along the longitudinal axis decreased by
more than 50%, the cell number per cortical cell file
increased by 50% (Figure 7b); this effect persisted even in

© 2024 The Authors.

mature regions of the root (Figure S11). Multicellular pro-
cesses such as root growth are dependent on the com-
bined activity of two linked processes, cell expansion and
cell division (Jones et al., 2019). Faster root elongation
rates are correlated with increased cell division at the root
meristem, with little change in cellular expansion rates
(Beemster & Baskin, 1998). In keeping with this observa-
tion, we propose that an increase in cortical cell number
caused by GLV10 plays a role in regulating root tissue

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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growth and consequently lateral

(Figure 7c).

organ positioning

Application of GLV10 impacts the root cytoskeleton and
auxin pathway related genes

To uncover the underlying mechanisms of GLV10 pep-
tide’s effect on cell division and expansion, we sought to
explore the transcriptomic changes induced by the peptide.
Additionally, we were interested in discerning if the pep-
tide had any impact on genes associated with nodulation.
Differential gene expression analysis of three-day-old seed-
ling roots comparing peptide-treated and untreated con-
trols, identified 1091 GLV10p-genes induced and 787
repressed genes (Table S3), using a threshold of 1.5 fold
change (0.58 log2 fold) and a P-value of less than 0.05
(Table S3). Gene Ontology (GO) enrichment analyses using
Legume IPv3, revealed that the peptide most significantly
repressed cytoskeletal and cell cycle processes while
inducing genes related to hormone regulation (Figure 8a).

=

Among the downregulated genes, were three TPX2
(Medtr4g078565) and TPXL5-like genes (Medtr7g013070,
Medtr6g015010), the MtAURORAT1 kinase (Medtr3g110405)
and ten kinesin genes including orthologs of AtKINESIN
12-E (AT3G44050, Medtr2g087840) (Figure 8b; Table S4)
(Gao et al., 2022; Herrmann et al., 2021; Nishihama et al.,
2002). The proteins encoded by these genes are vital for
accurate cell division and the necessary cytoskeletal adap-
tations during this process. The typical TPX2 peptide has
an N-terminal Aurora-binding hydrophobic domain, a
median domain that binds importin, and a C-terminal seg-
ment characteristic of TPX2 that interacts with kinesins.
Genes upregulated by GLV10 included regulators of sal-
icylic acid (SAR DEFICIENT1, Medtr6g083320, Medtr8g104510,
Medtr6g083810, Medtr6g083730), jasmonic acid (SUPPRES-
SOR OF NPH4 2, Medtr5g020020), cytokinin (CYTOKININ OXI-
DASE 3, Medtr4g126150), gibberellic acid (GIBERELLIC 2
OXIDASE, Medtr8g037310), brassinosteroid and abscisic acid
(Table S4).
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Figure 7. The synthetic peptide GLV10 affects cell number and cell size in Medicago roots.

(a) Images show 2.5 um thick sections of root segments collected one cm below root tip at a 20x magnification. Control roots treated with solvent (left) and
roots treated with 1 um GLV10 peptide (right) for 7 days. Scale bars represent 50 um. Segments from at least eight roots per sample were analyzed.

(b) Quantification of data shown in (a) using ImageJ. Application of GLV10 peptide increases root length by increasing cell number but decreasing cell size in
each cortical cell file. Roots were treated with peptide for 7 days on plates and compared to untreated roots. Student's t-test *P < 0.05, ***P < 0.001.

(c) Diagrammatic representation of nodulotaxy as mediated by the peptide GLV10.

© 2024 The Authors.
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Figure 8. Transcriptomic analysis of GLV10 treated M. truncatula seedling roots.

(a) Bar charts showing GO categories enriched in GLV10 peptide-treated roots compared to control (water) treated seedlings 3 h post treatment. Additional GO

numbers provided in Table S4.

(b) Heatmap showing enrichment of TPX2 like, AURORA1, Kinesin related genes that are downregulated in M. truncatula seedling roots 3 h post GLV10 peptide

treatment.

(c) Quantitative RT-PCR estimation of GLV10 marker genes MtPLT3 and MtPLT5 and the PIN-LIKE auxin exporter MtPILS2.
(d) gPCR confirmation of nodulation marker genes differentially regulated by application of GLV10 peptide. Gene expression was normalized to two housekeep-
ing genes UBQ and PTB. All gene ID’s are provided in Table S3. Students t-test *P < 0.05, **P < 0.01, ***P < 0.001.

Given that the phenotype observed after GLV peptide
treatment resembled that of auxin-deficient mutants, we
hypothesized that GLV10 may exert its effects by modulat-
ing auxin signaling, transport, and biosynthesis (Roy
et al., 2017). We, therefore, compared the transcriptomic
signature of GLV10 treated roots with that of publicly avail-
able RNA-Seq data of roots treated with the auxin Indole-3-
acetic acid under identical conditions (Table S3, Figure S8).
We found a 30% overlap between genes regulated by both,
that is, 588 shared genes of 1878 genes regulated by
GLV10 were also regulated by 3-lIAA. These corresponds to
a ~ 20% overlap between genes co-induced and those that
are functionally antagonistic (Figure S12). The peptide tran-
scriptionally regulated several Aux-IAA, SAUR and GH3
genes which we confirmed by qPCR (Table S5, Figure S12).

© 2024 The Authors.

Interestingly, we found that in addition to GLV10p induc-
tion of PIN transporters, expression of the PIN-LIKE auxin
exporter, MtPILS2 (despite being lower than the log2-fold
change of 0.58 that was used in this study) served as a
reproducible marker of GLV10p activity (Figure 8b;
Table S5).

Finally, comparison of differentially expressed genes
(DEGs) with functionally characterized nodulation
genes revealed that 18 crucial nodulation genes are regu-
lated by GLVs (Table S3, Roy et al., 2020). Of these, mem-
bers of the flavonoid pathway (MtCHR, MtFNSIl), the
cytokinin signaling pathway (MtCKX2, MtCKX3), and the
PLETHORA transcription factors (MtPLT3 and MtPLT5)
were overrepresented among induced genes (Table S3;
Figure 8b). In Arabidopsis, auxin-inducible PLTs are
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regulated by GLVs and control meristem maintenance and
root growth.

DISCUSSION

This study provides a thorough investigation of the GOL-
VEN multigenic peptide family using a combination of
plant physiology, molecular biological and omics tech-
niques. The conservation of the GLV peptides across land
plants underscores their fundamental role in root develop-
ment. Findings described herein suggest that while pep-
tides within the same family may influence developmental
processes in similar ways, the upstream regulatory mecha-
nisms governing them can vary. Given that lateral roots
and nodule organogenetic processes share >90% of genes
(Schiessl et al., 2019), our data indicate that GLV peptides
also likely got co-opted into nodule organogenesis down-
stream of the transcription factor NIN, thereby acquiring
additional roles in legumes.

Role of GOLVENSs in N-starvation and root development

When nitrogen availability is low, plants require an internal
signal(s) to inhibit LR production and promote primary root
elongation in search of deeper, N-rich soil layers. MtGLV10
and MtGLV9 are peptide hormones induced in roots upon
short term N-starvation that act as negative regulators of LR
initiation and positive regulators of root elongation
(Figures 1a and 4b,c) phenocopying the N-starvation root
architecture response (Mohd-Radzman et al., 2013). Modu-
lation of root system architecture by GLVs in conjunction
with auxin (Figure 1b) may have been instrumental in colo-
nization of land by plants, allowing them to integrate nutri-
ent stress signals into root developmental programs, given
that GLVs are conserved in all land plants but not in rootless
chlorophytes (Figure 3). Our data suggest that at least five
GOLVEN peptide-coding genes act in concert to control root
nodule symbiosis and root architecture traits (Figures 1 and
2). Of these five, MtGLV10 acts not only at the lateral organ
initiation stage but earlier, likely during priming and organ
positioning, which determines the zone of the root over
which lateral organs can initiate and then emerge (Figures 4
and 5). We apply the definition of the ‘Nodulation Zone’, as
defined by Yoshida et al., as the zone along the longitudinal
root axis that is capable of undergoing cell division and
supporting formation of nodules (Yoshida et al., 2010). Sim-
ilarly, the Lateral Root Zone, as interpreted in this study
describes the zone along the longitudinal root axis that is
capable of undergoing cell division leading to initiation of
lateral roots. The five nodule-induced peptides are activated
during nodule organogenesis, but their regulation varies in
response to factors such as auxin, nitrogen deficiency, and
the symbiosis transcription factor NIN. For example, the
expression pattern of MtGLV1 was distinct from the other
four genes, as it did not show induction under low nitrogen
conditions or regulation by 3-lIAA at the tested time point

(Figure 2). Auxin self-modulates its signaling pathway
through feedback loops, which involve the degradation of
AUX/IAA proteins (Leyser, 2018). Consequently, such com-
plex feedback mechanisms could account for the observed
lack of induction of MtGLV1 by 3-IAA at 3 h post treatment,
potentially due to a variation in its temporal transcription
response. The lack of response to low nitrogen levels raises
several possibilities including one that MtGLV1 may inte-
grate signals from other nutrient deficiencies, such as phos-
phorus, which are known to influence nodule formation
(Isidra-Arellano et al., 2020). While the GLVs might have
redundant roles during any one root organogenetic process
and can compensate for their activity in the absence of any
one of the peptides, expression of each peptide-coding
gene is uniquely regulated. Different environmental signals
or transcriptional regulators might, therefore, drive their
roles in distinct root growth and nodulation processes.

Placing GLVs downstream of the symbiosis signaling
pathway

Low soil-N (<1 mm N) availability promotes root nodule
symbiosis, while simultaneously inducing the expression
of GLVs that, ultimately, limit excessive nodulation
(Figure 1a). Both, low N in roots and nodule development
lead to GLV production in these organs similar to known
Autoregulation of Nodulation pathway where CLE-SUNN
signaling ensures sufficient but not excessive nodulation
(Nishida et al., 2018; Okamoto et al., 2013). MtNIN directly
stimulates the expression of MtCLE 13 prepropeptide. Once
expressed, the MtCLE13 peptide is recognized by MtSUNN
in the shoot, leading to the mediation of systemic AON
which then restricts additional nodulation (Laffont
et al., 2020). Our data indicate that in addition to control-
ling the CLE (and CEP) nodulation regulators (Laffont
et al., 2020), NIN is required for MtGLV9 and MtGLV10
expression at nodule initiation sites (Figure 1c). Identifica-
tion of GLV receptor(s) will enable investigations into pos-
sible crosstalk with the CLE-SUNN module that regulates
nodule number through long-distance signaling, or other
root components such as SKL that control nodule number
and positioning locally. Given that the A. thaliana rgfr triple
mutant is insensitive to high doses of GLV10 peptide,
which normally reduces the LR zone and alters LR position-
ing (Figure 5e,f), the corresponding receptor orthologues
in M. truncatula are interesting candidates for further
investigations. These include AtRGFR1/ RGF1 INSENSITIVE
1 (AtRGI) (AT3G24240 putative orthologs Medtr5g045910),
AtRGFR2/AtRGI2 (AT5G48940 putative orthologs Medtr7
9059285 and Medtr3g090480), AtRGFR3/AtRGI3
(AT4G26540 putative orthologs Medtr3g060880 and
Medtr4g105370), AtRGI4 (AT5G56040 putative ortholog
Medtr5g096530) and AtRGI5 (AT1G34110 putative
ortholog Medtr1g097580) (Roy & Muller, 2022). The sub-
stantial upregulation of MtRGFR1 (Medtr5g045910,
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Mtsspdb.zhaolab.org) expression and repression of
MtRGFR3 (Medtr3g060880) in developing nodules implies
their predominant role as the receptor isoforms in nodula-
tion, although additional genetic studies are warranted to
confirm this.

Noduletaxis and the nodulation zone

Like rhizotaxis, a phenomenon which ensures LR position-
ing and regular spacing between successive LRs, we find
that a similar mechanism exists for nodule spacing, which
we call noduletaxis (Figure 4a,b). Although nodules can
cluster together at a particular infection site, they are typi-
cally spaced out along the longitudinal root axis or the
nodulation zone. Such spacing is lost, however, in the
sickle mutant that forms a continuous chain of nodule pri-
mordia, many of which fail to develop into functional nod-
ules (Penmetsa et al., 2003; Penmetsa & Cook, 1997). Thus,
mechanisms controlling nodule positioning and priming
are important to ensure formation of fully developed, func-
tional nodules. At present, rhizobial infection, nodule num-
ber and N-fixation efficiency are the predominant
phenotypic traits that are measured when trying to under-
stand gene function during root nodule symbiosis. Nodule-
taxis as a trait is rarely considered, if not completely
overlooked, but is nevertheless important to restrict nodule
numbers to levels that can be supported effectively by
plant photosynthesis. Our study identifies GLV10 as a dual
regulator of both rhizotaxis and noduletaxis that controls
the zone of lateral organ formation in M. truncatula. Shift-
ing the position of the first lateral organ more distal to the
root base requires deferred organ initiation in space and/or
in time. From studies in Arabidopsis, we know that GLV
peptides disrupt initial cell divisions in the root pericycle,
which delays or halts lateral root initiation (Fernandez
et al., 2015, 2020). We found that in M. truncatula, another
factor that contributes to this delay is faster root growth
upon GLV application caused by an increase in cell number
along the longitudinal root axis (Figure 6b). Both Nodules
and LRs initiate acropetally, and no new organs develop
between already developed lateral organs (Dubrovsky
et al., 2006). In theory, if treated roots are longer than
those of control plants at the time of organ initiation,
which only occurs in a narrow zone of the root close to the
Root Apical Meristem, the first formed lateral organ will
initiate more distally from the shoot compared to
untreated controls. Rapid cell division stimulated by GLV10
accelerates root growth rates thereby spatially shifting the
position of the first lateral organ formed (Figure 5). Since
organ positioning is determined by a combination of three
factors, that is, primary root length, organ density and the
distance between successive organs (Du & Scheres, 2018),
further temporal delay in initiation of subsequent lateral
organs would facilitate an overall decrease in the LR zone
length or Nod zone length caused by altered cell division
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at organ initiation sites (Fernandez et al., 2015). Fixed or
flexible threshold theory for cell division which proposes
that cells undergo division only after they have reached a
certain threshold of size, would suggest that smaller cells
in GLV10 treated roots may be unable to undergo asym-
metric cell divisions until they have expanded sufficiently,
impairing lateral organ initiation (Jones et al., 2019).

Impact of GOLVEN10 on transcript-level regulation of cell
division and expansion

The observed phenotype in GLV10-treated root cells —
increased number of cells that failed to expand (Figure 7;
Figure S11), led us to propose two hypotheses regarding the
underlying molecular mechanisms. Within the transcrip-
tomic dataset described herein (Figure 8a; Table S3), we
noted a downregulation of several genes essential for micro-
tubule movement and assembly. This encompassed three
TPX2 and TPXL5 genes (Medtr4g078565, Medtr7g013070,
Medtr6g015010) essential for mitotic spindle assembly.
Mutations in Arabidopsis tpx/-5 results in a phenotypic alter-
ation characterized by a reduced number of lateral roots,
delayed lateral root initiation and wider cells as is seen upon
GOLVEN treatment or overexpression (Qian et al., 2023).
Proper microtubule assembly is, therefore, required for spin-
dle formation, which is central to accurate chromosome seg-
regation during cell division leading to cells that either
divide prematurely or improperly, potentially leading to the
shorter cell phenotype observed (Figure 7) (Qian et al., 2023;
Wasteneys & Ambrose, 2009). The TPX2 and TPXL2 proteins
facilitate interactions with spindle microtubules through their
associations AURORA kinases and Kinesins. In Medicago,
AURT (Medtr3g110405) is expressed throughout the nodule
(Gao et al., 2022). When aur? was downregulated using tis-
sue specific gene editing, there was a marked decrease in
the initiation of nodule primordia. This observation aligns
with the reduced nodule initiation seen in plants treated with
GLV10, which inhibits MtAUR1 expression (Figures 5 and
8). Of the ten downregulated Kinesins we identified,
orthologs of the functionally characterized AtKINESIN12-E
(Medtr2g087840) that has a role in spindle assembly
within the phragmoplast during cell division (Herrmann
et al., 2021). The kinesin12e mutants have shorter spindles
that are delayed in their formation. Kinesins are
microtubule-based motor proteins essential for the proper
formation of the spindle apparatus, phragmoplast, and
the preprophase band during cell division. If their function
is compromised, it could lead to inefficient chromosome
segregation, potentially explaining the cell division abnor-
malities in GLV10-treated roots.

Secondly, while our data uncovered several regulators
of different hormone pathways which may be expected
given that optimal plant growth is a result of coordination
between several hormone signaling pathways; we found a
30% overlap between genes that were regulated both by
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auxin and GLV10 suggesting the peptide brings about its
effects by modulating the auxin pathway (Figure S12,
Table S5). Auxin plays a significant role in cell division, dif-
ferentiation, and expansion by ensuring proper gradients
along the root (Leyser, 2018). Our data indicate that GLVs
inhibit organ formation by disrupting auxin gradients
downstream of NIN, which is required for localized auxin
maxima formed at nodule primordia crucial for organogen-
esis (Schiessl et al., 2019). GLVs do so by inducing genes
encoding auxin efflux transporters (PILS2, PINs), and
deregulating auxin signaling (Table S3, Figure S12).
Given that expression of GLVs is modulated by Auxin
(Figure 2b), it indicates that there exists a feedback mecha-
nism that ensures timely and spatially appropriate nodule
organogenesis.

The repression of genes responsible for spindle
assembly and cell cycle progression suggests that GLV10
impacts both the division and subsequent expansion of
cells. The intricate machinery governing plant cell division
and expansion has long been a focal point of root biology
research, and our findings shed light on a key player in this
process, GLV10.

Unanswered questions and future prospects

A question that remains unanswered is whether the nodu-
lation zone is identical to the rhizobial infection susceptible
zone given that nodule organogenesis and rhizobial infec-
tion are genetically separable processes. The finding that
GLV10 application reduces nodule density over the total
root length without changing infection thread density
(Figure S4), combined with the observation that none of
the five GLVs are expressed in vivo within infected root
hairs (Figure 2; Figure S4) suggests that GLV10 controls
cortical processes that regulate organogenesis rather than
infection. Nevertheless, since the rhizobial susceptibility
zone is narrower compared to the primary root length, fur-
ther studies are required to understand GLV control of rhi-
zobial infection including changes in root hair length, root
hair density and length of the susceptibility zone upon
GLV10 application.

CONCLUSION

In conclusion, our study introduces a family of peptide-
coding genes, namely the GOLVEN signaling peptides, into
the story of root nodule symbiosis. We looked at how GLVs
help legumes initiate and arrange their nodules on the pri-
mary acting downstream of the central regulator of symbio-
sis — NIN. We introduced the idea of ‘noduletaxis’—how
plants decide where to place nodules. The precise spatial
placement of nodules and lateral roots, respectively, offers
new perspective on how plants maintain organ number to
optimize nitrogen acquisition. These data may suggest that
the combined action of GLVs and auxin might have been
crucial for plants as they evolved to grow on land. GLVs,

found in land plants but not in rootless chlorophytes, may
help plants adapt their roots based on nutrient stress sig-
nals. Although, a lot remains to be discovered, our work
presented here sets the stage for future work on this inter-
esting new family of nodulation regulators.

MATERIALS AND METHODS
Plant material, nodulation assays and growth conditions

Medicago truncatula ecotype Jemalong A17 or R108 were used
in this study. All Tnt7 mutants are in the R108 background. Tnt1
lines isolated include glv10-1 (NF12742), and glv10-2 (NF20983).
Seeds were scarified with concentrated H,SO,, and surface ster-
ilized with undiluted household bleach (Clorox, Oakland, CA,
USA) at 8% sodium hypochlorite and sown on 1% water aga-
rose (Life Technologies Catalog: 16500100, Carlsbad, CA, USA)
plates.

Seeds were stratified at 4°C for 3 days in dark prior to over-
night germination at 24°C and then transferred onto agarose plates
containing B&D nutrients (Broughton & Dilworth, 1971) plus
0.5 mm KNO3 with and without peptides. Eight to ten seedlings per
line were placed on each plate between sterile filter paper sheets
for all experiments except the GWAS screen in which we placed
three seedlings per plate. For experiments in soil, overnight germi-
nated seedlings were transferred to a 2:1 mixture of turface:ver-
miculite. Plants were watered B&D solution containing six
millimolar nitrogen before inoculation with rhizobia at 7 days post
germination. Post Inoculation, plants were subsequently watering
with B&D nutrient media supplemented with 0.5 mm Potassium
Nitrate. All experiments were conducted in a controlled environ-
ment chamber at 24°C under 16 h light, 8 h dark conditions.

Arabidopsis thaliana wild type Col-0 or mutant lines were
sterilized using bleach and 70% ethanol. After stratification for
3 days at 4°C, seeds were placed onto %> MS (Murashige & Skoog)
media plates with or without peptide and allowed to grow for
14 days. All plants were scored on the same day under a 4x Leica
S7 microscope.

Cloning of promoters and CDS for hairy root

Gene coding regions were cloned either using Golden gate tech-
nology or the Gibson assembly method. Promoter regions of
MtGLV1 (1392 bps), MtGLV2 (2883 bps), MtGLV6E (2131 bps),
MtGLV9 (2192 bps), were cloned upstream of the J-
Galactouronidase (GUS) gene in MUO06 vector carrying a DsRed
selection cassette using Gibson assembly method (Gibson
et al., 2009). The MtGLV10 endogenous promoter was synthesized
(3000 bps) and cloned upstream of the GUS gene using Golden
Gate cloning. All clones were verified by sanger sequencing
before transformation into M. truncatula hairy roots mediated by
Agrobacterium rhizogenes Arqual (Quandt et al., 1993). All cloned
CDS using golden gate cloning (MtGLV1, MtGLV9, MtGLV10) and
Gibson cloning (MtGLV2, MtGLV6) were cloned downstream of
the Lotus UBIQUITIN promoter. Sequenced clones are available
from Addgene under the deposit ID 79021.

Hairy root transformation

A streptomycin resistant strain of A. rhizogenes Arqual was trans-
formed with constructs of interest carrying a AtUBI:dsred selection
marker and cultured on LB medium agar plates supplemented
with the corresponding antibiotics for 2 days at 28°C, Agrobacteria
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were scraped off the plates using sterile spreaders and resus-
pended using 500-700 pl of sterile water. Root tips from overnight
germinated seedlings were cut off to ensure that the meristem
was completely removed and the cut end dipped in aforemen-
tioned bacterial suspension. Seedlings were transferred to and
grown on modified Fahraeus medium plates for 2 weeks at 24°C
16 h day and 8 h night conditions. Transgenic calli expressing
dsRed were selected using an Olympus SZX microscope and
transferred to soil.

Histochemical localization of GUS and p-Gal staining

For X-gluc staining, X-GlcA ((5-bromo-4-chloro-3-indolyl-beta-D-
glucuronic acid, Goldbio) in DMF (Dimethyl formamide)) was
added to 50 ml of phosphate buffer (100 mm phosphate buffer
saline with 100 mm Na,HPO,, NaH,PO, each) and 50 mm K,FeCNg
and KzFeCNg each, 0.5 m EDTA and 10% Triton X-100. X-gluc was
added to a final concentration of 100 mg/100 ml buffer. Harvested
root tissue were vacuum infiltrated with the X-Gluc solution for
10 min and then incubated at 37°C in dark for varying time
periods. Two distinct GUS staining times were used for each con-
struct at early nodulation time points (4 dpi, 10 dpi) and 28 dpi.
These were MtGLV1 (2, 2 h), MtGLV2 (24, 24 h), MtGLV6 (24,
12 h), MtGLV9 (4, 4 h), MtGLV10 (24, 4 h), MtD14 (6, 6 h), MtSPL5
(6, 24 h) and MtMAKRL (24, 6 h). At 28 dpi, nodules were excised
and cleared with 1/20 strength bleach overnight and imaged.

Samples were washed in phosphate buffer three times before
staining rhizobia with X-gal (Goldbio). Prior to X-gal (5-bromo-4-
chloro-3-indolyl-p-D-galactopyranoside) staining, tissue was fixed
in 2.5% glutaraldehyde by vacuum infiltration for 10 min followed
by a one-hour incubation time. Samples were rinsed with Z-buffer
(100 mm Na2HPO4 and NaH2PO4 each, 10 mm Potassium chloride
and 1 mm Magnesium chloride) and immediately transferred to
the X-gal solution in Z-buffer (50 mm each K4FeCN6 and K3FeCNS,
4% X-gal in DMF). Tissue was vacuum infiltrated, incubated in the
dark overnight and imaged the next day.

Hormone treatments and nodule excision

Peptides synthesis was carried out by Pepscan and Austin Chemi-
cals, Inc. For auxin treatments, overnight germinated M. trunca-
tula seedlings were transferred onto 1% water agarose media and
grown for 3 days at 24°C. Sixty to seventy seedlings were trans-
ferred to sterile water (pH adjusted to 6.8) containing 1 uM Indole-
3-acetic acid or equivalent amount of DMSO (Dimethoxy sulfoxide
- solvent control) and treatment allowed to proceed for 3 h. Post
treatment for 3 h, roots were excised from 20 seedlings per repli-
cate per biological replicate and shoots discarded. For variable-N
treatments, seedlings were grown for 3 days on B&D media with
six mm nitrogen before transfer to liquid B&D medium at two differ-
ent N-concentrations. Solution designated as Full-N constituted six
mm nitrogen (Final concentration 0.5 mm KH,PO,4, 0.25 mm K,SO,,
0.25 mm MgSQy,, 0.01 mm Fe-citrate, 1 mm CaCl,, 2 mm KNO3, 2 mm
NH4NO3, pH 6.8) while Low-N solution contained a limited amount
of nitrogen, prepared without any NH;NOz and only 0.5 mm KNO3.

RNA extraction, complimentary DNA synthesis and
quantitative PCR

Total RNA was extracted using Trizol Reagent (Life Technologies)
following the manufacturer's recommendations (Invitrogen GmbH,
Karlsruhe, Germany), digested with RNase free DNase1 (Ambion
Inc., Houston, TX) and column purified with RNeasy MinElute
CleanUp Kit (Qiagen). RNA was quantified using a Nanodrop
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Spectrophotometer ND-100 (NanoDrop Technologies, Wilington,
DE). RNA integrity was assessed on an Agilent 2100 BioAnalyser
and RNA 6000 Nano Chips (Agilient Technologies, Waldbronn, Ger-
many). First-strand complementary DNA was synthesized by prim-
ing with oligo-dT,, (Qiagen, Hilden, Germany), using Super Script
Reverse Transcriptase Il (Invitrogen GmbH, Karlsruhe, Germany)
following manufacturer's recommendations. Primer Express V3.0
software was used for primer design. qPCR reactions were carried
out in an QuantStudio7 (Thermo Fisher Scientific Inc, Waltham,
MA, USA). Five microliters reactions were performed in an optical
384-well plate containing 2.5 pl SYBR Green Power Master Mix
reagent (Applied Biosystems, Waltham, MA, USA), 15 ng cDNA
and 200 nm of each gene-specific primer. Transcript levels were
normalized using the geometric mean of two housekeeping genes,
MtUBI (Medtr3g091400) and MtPTB (Medtr3g090960). Three bio-
logical replicates were included and displayed as relative expres-
sion values. Primer sequences are provided in Table S3.

Root embedding and sectioning

One cm root segments were fixed with 5% glutaraldehyde in
Phosphate Buffer Saline (pH =7.2) solution overnight. Samples
were rinsed three times and dehydrated using ethanol gradients
(20%, 40%, 60%, 80% and 100%). The samples were embedded in
Technovit 7100 (Heraeus-Kulzer, Wehrheim, Germany), according
to the manufacturer’s protocol. Samples were sectioned to 2.5 um
thickness using a microtome and stained with Toluidine blue for
1 min or till the desired color intensity developed and rinsed three
times before imaging.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 8
and tests selected therein. A two-sided Student’s t-test was used
for comparison between genotypes or treatments. For multiple
genotypes ordinary one-way analysis of variance tests or the
Brown-Forsythe and Welch tests were performed followed by post
hoc statistical tests as mentioned.

Figure preparation and R packages used

Figures were prepared using Adobe lllustrator Creative cloud.
Images were edited using Adobe Photoshop and FIJI. Graphs
were prepared using GraphPad Prism 8. Phylogenetic tree was
prepared using Mega X and the FigTree Application. All default
plots were edited using Adobe lllustrator for clarity.

Phylogenetic tree construction

Orthologs of GLV peptide encoding genes were retrieved from 18
different species by performing a Smith-Waterman search with
SSearch (Ropelewski et al., 2003), and e-values of <0.01 were used
for significant homologies followed by manual BLAST searches.
Both the full protein as well as the short peptide-coding region of
known peptides in Arabidopsis and Medicago were used to initi-
ate these searches. Retrieved sequences were selected through
the SSP classification pipeline on MtSSPdb.noble.org. A maxi-
mum likelihood phylogenetic tree of the resulting list of putative
GLV peptide-coding proteins was generated using Mega X soft-
ware and 1000 bootstrap iterations performed. Consensus tree
was modified using Figtree and Adobe lllustrator.

RNA-Seq and gene expression analyses

For RNA-seq library preparation, 1 ug of total RNA was used with
the TruSeq Stranded mRNA Library Prep Kit (lllumina Inc, San
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Diego, CA, USA), following the kit's guidelines. Before initiating
library construction, an evaluation of RNA integrity was conducted
using the TapeStation 4200 (Agilent). Only samples exhibiting an
RNA integrity number (RIN) exceeding nine were considered. The
subsequent RNA-seq libraries underwent a size distribution check
through TapeStation, followed by quantification with the Qubit 2.0
Fluorometer (Thermo Fisher Scientific). These libraries were then
forwarded to Novogene Inc. for sequencing, using the lllumina
Hiseq4000 (lllumina) platform with a 150 bp paired-end configura-
tion. The anticipated depth for the sequencing reads ranged
between 30 and 40x. The associated data can be accessed on
NCBI with the SRA identifier PRINA727610, covering Biosamples
from SAMN19026351 to SAMN19026356.

RNA-Seq mapping and hierarchical clustering

Each sample underwent a rigorous quality control by removing
low-quality bases and sequences of primers/adapters using Trim-
momatic v0.361. Short reads (below 30 bases post-trimming) and
their corresponding mate pairs were discarded. The trimmed
sequences were then aligned to a re-annotated version of the M.
truncatula genome (release 4.0_reanno) using HISAT2 v2.0.5 and
default settings, employing 24 threads. Transcript assembly
and quantification took place with Stringtie 1.2.4, using standard
assembly parameters. A comparison of transcripts found in con-
trol and GLV treated samples was done, and alignment with the
reference gene annotations was facilitated by Stringtie’s “merge”
function. DESeq2 was utilized for the analysis of differential gene
expression. Expression fold differences were determined from
average FPKM values, and genes with differential expression were
identified using a P-value threshold of 0.05.

Differential gene expression analysis

Criteria for identifying differentially expressed genes (DEGs)
included a fold change of 1.5 (log2 fold change > |0.58) and a P-
value of less than 0.05. To pinpoint common DEGs, analyses and
comparisons between AtCEP1, MtCEP1D1, and MtCEP1D2 were
facilitated using Venny 2.1.0. Further analysis involved the enrich-
ment of Gene Ontology (GO) terms, conducted on the Legume IP
V3 web platform (Dai et al., 2020). The enrichment tool on this
platform derives GO terms from functional protein descriptions in
UniProt and InterproScan databases. A significant GO term was
determined by an adjusted P-value of less than 0.05. The most
enriched GO terms were visualized for significant DEGs. Notable
changes in nitrate, phosphate, and sulfate transporter expressions
were visualized in a heatmap with specific criteria (log2FC > |0.58)),
P-value <0.05. DEGs that were prominently upregulated, including
kinases and transcription factors, were displayed in a heatmap
(log2FC >2.0, indicating a fourfold change in expression), with a P-
value <0.05. Visualization tools included GraphPad Prism 9.0.0, and
post-processing was executed using Adobe lllustrator.
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Figure S1. Phylogenetic analyses of GOLVEN peptide presence
and distribution in different plant species. (a) Phylogenetic tree
generated with PhytoT V2.0 and iTOL webtools to depict interrela-
tions between plant species. Taxa encoding GOLVEN peptides are
indicated on the right with a green check mark. Their absence is
marked with a red cross. The ability to make nodules (Nod+/—),
associate with mycorrhizal fungi (Myc+/—) or form roots or rhi-
zoids (Root/Rhizoid+) is indicated by boxes of different colors. (b)
Maximum likelihood tree showing interrelationship between Ara-
bidopsis thaliana and Medicago truncatula GOLVEN proteins. Tree
branch supports depicts outcome of 1000 bootstrap iterations. (c)
Soybean Expression Atlas (https://soyatlas.venanciogroup.uenf.br/)
output showing expression of GmGLV1 orthologs is restricted to
nodules.

Figure S2. Expression of GLVs during nodulation, N-deprivation
and in infected root hairs. Expression of GOLVEN peptide encoding
genes in Medicago. (a) Quantitative-PCR estimation of GLV tran-
script abundance at the denoted timepoints. *P < 0.05, ***P < 0.001
based on an ANOVA-protected Dunnett’s multiple comparison test
(vs 0 dpi uninfected roots). Error bars indicate SEM and three bio-
logical replicates per time point were used. (b) gPCR estimation of
GLV transcript abundance in M. truncatula A17 plants deprived of
Nitrogen for 2 weeks compared to plants supplemented with potas-
sium nitrate as in de Bang et al., 20178. Student’s t-test *P < 0.05.
Error bars indicate SEM and three biological replicates per treat-
ment were used. (c) GLV promoter-GUS reporter activity is absent
in infection threads of M. truncatula hairy roots transformed with
the indicated constructs four dpi with Rm1021. Rhizobia are co-
stained in magenta-gal. Scale bars represent 100 pm.

Figure S3. Expression of Arabidopsis GOLVEN/ROOT MERISTEM
GROWTH FACTORS under varying Nitrogen availabilities. Data
were taken from Arabidopsis Root eFP browser and represent the
study by Gifford et al., 2008. (a) Expression of AtGLV6 was
induced in roots starved of nitrate compared to roots provided
with 5 mm Nitrate in lateral root cap cells. (b) Heatmap showing
expression of Arabidopsis GLV genes based on Gifford et al.,
2008. Missing microarray data are indicated by crossed out cells.
Figure S4. Sequence and physiological effects of synthetic GLV
peptides used in this study. (a) Logo showing conserved residues
in Medicago peptides. (b) Sequence of GLV peptides synthesized
in this study. (c) M. truncatula root images showing stages of lat-
eral root or nodules scored in this study. Scale bars denote
500 um. See Table S1 for trait definitions. (d) Time plots over 60 h
showing effects of synthetic peptides used in this study on growth
of Rm2011 dsRED in the presence of the peptides as indicated.
Asterisk * indicates a significant difference for GLV6_hyp10 which
was not reproducible in subsequent experiments. (e) Change in
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total root length in M. truncatula Jemalong A17 seedling roots
upon peptide treatment compared to control (no peptide). Aster-
isks represent *P < 0.05 using a post hoc Dunnett’'s multiple com-
parison test following a one-way ANOVA. (f) Change in total
rhizobial infections upon peptide treatment compared to control
in the same experiment. Asterisks represent **P<0.01,
**P < 0.001 using a post hoc Dunnett’'s multiple comparison test
following a one-way ANOVA. (g)Number of infection events per
cm total root in the same experiment as (e,f) above. Asterisks rep-
resent **P < 0.01, **P < 0.001 using a ANOVA-protected Dunnett's
multiple comparison test. (h) Images showing infection structures
in M. truncatula seedlings infected with Rm2011 HemA::LacZ
7 days post inoculation. Scale bars represent 100 um.

Figure S5. Characterization of lines used in this study. Expression
of individual MtGLV genes in their corresponding over expression
lines. (a) MtGLV1 (b) MtGLV2 (c) MtGLV6 (d) MtGLV9 (e) MtGLV10.
Data represent qPCR estimation of transcript abundance using
hairy root tissues. Error bars indicated SEM, n = 2-4 per line. Stu-
dent’s t-test *P < 0.05, ***P < 0.001. (f) Gene structure showing
position of Tnt1 insertions in exonic regions of g/v10 mutant lines
used in this study. (g) Agarose gel images showing PCR ampli-
cons in WT R108 compared to mutants.

Figure S6. Effect of GLV10 peptide application on M. truncatula
root growth. (a) Overview of peptide treatment and plant growth
setup used in this study. (b, c) Representative images comparing
effects of GLV10 peptide application to roots at 1 um concentration
compared to untreated roots. Images were taken 10 days post
transfer to plates containing 1% Agarose in water.

Figure S7. Interaction of GLV10 signaling pathway with the Auto-
regulation of Nodulation pathway. Effect of 1 um GLV10 peptide
application on sunn mutant plants compared to WT R108. (a) Root
length (b) Number of lateral roots on the primary root (c) Density
of LRs on primary root (d) Number of nodules (e) Relative position
of the first formed nodule (f) Nodulation zone. Number of plants
analyzed were n =15, 15, 9, 10, 15, 20. A one-way ANOVA pro-
tected by a Sidak’s multiple comparison test between treated and
untreated plants in each genotype was performed. Asterisks indi-
cate *P < 0.05, **P < 0.01, ***P < 0.001, n.s indicates not signifi-
cant. (h) Heatmap showing gene expression of known
components of the AON pathway as FPKM values. X represents
treatments where no expression was detected. Data are average
of three replicates. Student's t-test ***P < 0.001. RDN (ROOT
DETERMINED NODULATION), CLE (CLAVATA3/EMBRYO-SUR-
ROUNDING REGION (CLE) family), SUNN (SUPERNUMERIC NOD-
ULES), CRN (CORYNE), TML (TOO MUCH LOVE), CEP (C-
terminally encoded peptide), CRA2 (COMPACT ROOT ARCHITEC-
TURE), CRET (CYTOKININ RECEPTOR), SKL (SICKLE).

Figure S8. Peptide dilution curve. (a) Representative root scans
showing seedling morphology 13 days post growth on B & D low-N
media containing GLV10p, a modified non-sulfated version of the
same peptide (nsGLV10p) and a scrambled version of the peptide
(scrlIGLV10p) at the concentrations indicated. See Figure S3 for
sequence details. (b) Number of nodules, position of developmen-
tally first formed nodule relative to primary root length and the
resulting nodule formation zone 10 days post inoculation with S.
meliloti strain Rm2011 dsRed at the concentrations of peptides indi-
cated. (c) Density of lateral roots formed, position of developmen-
tally first formed lateral root relative to primary root length and the
resulting LR formation zone in the same experiment.

Figure S9. Response of the Arabidopsis thaliana rgfr123 mutants to
synthetic AtGLV10 peptide. Effect of 1 um AtGLV10 peptide (D(sY)
PKPSTRP(Hyp)RHN) application on rgfr123 mutant plants compared
to WT. (a) Root length (b) Number of lateral roots on the primary
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root (c) Lateral root zone (d) Absolute position of the first formed
lateral root (e) absolute position of the young lateral root (f) Rela-
tive position of the first formed lateral root. Number of plants ana-
lyzed were n = 15, 15, 25, 20. A one-way ANOVA-protected Sidak’s
multiple comparison test between treated and untreated plants in
each genotype was performed. Asterisks indicate *P < 0.05,
**P < 0.01, **P < 0.001, n.s indicates not significant.

Figure S10. Characterization of glv10 mutant plants growth
responses compared to WT. (a) Root length (b) Number of lateral
roots on the primary root (c) Lateral root density (d) Relative posi-
tion of the first formed lateral root (e) total number of nodules (f)
Number of lateral roots per cm root. (g) Relative position of the
first formed nodule. Number of plants analyzed were n = 57, 31,
33. A one-way ANOVA-protected Dunnett's multiple comparison
test between treated and untreated plants in each genotype was
performed. Asterisks indicate *P < 0.05, **P < 0.01, ***P < 0.001,
n.s indicates not significant.

Figure S11. The synthetic peptide GLV10 affects cell number and
cell size in Medicago roots. Images show 2.5 um thick sections of
root segments collected 4 cm below root tip at a 20x magnifica-
tion. Control roots treated with solvent (a) and roots treated with
1 um GLV10 peptide (b) for 7 days. Scale bars represent 50 um.
Segments from at least eight roots per sample were analyzed.
Quantification of data shown in (a,b) using ImageJ. Application of
GLV10 peptide increases root length by increasing cell number (c)
but decreasing cell size in each cortical cell file (d). Roots were
treated with peptide for 7 days on plates and compared to
untreated roots. Student’s t-test ***P < 0.001. Average values are
shown on the shoulder of each box plot.

Figure $12. The GOLVEN10 peptide affects the auxin signaling
pathway. Comparing the transcriptomic signature of the peptide
GOLVEN10 and the auxin Indole-3-acetic acid revealed a shared
set of genes that were (a) Induced by both (b) Repressed by both
(c) Induced by GLV10 but repressed by IAA. Data on IAA treated
seedlings taken from Mtsspdb.zhaolab.org. The probability value
for finding the number of shared genes between both hormones
across all four comparisons is P < 0.001 using a hypergeometric
probability test. (d) Repressed by GLV10 but induced by IAA. (e)
gPCR validation of several auxin marker genes belonging to the
Aux/IAA, ARF, SAUR and GH3 gene families that were induced
upon application of the synthetic peptide GLV10. Data are average
of three biological replicates. Expression was normalized using
two housekeeping genes UBIQUITIN and PTB. Student's t-test
*P < 0.05, **P < 0.01, ***P < 0.001.

Table S1. List of orthologous GOLVEN peptide-coding genes
found across 21 plant species.

Table S2. List of Primers, constructs, and lines used in this study.

Table S3. List of Differentially expressed genes regulated by GOL-
VEN10 and 3-IAA application.
Table S4. Gene Ontology (GO) Enrichment Analysis Results.

Table S5. Expression Profiles of Auxin-Regulated Genes Following
GLV10 Application.
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