‘," frontiers

in Plant Science

MINI REVIEW
published: 28 March 2022
doi: 10.3389/fpls.2022.836213

OPEN ACCESS

Edited by:
Andrea Genre,
University of Turin, Italy

Reviewed by:

Alessandra Salvioli di Fossalunga,
University of Turin, Iltaly

Didlier Reinharat,

Université de Fribourg, Switzerland

*Correspondence:
José Manuel Garcia-Garrido
josemanuel.garcia@eez.csic.es

Specialty section:

This article was submitted to
Plant Symbiotic Interactions,
a section of the journal
Frontiers in Plant Science

Received: 15 December 2021
Accepted: 10 March 2022
Published: 28 March 2022

Citation:

Ho-Plagaro T and

Garcia-Garrido JM (2022) Multifarious
and Interactive Roles of GRAS
Transcription Factors During
Arbuscular Mycorrhiza Development.
Front. Plant Sci. 13:836213.

doi: 10.3389/fpls.2022.836213

Check for
updates

Multifarious and Interactive Roles of
GRAS Transcription Factors During
Arbuscular Mycorrhiza Development

Tania Ho-Plagaro and José Manuel Garcia-Garrido*

Department of Soil Microbiology and Symbiotic Systems, Zaidin Experimental Station (EEZ), CSIC, Granada, Spain

Arbuscular mycorrhiza (AM) is a mutualistic symbiotic interaction between plant roots and
AM fungi (AMF). This interaction is highly beneficial for plant growth, development and
fitness, which has made AM symbiosis the focus of basic and applied research aimed at
increasing plant productivity through sustainable agricultural practices. The creation of
AM requires host root cells to undergo significant structural and functional modifications.
Numerous studies of mycorrhizal plants have shown that extensive transcriptional changes
are induced in the host during all stages of colonization. Advances have recently been
made in identifying several plant transcription factors (TFs) that play a pivotal role in the
transcriptional regulation of AM development, particularly those belonging to the GRAS
TF family. There is now sufficient experimental evidence to suggest that GRAS TFs are
capable to establish intra and interspecific interactions, forming a transcriptional regulatory
complex that controls essential processes in the AM symbiosis. In this minireview,
we discuss the integrative role of GRAS TFs in the regulation of the complex genetic
re-programming determining AM symbiotic interactions. Particularly, research being done
shows the relevance of GRAS TFs in the morphological and developmental changes
required for the formation and turnover of arbuscules, the fungal structures where the
bidirectional nutrient translocation occurs.

Keywords: arbuscular mycorrhiza, GRAS transcription factors, transcriptional regulatory network, transcriptional
complexes, symbiotic plant genes

INTRODUCTION

Arbuscular mycorrhiza (AM) is a mutual symbiosis between soil-borne fungi from the phylum
Glomeromycotina and the majority of higher plants. This highly beneficial symbiotic interaction
substantially boosts plant growth, development and fitness by facilitating growth and reproduction
under mineral-stress conditions (Clark and Zeto, 2000). In exchange, AM fungi obtain their
carbon from the host plant in the form of plant photosynthates and lipids (Bago et al., 2003;
Luginbuehl et al., 2017). This whole process of bidirectional nutrient exchange between plant
and fungus is closely linked to and highly dependent on environmental and biological variables
(Smith and Read, 2008).

The formation of AM requires the host root cells to undergo significant structural and
functional modifications, leading eventually to reciprocal beneficial effects. A combination of
genetic, molecular and cellular studies has shown that functional symbiosis appears to occur
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following a series of plant-controlled checkpoints. During the
establishment of the symbiosis, host plant root cells regulate
the development and functioning of arbuscules, which are
specialized intraradical and highly branched fungal structures,
through complex stage-specific transcriptional reprogramming
(Pimprikar and Gutjahr, 2018).

Genes involved in signaling, protein metabolism, nutrient
transport, secondary metabolite biosynthesis, cell wall
modification and lipid metabolism are activated during symbiosis,
suggesting that complex transcriptional regulation is required
for AM development and functioning. Consequently, a growing
number of accumulating transcripts encoding putative
transcriptional regulators as well as certain cis-regulatory elements
essential for AM-specific gene expression in arbuscule-containing
cells have been described (Rubio et al, 2001; Karandashov
et al., 2004; Chen et al.,, 2011; Pimprikar and Gutjahr, 2018).

Genome-wide characterization and expression studies of TF
genes activated during AM in Petunia (Rich et al., 2017), Lotus
(Xue et al., 2015), Medicago (Hartmann et al., 2019) and tomato
(Ho-Plagaro et al., 2019), have revealed that the GRAS gene
family is prominent among the AM-inducible TF genes in
plants. Moreover, most of these AM-induced GRAS genes
belong to the scarecrow-like (A and B), RAD1, and RAM1
subfamilies, which are absent in the whole non-AM host
Brassicaceae family (Cenci and Rouard, 2017), suggesting that
these GRAS genes play a specific role during mycorrhization.
In this minireview, we discuss the integrative roles of GRAS
TFs in the regulation of transcriptional changes associated with
AM development.

A BRIEF DESCRIPTION OF GRAS TFs
FUNCTIONS AND INTERACTIONS

The acronym GRAS is based on the first three members identified
in this family: gibberellin-acid insensitive (GAI), repressor of
GAl (RGA), and scarecrow-like (SCL) proteins (Pysh et al,
1999). GRAS TFs play a crucial regulatory role in a diverse
range of fundamental plant biology processes such as plant
development, gibberellin signaling, stress responses, and symbiotic
processes (Tian et al, 2004; Gutjahr et al., 2015). All GRAS
proteins are between 360 and 850 amino acids length and share
a common conserved GRAS domain in their C-terminal region,
consisting of two leucine heptad repeats (LHRs), as well as the
motifs VHIID, SAW, and PFYRE (Pysh et al., 1999). These five
motifs constitute the GRAS domain (Hirsch et al, 2009). In
contrast, the amino (N-) terminal part of GRAS proteins is
variable as well as intrinsically disordered (Sun et al, 2011)
and can also include other motifs such as the DELLA motif,
which is known to modulate DELLA protein interactions with
many structurally diverse TFs (Marin-de la Rosa et al, 2014).

Although several genome-wide analyses have been carried
out on the GRAS family, and GRAS genes have been characterized
in a number of plant species, their classification has not been
fully resolved. Based on a panel of eight representative angiosperm
species, Cenci and Rouard (2017) identified 29 orthologous
groups for the GRAS gene family and they regrouped them

into 17 subfamilies whose names were homogenized based on
a review of the literature. Interestingly, having found that certain
members were missing from some taxonomic groups, they
created five new subfamilies which include the RAD1 and
RAMI subfamilies, reported to be involved in mycorrhizal
signaling (Park et al, 2015; Xue et al., 2015) and missing
from all Brassicales.

Some of the most representative GRAS protein subfamilies
act as regulators of GA signaling and root development, which
are important processes that occur during AM formation.
DELLA proteins, which share the amino acid sequence DELLA
in their N-terminal region, repress gibberellin responses
(Silverstone et al., 1998). The SCARECROW (SCR) and SHORT-
ROOT (SHR) transcription factors are both involved in radial
root organization (Cui et al.,, 2014), while the SCARECROW-
LIKE3 (SCL3) transcription factor, which mediates GA-promoted
cell elongation during root development, acts as a coordinator
of GA/DELLA and SCR/SHR pathways in Arabidopsis (Heo
et al,, 2011; Zhang et al,, 2011). Nodulation Signaling Pathway
1 (NSP1) and Nodulation Signaling Pathway 2 (NSP2) GRAS
TFs regulate the Nod factor-induced transcriptional responses
in legume species (Smit et al, 2005). However, members of
these groups also play a role in mycorrhization, acting as
positive regulators of strigolactone (SL) biosynthesis in Medicago
truncatula and Oryza sativa (Liu et al., 2011).

In a simple biological model of transcriptional regulation,
gene expression regulation is mediated by the action of
transcription factors (TFs) which directly bind promoter
cis-elements. However, the functioning of TFs is often mediated
by their synergistic and combinatorial capacity to interact with
other transcription factors and other transcriptional regulators
(TRs) to form regulatory complexes (Gutjahr et al., 2015). Many
GRAS proteins have been found to be associated with promoter
regions. Surprisingly, in some cases, the targeted promoters
also correspond to other GRAS genes, or even to the same
GRAS genes (reviewed by Bolle, 2016). However, in most of
the experiments performed, it is not possible to discern whether
a protein is directly bound to DNA or whether it is part of
a complex bound to the chromatin. To date, the direct binding
of GRAS TFs to DNA has been confirmed for only very few
GRAS proteins (Hirsch et al.,, 2009; Ma et al., 2014; Li et al,
2016). This, together with the involvement of GRAS proteins
in so many diverse processes, suggests that most GRAS proteins
do not bind directly to DNA and thus act as TRs rather than
TFs (Bolle, 2016). Specific interactions of GRAS proteins with
many other interactor proteins have been described. In addition,
GRAS proteins, even from different subfamilies, have been
shown to be able to interact to form heterodimers, which are
often necessary for GRAS protein functionality (Bolle, 2016).

GRAS INTERACTIONS AND AM
SYMBIOSIS REGULATION

Initial evidence of the action of GRAS factors in mycorrhization
processes emerged from a comparative study between the
processes of nodulation in legumes, as well as mycorrhization
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in most plant species (Hirsch et al, 2009; Liu et al, 2011).
The discovery and characterization of the GRAS TF RAMI
(Required for Arbuscular Mycorrhization 1; Park et al., 2015;
Rich et al, 2015; Xue et al, 2015; Pimprikar et al., 2016;
Miiller et al, 2020) and subsequent identification of many
other GRAS transcription factors as central regulators of arbuscule
development in plants forming arbuscular mycorrhiza (Floss
et al,, 2013; Yu et al., 2014; Xue et al., 2015; Heck et al,
2016; Hartmann et al., 2019; Ho-Pldgaro et al,, 2019) point
out the relevance of the GRAS family for mycorrhiza development.

Little is known about how combinations of different GRAS
protein TFs and TRs control AM formation and functionality.
Several studies have identified direct interactions between
GRAS proteins during AM, suggesting that networks of GRAS
TFs are necessary to regulate mycorrhization and that
AM-related GRAS proteins act synergistically and in a combined
manner. Interactions between GRAS proteins appear to play
a particular role in regulating arbuscule development and
here we focus on the integrative role of these GRAS TFs in
the regulation of morphological and developmental changes
associated to the accommodation and arbuscule functionality
in inner cortical cells.

Functional arbuscule development needs host cells to
be increased in size to accommodate the AM fungal structures.
Some reports showed that fungal colonization induced cellular
changes that affected root morphometric parameters (Russo
et al, 2019). The accommodation of AM fungal structures in
inner cortical cells impacts cortical root cell development
although the molecular mechanisms behind these changes were
unknown. Root development is positively regulated by GA in
Arabidopsis where SCL3 proteins have been shown to interact
with GA and DELLA signaling through interactions with plant-
specific INDETERMINATE DOMAIN (IDD) family proteins
which physically bind to both DELLA and the promoter sequence
of the SCL3 gene (Yoshida et al., 2014). Conversely, GA negatively
regulate root system development in M. truncatula (Fonouni-
Farde et al., 2019) and the SHR-SCR module in cortical cells
in this legume showed a distinct expression pattern than in
Arabidopsis (Dong et al, 2021). Interestingly, the SHR-SCR
module in Medicago is enable to couple cell division with
rhizobial infection (Dong et al., 2021).

Curiously, the differential regulation of root developmental
processes in Arabidopsis, a non-host plant unable to form AM,
and legume plants is accompanied by the absence in Arabidopsis
of several GRAS TFs specific for mycorrhizal development.
Then, it is tempting to speculate that GRAS factors from SCL,
SHR, and SCR subfamilies, which are implicated in radial root
organization and that mediate GA-promoted cell elongation
during root development, are also part of the complex system
regulating AM development in roots.

In this sense, Ho-Pldgaro et al., revealed that, in addition
to some classic GRAS transcription factors involved in
AM symbiosis, members of the GRAS subfamilies SHR, SCL3,
SCR, and SCL32, which form a regulatory module for the
root elongation process (Heo et al., 2011; Zhang et al., 2011),
are also involved in regulating mycorrhizal processes in tomato
and showed specific expression in cells containing arbuscules

(Ho-Plagaro et al.,, 2019). Previous evidence demonstrated that
MIG1 (Mycorrhiza Induced GRAS1) is induced in colonized
cortical cells and, together with DELLA, promotes cell expansion
to accommodate the developing arbuscule (Heck et al., 2016).
Recently, Seeman and co-workers characterized two new MIG
(MIG2 and MIG3) and one SCL3 GRAS transcription factors
that are induced in arbuscule-containing cells and act as positive
or negative regulators of cortical cell size. MIG3 interacts with
SCL3 in a transcriptional complex to modulate the activity of
the central regulator DELLA and antagonizes the positive action
of MIG1 and DELLA in cortical cell size (Seeman et al., 2022).
It seems clear that the regulation of cell size to accommodate
arbuscules in root cortical cells is controlled by a fine-tuned
regulated network of interactive GRAS transcription factors
from the DELLA, SCL, SHR, and SCR subfamilies. Thus, it
is expected that research addressed to this issue will provide
new and interesting results in deciphering the complex regulatory
circuits ~ coordinating  arbuscule formation and root
cell morphology.

In addition to its role in rearranging cell morphology to
house arbuscules, the action of DELLA is essential for arbuscule
development. In a complex containing CYCLOPS and other
proteins, DELLA activates RAMI transcription (Pimprikar et al.,
2016), and consequently the expression of genes involved in
arbuscule development. RAMI1 target genes include plant
carbohydrate and lipid metabolism genes such as RAM2
(encoding a glycerol-3-phosphate acyltransferase), as well as
genes encoding membrane proteins which are essential for the
formation and functioning of the arbuscules, such as AM-induced
phosphate transporter genes (Park et al., 2015; Bravo et al,
2017; Luginbuehl et al., 2017). Furthermore, RAM1 interacts
with RAD1 (Xue et al., 2015) and two other M. truncatula
AM-related GRAS TFs, TF80, and TF124 (Park et al., 2015),
supporting the idea that all these regulators interact to control
arbuscule development. RAD1 (Required for Arbuscule
Development 1) is a GRAS TF closely related to RAMI1, and
the relative importance of RAM1 and RADI in supporting
arbuscule development appears to differ between plant species
(Park et al., 2015; Xue et al, 2015), pointing to a putative
diversification of AM regulatory networks among mycorrhizal
host species. Accordingly, transcriptomic analyses of raml
mutants from L. japonicus, M. truncatula, and P. hybrida, suggest
differences in the RAMI-induced target genes depending on
the plant species (Park et al, 2015; Pimprikar et al, 2016;
Luginbuehl et al., 2017; Rich et al., 2017).

DELLA has also been shown to be involved in adverse
roles during the arbuscule life-cycle. In particular, a
transcriptional regulatory complex composed of the GRAS
proteins DELLA and NSP1, together with the transcription
factor MYB1, a member of the MYB family, forms a regulatory
module required for arbuscular degeneration (Floss et al., 2017).
While the specific mechanisms of action and regulation remain
to be determined, the involvement of DELLA in the modulation
of both arbuscule formation and degeneration, seems to depend
on the regulatory complexes formed by the differential
combination and association of DELLA with specific additional
GRAS and other TFs.
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Interestingly, downstream targets of RAMI1 include genes
encoding AP2-domain TFs such as the WRI (WRINKLED) family
(MtWRI5a, MtWRI5b, and MtWRI5¢) in M. truncatula (Jiang
et al, 2018) and CBX1 (CTTC-BINDING TRANSCRIPTION
FACTORI; LjWRI1) in L. japonicus (Xue et al., 2018). These are
members of the APETALA2 TF family that have also been described
as differentially regulated upon mycorrhization (Xue et al., 2015;
Ho-Plagaro et al, 2019). During AM formation, these AP2/ERF
domain transcription factors regulate host genes involved in
phosphate uptake and fatty acid biosynthesis. L. japonicus CBX1
and M. truncatula WRI5 directly bind to CTTC and AW motifs
in the promoter sequences of genes involved in phosphate transport
and fatty acid biosynthesis (Jiang et al., 2018; Xue et al, 2018).
In a genome-wide analysis with several AM-competent plant
species and some non-AM plants it was shown that CTTC motifs
are very common in AM-related genes (Favre et al,, 2014), hence
indicating that RAM1 GRAS TF regulate reprogramming of
mycorrhizal roots through these downstream target TFs that bind
CTTC motifs. Curiously, overexpression of WRI5a in M. truncatula
activates expression of RAMI and MtRaml and MtWri5a gene
expression has been shown to be interdependent, while WRI5a
and RAM1 regulate each other at the transcriptional level, thus
supporting a model in which both TFs form a positive feedback
loop to regulate AM symbiosis (Jiang et al., 2018).

Further research is needed to determine whether WRINKLED
transcription factor proteins are involved in mycorrhizal gene
expression independently, cooperatively, or downstream of RAM1

during AM development. The lack of an AWbox-related cis element
in the promoter of RAM1 suggests that WRI5a-mediated regulation
of this gene might be indirect. The possibility of GRAS/AP2-ERF
heterocomplex formation also needs to be explored.

CONCLUDING REMARKS AND
PERSPECTIVES

In this mini review, we discuss the key regulatory role played
by GRAS proteins in AM formation, as well as AM symbiotic
competence, mainly in arbuscule formation (Figure 1). While
their functional significance for symbiosis remains to be further
determined, the data suggest the existence of interconnected
transcriptional modules that are regulated by multiple GRAS
transcription factors. Although the role of GRAS TFs in
AM symbiosis appears to be conserved in plants, functional
diversification in the GRAS protein repertoire is a basis for
variations in AM traits among plant species. Genome-wide
characterization and expression studies need to be complemented
by protein-protein and protein-DNA interaction studies. Also,
further research into the specific inter-GRAS TF interactions
and crosstalk, as well as with other TFs and TRs, in addition
to identification of regulatory transcriptional modules, would
provide a better understanding of how plants are prepared for
the establishment of AM symbiosis. AM-forming fungi, whose
optimal use would improve plant production in a more sustainable
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FIGURE 1 | Involvement of GRAS TFs in the regulation of arbuscule formation. The DELLA/CYCLOPS complex regulates the expression of RAM1. In this manner,
RAM1 is able to interact with several other GRAS-domain proteins such as RAD1, regulating the expression of genes involved in arbuscule development and
functionality, as well as with TFs from the WRI family, activating genes involved in lipid biosynthesis and in nutrient exchanges at the periarbuscular membrane. In this
model, WRI and RAM1 regulate each other at the transcriptional level. The interaction of the GRAS-domain protein MIG1 with DELLA and NSP1 is necessary to
regulate genes involved in the radial expansion of cortical cells for AM fungal accommodation, while SCL3, together with MIG3 and DELLA, counteracts the positive
effect of MIG1 on cell expansion. MYB1 is required for the transcriptional regulation of genes involved in arbuscule degeneration (hydrolytic activity) and interacts
with both DELLA proteins and the GRAS-domain protein NSP1. The different stages of arbuscule development are shown. The blue and red arrows mark the
beginning of RAM1 activity and MYB1 activity, respectively. Only GRAS TFs with known function during AM are shown.
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way, are a natural resource that has great potential in agro-
biotechnological procedures. Thus, the identification of essential
target genes, regulatory modules and downstream processes
during AM formation and functioning would be invaluable
in order to make AM symbiosis more effective.
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