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ABSTRACT

The majority of the vascular flowering plants form symbiotic associations with fungi from the phylum
Glomeromycota through which both partners gain access to nutrients, either mineral nutrients in the case of the
plant, or carbon, in the case of the fungus.' The association develops in the roots and requires substantial
remodeling of the root cortical cells where branched fungal hyphae, called arbuscules, are housed in a new
membrane-bound apoplastic compartment? Nutrient exchange between the symbionts occurs over this
interface and its development and maintenance is critical for symbiosis. Previously, we showed that DELLA
proteins, which are well known as repressors of gibberellic acid signaling, also regulate development of AM
symbiosis and are necessary to enable arbuscule development.? Furthermore, constitutive overexpression of a
dominant DELLA protein (della7-A18) is sufficient to induce transcripts of several AM symbiosis-induced genes,
even in the absence of the fungal symbiont.* Here we further extend this approach and identify AM symbiosis
genes that respond transcriptionally to constitutive expression of a dominant DELLA protein and also genes that
do respond to this treatment. Additionally, we demonstrate that DELLAs interact with REQUIRED FOR
ARBUSCULE DEVELOPMENT 1 (RAD1) which further extends our knowledge of GRAS factor complexes that have

ARTICLE HISTORY
Received 17 February 2016
Revised 26 February 2016
Accepted 1 March 2016

KEYWORDS

arbuscular mycorrhizal
symbiosis; dominant DELLA
protein; gibberellic acid;
transcription factors

the potential to regulate gene expression during AM symbiosis.

Development of arbuscular mycorrhizal (AM) symbiosis
involves signal exchange between the symbionts and a highly
conserved plant symbiosis signaling pathway plays a central
role in controlling fungal growth into the root and the develop-
ment of the symbiotic interface in the cortical cells.”® The gene
expression changes that underlie symbiotic development have
been documented through detailed transcript profiling ”* and
some transcriptional regulators have been identified, some of
which are downstream components of the symbiosis signaling
pathway.**!"!

Development of AM symbiosis is also influenced by plant
hormones and treatment of roots with gibberellic acid (GA)
leads either to alterations in fungal entry into the root or abol-
ishes arbuscule development. The precise outcome depends on
the concentration of GA applied.'” Genes encoding enzymes of
GA biosynthesis and metabolism are differentially regulated dur-
ing symbiosis ”'*"'7 and associated with the colonized regions of
the cortex.'® Furthermore, both bioactive and inactive GAs are
present in mycorrhizal roots. All of these data suggest a role for
GAs in regulating aspects of symbiotic development.'®"?

DELLA proteins are members of a specific sub-group of the
GRAS family of transcriptional regulators that possess a unique
domain, the DELLA domain, located toward the N-terminal
end of the protein.”” DELLAs function as repressors of GA sig-
naling and their mechanism of action has been elucidated
through extensive studies in Arabidopsis. Briefly, in the pres-
ence of GA, the GA receptor (GID) interacts with the DELLAs
through the DELLA domain and this subsequently results in

the degradation of DELLA proteins and consequently relieves
their repressive effect. DELLAs interact with, or alter the activi-
ties of a wide array of transcriptional regulators and in this
way, GA signaling has broad impacts on plant growth and
development (reviewed in *"*?).

Recent data from several groups revealed that DELLAs are
positive regulators of AM symbiosis and in M. truncatula and
pea, DELLA double mutants largely fail to develop arbus-
cules,™ while in rice, a single della mutant, slrI, shows a block
in development of symbiosis at the root surface.* These pheno-
types are consistent with the earlier data that showed suppres-
sion of colonization following GA treatment. Furthermore, in
M. truncatula constitutive expression of a dominant DELLA
protein, that lacks the DELLA domain (dellal-A18), enables
arbuscules to form, even in the presence of GA.” These data
indicate that in the legumes, DELLAs and repression of GA sig-
naling are needed to enable arbuscule development. Addition-
ally, constitutive expression of dellal-A18 in various symbiosis
signaling mutants, revealed a link between DELLA and the
symbiosis signaling pathway and suggests that DELLAs act
downstream of a central transcription factor, CYCLOPS.? Pro-
tein interaction studies carried out in Nicotiana benthamiana
leaves revealed that the rice DELLA protein, SLENDER RICE 1
(SLR1), interacts with one additional member of the GRAS
transcription factor family, DELLA INTERACTING PROTEIN
1 (DIP1). Since DIP1 interacts with the GRAS transcription
factor REDUCED ARBUSCULAR MYCORRHIZA1 (RAM1),
it was proposed that DELLAs potentially function in a GRAS
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Figure 1. M. truncatula DELLA proteins interact with RAD1. (A) Interaction between DELLA1/2 and RAD1 in a yeast-two hybrid assay. AD, LexA-activation domain; BD,
LexA-binding domain. (B) HA-tagged RAD1 co-immunoprecipitates with YFP-tagged della2-A18. To increase sensitivity a GA-insensitive mutant protein of DELLA2
(della2-A18) was used. No HA-RAD1 protein was detected following immunoprecipitation with GFP. Proteins were transiently co-expressed via agro-infiltration in N. ben-

thamiana leaves. The methods were as described previously..

protein complex to regulate gene expression for AM symbio-
sis.”* In line with this hypothesis, and using the same transient
N. benthamiana expression system, we found that the GRAS
transcription factor REQUIRED FOR ARBUSCULE DEVEL-
OPMENT 1 (RAD1) interacts with DELLA2 from M. trunca-
tula (Fig. 1). RAD1 also interacts with RAM1 and influences
development of AM symbiosis.*'® Thus DELLAs interact with
at least two GRAS factors, DIP and RAD1, both of which have
the ability to interact with RAMI.

In the light of these studies, a major question is which down-
stream AM symbiosis genes are influenced by DELLA activity?

Recent experiments in M. truncatula roots revealed that consti-
tutive overexpression of a dominant DELLA protein (dellal-
A18) is sufficient to induce transcripts of the major symbiosis
transcriptional regulator RAM1, and also of several other AM
symbiosis-induced genes some of which are themselves regu-
lated by RAM1.*

Here we extend this approach to search for additional sym-
biosis-regulated genes that are potentially direct, or indirect,
transcriptional targets of DELLA activity. Transcript levels of a
selection of genes whose expression has been shown previously
to increase during symbiosis were evaluated in roots
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Figure 2. Overexpression of dellal-A18 increases transcript levels of genes involved in AM symbiosis in the absence of the AM fungus. Transcript levels in non-colonized
transgenic roots of M. truncatula expressing either a P355:GFP vector control (control) or P35S:della1-A18 (della1-A18) at 35 d post planting, assayed by gRT-PCR. Data are
averages £ SE (N > 3 biological replicates). * P < 0.05, ** P < 0.01, P < 0.001; t-test. ID numbers are shown in brackets and were retrieved from the M. truncatula

genome version 4.0. The methods were as described previously.>



constitutively expressing dellal-A18 in the absence of the fun-
gal symbiont. Through this analysis, we identified 10 genes
whose transcript levels are increased by expression of dellal-
A18 (Fig. 2), including the AM marker genes BCPI and SCPI,
which are highly expressed in arbuscule-containing cells and
the adjacent cortical cells.””*>*° Likewise transcripts for a Kunitz
protease inhibitor, KPI106,”” an ortholog of a Lotus japonicus
AM-induced subtilase SbtMI '® and Vapyrin ***° are all
increased in roots expressing dellal-A18. In contrast, in L. japo-
nicus roots in which symbiosis signaling was constitutively acti-
vated through expression of a gain-of-function CCaMK, both
SbtM1 and Vapyrin transcripts were reduced by constitutive
expression of a dominant DELLA construct.'® The M. trunca-
tula and L. japonicus data are difficult to reconcile but as shown
by Takeda et al.,'"® GA signaling can have both positive and
negative effects on the symbiosis and GA levels need to be
tightly controlled to enable normal development of symbiosis.

Expression of several transcription factors, including NSPI
and NSP2, two GRAS factors that influence development of
symbiosis in a quantitative manner, were also induced by
dellal-A18, along with one of their downstream target genes,
D27.°" These data are consistent with the earlier report that
NSP1 and NSP2 transcripts are significantly reduced in a
dellal,della2 double mutant.” D27 is required for strigolactone
biosynthesis, thus cross-talk between GA and strigolactone sig-
naling during symbiosis may be mediated in part through DEL-
LAs, NSP1 and NSP2. Several other transcription factors are
also induced by dellal-A18 including an additional GRAS fac-
tor and a member of the AP2/ERF family. Currently the roles
of these transcription factors in AM symbiosis are unknown.

Not all AM symbiosis-induced genes can be induced by
overexpression of dellal-A18. During AM symbiosis, GLP1
(Medtr4g052770.1), GSTI (Medtr5¢076900.1) and LEC5
(Medtr5g031030.1) are highly expressed in cortex cells con-
taining arbuscules and also in their non-colonized neigh-
bors,” while MtPT4 (Medtrig028600.1) is induced
specifically expressed in arbuscule-containing cells.”> We
did not observe significant increases in the transcript levels
of these genes in roots constitutively expressing dellal-A18.
Thus our results reveal that a subset of AM symbiosis-asso-
ciated gene expression can be modulated by DELLA pro-
teins. While this is not an exhaustive analysis and also does
not distinguish between direct and indirect effects of
DELLA expression, it provides a first indication of DELLA’s
potential sphere of influence on transcript levels during
symbiosis and clues about DELLA-dependent and DELLA-
independent gene expression.
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