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The Early Responsive to Dehydration (ERD) genes are defined
as genes that are rapidly activated during drought stress.
The encoded proteins show a great structural and functional
diversity, with a particular class of proteins acting as connectors
of stress response pathways. Recent studies have shown that
ERD15 proteins from different species of plants operate in
cross-talk among different response pathways. In this review,
we show the recent progress on the functional role of this
diverse family of proteins and demonstrate that a soybean
ERD15 homolog can act as a connector in stress response
pathways that trigger a programmed cell death signal.

As sessile organisms, plants have developed sophisticated signaling
pathways that are responsible for the detection of and rapid adap-
tation to variations in the environment. Abiotic stresses, such as
drought, salt and freezing, lead to the disruption of the plant water
status that, in turn, provokes similar physiological consequences,
such as osmotic stress and the excessive accumulation of reactive
oxygen species (ROS) in plant cells.! A major common response to
these environmental stressors is the upregulation of transcriptional
factors that induce the expression of genes involved in the synthesis
of osmoprotectants, and encoding lipid desaturases and detoxifica-
tion proteins that act to minimize the deleterious effects of the stress
signals.? Such stress-induced genes have been classified according
to their pattern of expression, including RD (responsive to dehy-
dration), ERD (early responsive to dehydration), COR (cold regu-
lated), LTT (low-temperature induced) and KIN (cold inducible).?

The Early Responsive to Dehydration Genes

The ERD genes have been identified by their capacity to be rap-
idly induced by dehydration.* The functional characterization
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of ERD genes (ERDI through 16) has demonstrated that they
exhibit diverse and heterogeneous biochemical functions and
are present in different subcellular compartments. For instance,
ERDI1 encodes a chloroplast ATP-dependent protease,” ERD2
encodes a cytosolic HSP70,Y and ERD4 encodes a mem-
brane protein. Whereas the functions of ERD3 and ERD7 are
unknown, ERD5 and ERD6.encode a mitochondrial proline
dehydrogenase and a carbohydrate transporter, respectively,®”
ERD8 produces Hsp81,” and ERD16 encodes a ubiquitin exten-
sion protein 1, UBQL.* ERD9, ERDI1 and ERD13 belong to
the glutathione-S-transferase family,® and ERD10 and ERD14
are members of the family of late embryogenesis abundant (LEA)
proteins.’ Lastly, ERDI15 is-a hydrophilic protein'® that pos-
sesses 2 PAM2 domain that interacts with polyA-binding pro-
teins (PABP'"). We have recently identified a soybean ERDI15
homolog, GmERDI5 (Glycine max ERD15), which is induced
by osmotic and endoplasmic reticulum stresses and activates the
osmotic and ER stress-induced N-rich protein (NRP)-mediated
cell death response.'?

A Soybean ERD15 Homolog (GmERD15) Connects
Endoplasmic Reticulum Stress with an Osmotic
Stress-Induced Cell Death Signal

NRP-mediated cell death signaling has been described in soy-
bean as a novel branch of the ER-stress signaling pathway that
diverges from the molecular chaperone-inducing branch of the
UPR (unfolded protein response) and transduces a programmed
cell death signal.’* This pathway integrates the ER-stress and
osmotic-stress signals to increase the synergistic expression of
N-rich proteins (NRP-A and NRP-B) and an NAC domain-
containing protein, GmNAC6, which are critical mediators of
stress-induced cell death in plants.’*'® This cell death integrated
pathway has emerged as a relevant adaptive response of plant cells
to multiple environmental stimuli.'®

The soybean GmERDI5 homolog has been described as a
new ER stress- and osmotic stress-induced transcription factor
that binds to the promoter and induces the expression of the
NRP-B gene. In fact, GmERDI5 was isolated by its capacity
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Figure 1. ERD15 is involved in multiple stress response signaling pathways. (A) The induction of GmERD15 gene expression by ER or osmotic stress
leads to the activation of the NRP-mediated cell death signaling pathway. (B) The induction of AtERD15 gene expression by abiotic or biotic stress at-
tenuates ABA signaling and induces PR genes, leading to the enhanced resistance to pathogens.

to associate stably with the promoter of NRP-B in yeast cells
using the one-hybrid system.”? The GmERDI5 binding site
in the NRP-B promoter was mapped to a 12-bp palindromic
sequence that resembles binding sites for ssDNA binding pro-
teins.”” Furthermore, GmERDI5 is located in the nucleus, and
chromatin immunoprecipitation (ChIP) assays revealed that it
binds to the NRP-B promoter in vivo. The ectopic expression
of GmERDI5 in soybean cells activates the NRP-B promoter
and induces NRP-B expression. Collectively, these results indi-
cate that GmERDI5 functions as an upstream component of the
NRP-mediated cell death signaling pathway that is induced by
ER stress and osmotic stress (Fig. 1A).

Functional Diversity of the ERD15 Family

A sequence analysis of the primary structure of the ERD family
in soybean and Arabidopsis thaliana indicates that GmERDI15 is
represented by two copies in the genomes of both of these plant
species (Fig. 2). The analyzed sequences are distributed into four
distinct groups, and the soybean GmERDIS protein (group 2)
is clustered separately from the Arabidopsis ERDI5 protein
(group 1), as described by Kariola et al. In contrast to GmERDIS5,
Arabidopsis ERD15 does not exhibit a transactivation activity,
as evaluated by transactivation assays in yeast (Fig. 3). In fact,
Arabidopsis ERD15 does not associate with the NRP-B promoter
in yeast and, more importantly, does not transactivate a GAL4-
dependent promoter when fused to the GAL-4 binding domain
(Fig. 3). Functional diversity has also been described among other
putative ERD15 homologs. The ERD15 homologs from Solanum
licopersicum and from Solanum pennelli are 98% identical and
belong to the same group as A#fERDI15, indicating a possible anal-
ogous function.' However, the tomato protein is clearly located
in the nucleus and confers tolerance to freezing when ectopi-
cally expressed in transgenic tomato plants, which is in marked
contrast to the phenotypes displayed by ERD15-overexpressing
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Arabidopsis lines."! These contrasting results in transgene overex-
pression studies suggest that the Arabidopsis and tomato ERD15
homologs may be functionally diverse.

ERD15 as a Linker of Multiple Stress
Signaling Pathways

ERDI15 from Arabidopsis has been functionally characterized
as-a common regulator of the abscisic acid (ABA) response and
the salicylic acid (SA)-dependent defense pathway."! The overex-
pression of ERDI15 reduced the sensitivity to ABA, as the trans-
genic plants were less tolerant to drought and were impaired in
increasing their freezing tolerance in response to ABA. In con-
trast, the loss of the ERD15 function caused a hypersensitivity
to ABA, and the silenced plants displayed enhanced tolerance to
both drought and freezing. The negative effect of ERD15 on ABA
signaling enhances the SA-dependent defense pathway because
the overexpression of ERD15 was associated with an increased
resistance to the bacterial necrotroph Erwinia carotovora and the
enhanced induction of marker genes for systemic acquired resis-
tance. The authors of the study also addressed the antagonistic
effect of ABA on SA-mediated defense by demonstrating the
enhanced expression of marker genes for systemic acquired resis-
tance in the knockouts abil-1 and abi2-1, which are defective for
ABA metabolism. Together, these results implicate ERD15 from
Arabidopsis as a shared component of the ABA- and SA-mediated
responses (Fig. 1B). Although AsERDI5 from Arabidopsis and
GmERDI5 from soybean are clustered into different groups
(Fig. 2) and exhibit distinct biochemical activities (Fig. 3), the
ERDI5 proteins are believed to operate as connectors of signal-
ing pathways, as shown in Figure 1. The analysis of GmERDI15
expression in response to treatments with ABA, SA and JA, cold
acclimation and wounding may provide insights into the function
of GmERDI5 as a linker of the multiple stress signaling pathways
that may transduce a programmed cell death signal in plants.
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Figure 2. Relatedness of ERD15 proteins from different plant species. The multiple alignment was made using ClustalW, and the dendrogram was built
with the MEGAS software using the UPGMA method (the numbers at the nodes indicate the bootstrap scores). The ERD15 proteins were separated
into at least 3 groups, as indicated. The Arabidopsis thaliana ERD15 described by Kariola et al. and the Glycine max ERD15 described by Alves et al.”? are
in bold. The proteins accession numbers are indicated.
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Figure 3. Arabidopsis thaliana ERD15 protein does not exhibit transactivation activity or DNA
binding activity in yeast. The transactivation activities of ERD15 proteins were revealed through
the expression of the lacZ reporter gene (3-galactosidase activity), detected as a blue color
(shown here in dark gray/black; parts A and C), or by prototrophic growth (activation of the HIS3
reporter gene) in medium lacking histidine (His; parts B and D). Yeast AH109 cells were trans-
formed with the indicated GAL4-BD (DNA-binding domain) chimeric constructs (parts A and B).
The chimeric BD-AtERD15 neither activates 3-galactosidase gene expression nor induces His
prototrophy, whereas BD-GmERD15 strongly activates the expression of both reporter genes,
indicating that GmERD15, but not AtERD15, exhibits transactivation activity. The same results
were observed when the reporter genes were under the control of the NRP-B promoter, and the
chimeras AD-AtERD15 and AD-GmERD15 were used (Parts C and D) to demonstrate that AtERD15

does not bind to the NRP-B promoter.
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