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Plant dehydrins (DNHs) belong to the LEA (Late Embryogenesis Abundant) protein
family and are involved in responses to multiple abiotic stresses. DHNs are classified
into five subclasses according to the organization of three conserved motifs (K-; Y-;
and S-segments). In the present study, the DHN protein family was characterized by
molecular phylogeny, exon/intron organization, protein structure, and tissue-specificity
expression in eight Fabaceae species. We identified 20 DHN genes, encompassing
three (YnSKn, SKn, and Kn) subclasses sharing similar gene organization and protein
structure. Two additional low conserved DHN 8-segments specific to the legume SKn-
type of proteins were also found. The in silico expression patterns of DHN genes
in four legume species (Arachis duranensis, A. ipaënsis, Glycine max, and Medicago
truncatula) revealed that their tissue-specific regulation is associated with the presence
or absence of the Y-segment. Indeed, DHN genes containing a Y-segment are mainly
expressed in seeds, whereas those without the Y-segment are ubiquitously expressed.
Further qRT-PCR analysis revealed that, amongst stress responsive dehydrins, a SKn-
type DHN gene from A. duranensis (AdDHN1) showed opposite response to biotic
and abiotic stress with a positive regulation under water deficit and negative regulation
upon nematode infection. Furthermore, transgenic Arabidopsis lines overexpressing
(OE) AdDHN1 displayed improved tolerance to multiple abiotic stresses (freezing and
drought) but increased susceptibility to the biotrophic root-knot nematode (RKN)
Meloidogyne incognita. This contradictory role of AdDHN1 in responses to abiotic and
biotic stresses was further investigated by qRT-PCR analysis of transgenic plants using
a set of stress-responsive genes involved in the abscisic acid (ABA) and jasmonic acid
(JA) signaling pathways and suggested an involvement of DHN overexpression in these
stress-signaling pathways.

Keywords: Arabidopsis, drought, freezing, genome-wide, Meloidogyne, root-knot nematode

INTRODUCTION

The dehydrin (DHN) family of proteins, or dehydration proteins, belongs to group II of the LEA
(Late Embryogenesis Abundant) proteins and is considered the most important LEA group due
to its involvement in tolerance to several abiotic stresses. DHNs are defined by the presence of
three conserved motifs, named the K-, Y-, and S-segments, that classify DHNs into five subclasses
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according to their number and organization: YnSKn; Kn; SKn;
KnS; and YnKn (Close, 1996). DHN proteins typically contain
at least one copy of the signature K-segment, a 15-amino acid
lysine-rich repeat (EKKGIMDKIKEKLPG) near the C-terminus
(Malik et al., 2017). The two other conserved motifs, despite being
common in DHN, are not essential to characterize the protein:
the Y-segment ([V/T]D[E/Q]YGNP), near to the N-terminus,
and the S-segment, a group of four to eight serine residues (Malik
et al., 2017). The K-, Y-, and S-segments are separated by poorly
conserved motifs, called 8-segments, that are usually rich in
glycine and polar amino acids (Graether and Boddington, 2014).

DHNs often accumulate in vegetative tissues of higher
plants in response to different types of abiotic stresses, such
as low temperature, drought, salinity, or wounding, and this
response represents part of the molecular arsenal developed by
plants to withstand the damaging effects of the intracellular
water loss caused by these stresses (Graether and Boddington,
2014). However, despite considerable research, the mechanisms
underlying DHN responses to dehydration remain unclear
and each type of DHN might have a specific function.
It is generally accepted that DHNs act as chaperones to
prevent the aggregation, damage, and inactivation of proteins
during stress imposition (Hara et al., 2005; Kovacs et al.,
2008). The highly disordered nature of DHN structure also
contributes to biochemical properties that permit these proteins
to function in enzyme activity protection, membrane binding
and stabilization, ROS scavenging, and ion sequestration
(Banerjee and Roychoudhury, 2016).

Plant DHN gene expression is generally modulated in
response to abiotic stress and varies according to the type
of condition imposed and the subclass to which they belong
(Abedini et al., 2017). In particular, the DHN SKn-types are
commonly associated with cold tolerance and found near the
plasma membrane where they exert a protective role (Graether
and Boddington, 2014). In addition to cold stress, there is
evidence that DHNs belonging to the SKn-type can also enhance
the ability of plants to cope with multiple and simultaneous
abiotic stresses. For example, the overexpression in tobacco
plants of SKn-type genes isolated from freezing-tolerant species
(arctic chickweed and Chinese mei) improved tolerance to cold,
drought, salt, and osmotic stress (Hill et al., 2016; Bao et al., 2017).
Also, a SK3 DHN from wild tomato and a SK2 from rubber-tree
enhanced tolerance to more than one abiotic stress in transgenic
tomato and Arabidopsis plants, respectively (Liu H. et al., 2015;
Cao et al., 2017). Likewise, the overexpression of a SK3 DHN from
a stress-tolerant Musa genotype led to superior performance in
a commercial cultivar of transgenic banana under both drought
and salinity (Shekhawat et al., 2011).

In contrast, some SKn-type genes appear to be stress-
specific. For instance, those isolated from cold-adapted species
(wheat and wild potato), that have been shown to enhance
tolerance to freezing in transgenic strawberry and cucumber,
respectively (Houde et al., 2004; Yin et al., 2006); or that
isolated from a drought-tolerant wild olive species, which
increased tolerance to water deficit in transgenic Arabidopsis
(Chiappetta et al., 2015). Similarly, a sorghum SK3 increased
protection against oxidative stress when overexpressed in tobacco

(Halder et al., 2018), and a SK3 from the halophyte Ipomoea
pes-caprae increased the salt tolerance when overexpressed in
Arabidopsis (Zhang et al., 2018).

Unlike in abiotic stress, the involvement of plant DHNs
in biotic stress is poorly studied, with few studies showing
modulation of DHN expression associated with responses to
fungal infection either on its own or in association with abiotic
stress (Turco et al., 2004; Yang et al., 2012). Although DHNs
are known to respond to wounding and exogenous hormones
that play a vital role in pathogen defense signaling and disease
resistance, such as Abscisic acid (ABA), Jasmonic acid (JA),
Salicylic acid (SA), and Ethylene (ET), their role in plant
defense against pathogens remains to be elucidated (Shen et al.,
2004; Hanin et al., 2011; Rosales et al., 2014). In addition,
despite the importance of DHNs in abiotic stress tolerance
mechanisms, little is known about their potential role in legume
crop yields in stress-prone environments (Rémus-Borel et al.,
2010; Araújo et al., 2015). Furthermore, the evolutionary history
of the legume DHN family has never been phylogenetically
investigated, with a previous review focusing only on overall
sequence similarity analysis of LEA proteins in six legume species
(Battaglia et al., 2013).

To date, there is only one report on the use of DHN genes
isolated from legume species for the improvement of stress
tolerance in crop legumes through transgenic approaches (Xie
et al., 2012). However, rapid advances and the improvement in
accuracy of bioinformatics approaches as well as re-annotated
versions of legume genomes, including the recent genome
sequencing of two Arachis species (Bertioli et al., 2016), can
contribute to new insights into the molecular function and
evolution of the DHN family in legumes.

In the present study, we characterized the DHN gene
family in legumes regarding their phylogenetic classification,
chromosomal localization, duplication events, molecular
structure and spatial expression patterns. We then focused
on the transcriptional behavior of a DHN gene from the
wild peanut Arachis duranensis (AdDHN1) in response to
abiotic and biotic stresses, shedding light on its role in stress
responses. The overexpression of AdDHN1 in Arabidopsis
plants improved their tolerance to multiple abiotic stresses
(freezing and drought) but increased their susceptibility to the
biotrophic root-knot nematode (RKN) Meloidogyne incognita.
This trade-off effect: improved resistances to abiotic stresses vs.
increased susceptibility to biotic stress is an important finding
that must be taken into consideration in research into the
improvement of crop plants.

MATERIALS AND METHODS

Identification and Phylogenetic Analysis
of Dehydrins in Fabaceae
The complete genomes of eight species (Arachis duranensis,
A. ipaënsis, Cicer arietinum, Cajanus cajan, Glycine max,
Lotus japonicus, Medicago truncatula, and Phaseolus vulgaris)
belonging to the Fabaceae family were downloaded from their
respective public databases (Supplementary Table 1). To identify
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the putative DHN proteins in these eight proteomes, we used
two independent approaches. First, the PFAM (Finn et al., 2016)
dehydrin domain (PF00257) was used as a query for the program
hmmsearch, from the HMMER3 suite (Mistry et al., 2013) against
the predicted proteome of each species. In the second approach,
the K-segment described by Malik et al. (2017) was used as
input for the Find Individual Motif Occurrences (FIMO) software
(Grant et al., 2011), applying a threshold q-value of < 0.05. The
proteins found using both approaches were verified for their
motifs, presence and organization. Only proteins with more than
half of the total length of the PF00257 domain (168 aa) and
with a canonical dehydrin motif organization were considered in
the present study.

All the identified putative DHN protein sequences were
aligned using the MAFFT software with automatic detection
of the most appropriate alignment strategy (Katoh et al.,
2002). The poorly aligned regions (more than 10% of gaps)
were eliminated with the trimAl software (Capella-Gutiérrez
et al., 2009). We performed the phylogenetic analysis of the
selected protein sequences using RAxML software (Stamatakis,
2006), with automatic search of the fittest evolutionary model
and parameters and a bootstrap search automatically stopped
upon congruence.

Synteny Analysis, Duplication Pattern,
and Gene/Protein Structure of
Dehydrins in Fabaceae
We retrieved the physical location of the putative DHN genes
in the chromosomes of the eight Fabaceae species from the
GFF-formatted file in their respective databases. The MCScanX
software (Wang et al., 2012) was used to determine the syntenic
relationship and duplication patterns between these species and
Circa1 to plot graphical representation of DHN genes location
and their syntenic relationships.

The intron/exon organization of dehydrin genes was extracted
from the GFF-formatted file of each genome and submitted to
the GSDS software2 for graphical representation. We predicted
the consensus sequence of the DHN motifs of the proteins using
the Multiple Expectation maximization for Motif Elicitation
(MEME) (Bailey et al., 2009).

Spatial Expression Pattern of
Fabaceae Dehydrin Genes
The gene expression atlas of A. duranensis, A. ipaënsis, G. max,
and M. truncatula3 was used to analyze the spatial expression
patterns of DHNs. Respective expression values, represented as
FPKM, were retrieved in table format and the mean FPKM
values for each of the following tissues were determined: dry
seeds, roots, leaves and stems in each species. In addition,
the RT-PCR analysis of transcript abundance of G. max
DHN genes by Yamasaki et al. (2013) was also considered
in our analysis.

1http://omgenomics.com
2http://gsds.cbi.pku.edu.cn/
3http://bar.utoronto.ca

Analysis of Dehydrin Expression in Wild
Arachis in Response to Stress
Our previously published transcriptome RNA-Seq data were
exploited to determine the in silico expression profile of the two
A. duranensis DHN genes in response to both abiotic (water
deficit) and biotic (nematode inoculation) stresses (Mota et al.,
2018; Vinson et al., 2018). Quantitative RT-PCR (qRT-PCR)
analysis was also conducted, essentially as described by Morgante
et al. (2013), to determine the relative expression of the AdDHN1
and AdDHN2 genes (Supplementary Table 2) in A. duranensis
plants under dehydration and upon nematode infection, using
the RNA isolated in Vinson et al. (2018) and Mota et al. (2018),
respectively. ACT1 and UBI2 were used as reference genes for
Arachis root samples subjected to dehydration; and 60S and
GAPDH for samples inoculated with nematodes, in accordance
with Morgante et al. (2011).

AdDHN1 Cloning
To identify the complete coding sequence of AdDHN1, the
Aradu.IF4XP gene model4 was aligned with the four best
BLASTn hits of A. duranensis databases available on NCBI5.
The consensus sequence (675 bp) was synthesized and cloned
(Epoch Life Science Inc., TX, United States), under the
control of the Arabidopsis actin 2 promoter (ACT-2) and the
nopaline synthase (NOS) terminator, at the XhoI restriction
site of pPZP-201BK-EGFP (Chu et al., 2014). This binary
vector, hereafter called pPZP-AdDHN1, also contains two
additional cassettes for the constitutive expression of the
enhanced green fluorescent protein (eGFP) reporter gene and
the hygromycin phosphotransferase (hpt) selection marker gene.
The pPZP-AdDHN1 binary vector was then introduced into
the disarmed Agrobacterium tumefaciens strain “GV3101” by
standard electroporation protocol. Transformed colonies were
selected by PCR using primer pairs flanking the eGFP or
AdDHN1 sequences (Supplementary Table 2).

Arabidopsis Transformation
Wild type (WT) Arabidopsis thaliana ecotype Columbia
(Col-0) was transformed with A. tumefaciens containing
the pPZP-AdDHN1 vector using the floral dip method
(Clough and Bent, 1998) and maintained in a growth
chamber at 21◦C, 60% relative humidity, 12 h photoperiod.
Seeds originating from the dipped-plants were germinated
on plates containing solid (0.8% w/v agar) half-strength
Murashige and Skoog (MS) basal medium (Sigma-Aldrich,
St. Louis City, United States) with sucrose (30 g/L) and
hygromycin (15 mg/L). Hygromycin-resistant T0 plants were
transferred to pots containing substrate (Carolina Soil

R©

, CSC,
Brazil) and maintained in the controlled growth chamber to
produce the T1 generation. Transformants were then screened
repeatedly for hygromycin resistance and grown on to obtain
homozygous T3 generation AdDHN1 overexpressing (OE) lines
for further analysis.

4https://peanutbase.org/
5http://www.ncbi.nlm.nih.gov
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Stress Assays in Transgenic Arabidopsis
Overexpressing (OE) AdDHN1
Seeds harvested from 13 OE lines at T3 generation were used
to determine the effect of freeze-shock treatment on seedling
growth. Two weeks old seedlings germinated on MS medium
plates (12 individuals per OE line and WT per plate, three plates
per line) were placed in a temperature-regulated freezer at −18◦C
for 1 h in the dark. After complete freezing of the MS medium, the
seedlings on plates were returned to normal controlled growth
conditions. The survival rate after the freezing treatment was
assessed by recording the number of seedlings that regained
turgidity and displayed a normal phenotype compared to that of
non-treated seedlings, 3 days after the treatment. Seedlings that
showed healthy growth in treated and non-treated plates were
further used for quantification of total soluble sugars (Buysse and
Merckx, 1993) and qRT-PCR analysis (see below).

The Arabidopsis OE lines with enhanced freezing tolerance
were then selected for subsequent stress assays. For that, OE
and WT plants, grown in the controlled growth chamber, were
submitted to a gradual water deficit (dry-down) treatment and
to infection with M. incognita. We analyzed the data using single
factor ANOVA (P < 0.05).

For the dry-down assay, irrigation of 3 weeks old plants grown
on substrate was interrupted for a group of 10 individuals per
OE line and the WT (stressed group) during 8 days whilst the
control group of individuals was kept under irrigated conditions,
i.e., around 70% of field capacity (FC). During the assay, two
SPAD chlorophyll meter readings (SCMR; SPAD-502, Konica
Minolta Sensing, Japan) was recorded every 2 days from the same
leaf of each individual. At the end of the water stress (8th day),
we collected three leaf discs (0.4 cm2) per individual to assess
Relative Water Content (RWC) according to de Brito et al. (2011).
The aerial and root plant fresh biomass were also determined at
the end of the assay and the leaf area was estimated using the
Rosette Tracker software (De Vylder et al., 2012).

For the M. incognita bioassay, roots from 4 weeks old plants
grown on a 2:1 sand:substrate mixture (v:v) were inoculated
with approximately 500 J2 infective larvae of M. incognita,
essentially as described by Morgante et al. (2013). At 60 days after
inoculation (DAI), roots were stained with acid fuchsin and the
number of nematode females on roots (10 individuals per OE line
and WT) assessed under a stereomicroscope.

Analysis of Transcription Levels in
Arabidopsis by qRT-PCR
We conducted qRT-PCR analysis in the T3 seedlings to study
the expression levels of the AdDHN1 transgene and other
stress-responsive genes in Arabidopsis OE lines and WT plants.
Total RNA was extracted using an RNeasy Plant Mini Kit
(Qiagen, Hilden, Germany), treated with DNAse and reverse
transcribed as previously described (Morgante et al., 2013). qRT-
PCR reactions were performed in three biological replicates on
the StepOne Plus Real-Time PCR System (Applied Biosystems,
Foster City, United States), as previously described (Vinson et al.,
2018), using specific primers (Supplementary Table 2). The
online real-time PCR Miner tool (Zhao and Fernald, 2005) was

used to estimate the average cycle threshold (Cq) values. The
relative quantification (RQ) of mRNA levels was normalized with
AtACT2 and AtEF-1α reference genes (Supplementary Table 2)
and determined for the AdDHN1 transgene using the qGENE
software6 and for the stress-responsive Arabidopsis genes using
the REST 2009 v. 2.0.13 software (Pfaffl et al., 2002).

RESULTS

Identification and Characterization of
DHN Genes in Fabaceae
We searched for DHN proteins in the proteomes predicted
from the whole genome sequences of eight Fabaceae species
belonging to the Papilionoideae sub-family based on the presence
of the conserved dehydrin PFAM domain PF00257. Initially,
we identified 21 putative DHN proteins in the eight species
(Supplementary Table 1). However, two protein sequences from
C. arietinum, and their corresponding genes, were 100% identical
and hence eliminated, yielding a total of 20 non-redundant
putative DHN proteins. Based on their motif numbers and
organization, we could classify all 20 putative DHNs identified
into only three out of the five known subclasses: YnSKn, YnKn,
and SKn. Subsequently, we named each DHN according to the
corresponding chromosomal position of the gene in each species
(Supplementary Table 1).

Phylogenetic Analyses, Gene Structure,
and Protein Motifs of DHNs in
Fabaceae Species
We performed a Maximium-likehood (ML) phylogenetic analysis
using the 20 deduced DHN protein sequences identified in the
eight Fabaceae species. The phylogenetic analysis found the JTT
model as the most appropriate and the analysis converged after
599 bootstrap replicates. This analysis could separate, with high
confidence values, the putative DHN proteins into two distinct
groups, the proteins with a Y-segment (belonging to the YnSKn
and YnKn subclasses) and the proteins without a Y-segment
(belonging to the SKn subclass) (Supplementary Figure 1). The
number of DHN proteins in the two groups was identical (ten in
each group). With the exception of C. cajan, all the Fabaceae
species possessed at least one SKn and one YnSKn DHN protein.
L. japonicus was the only species with a predicted additional
YnKn-type DHN. This L. japonicus protein holds an outgroup
position in the Y-segment DHN clade (Supplementary Figure 1).

We further analyzed the structural diversity of the 20 DHN
genes through their exon/intron organization. Regardless of their
phylogenetically-determined protein group, the legume DHN
genes showed a very conserved 2-exon/1-intron organization,
except for the LjDHN3 gene from L. japonicus which was devoid
of introns and was the only legume DHN gene that did not
contain an S-segment (Figure 1A). Notably, the presence of a
conserved intron in DHN genes seems to be associated with the
presence of an S-segment in Arabidopsis, potato and rapeseed

6http://www.gene-quantification.de/download.html
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FIGURE 1 | Gene and protein organization of the 20 DHNs in eight Fabaceae species. (A) Exon/intron organization of the DHN genes; (B) Motif organization and
conserved segments of the DHN proteins represented by different colors (left) and their corresponding motif logos (right). The scale length is represented in base
pairs (bp) and amino acids.

(Jiménez-Bremont et al., 2013; Charfeddine et al., 2015; Liang
et al., 2016). The protein structures of all 20 legume DHNs
showed that, when present, the Y-segment generally occurred
in two consecutive copies and the K-segment in one to four
copies (Figure 1B and Supplementary Figure 2). In accordance
with the phylogenetic analysis (Supplementary Figure 1), half of
these proteins presented one or two Y-segments and are therefore
classified as YnSKn- and YnKn-types. All DHNs identified in the
eight legumes species showed a single S-segment, except LjDHN3
which lacked this segment (Figure 1B and Supplementary
Figure 2). In this study, in addition to the location of the
three conserved DHN motifs, we could identify two additional
consensus sequences preceding the S-segment, represented by
(DRGV[FL]DFLG) and (EE[VA]I[AV]TEF), near the N-terminal
region of proteins belonging to the SKn-type (Figure 1B and
Supplementary Figure 2). These two DHN motifs have not yet
been described, and hereafter are considered as 8-segments,
previously noticed as poorly conserved segments located between
the K-, S-, and Y-segments (Graether and Boddington, 2014).

We studied the predicted subcellular localization of the 20
legume DHNs using the WoLF PSORT Prediction Software7.
Interestingly, 19 out of 20 proteins studied were predicted to
have a nuclear localization with only the YnSKn-type CaDHN1
predicted to be cytoplasmic (Supplementary Table 1). This
preferential nuclear localization of legume DHNs is not in
accordance with previous studies showing that plant DHNs

7https://wolfpsort.hgc.jp

subcellular localization does not tend to be more nuclear than the
cytoplasmic and are present in different parts of the cell (Abedini
et al., 2017; Yu et al., 2018). Since the presence of phosphorylation
sites is commonly associated with the subcellular localization of
DHN proteins in the plant cell (Abedini et al., 2017), a further
analysis revealed the presence of one phosphorylation motif
and one nuclear localization site (NLS) in legume DHNs. The
phosphorylation site (LXRXXS) was identified in 14 out of
the 20 DHNs (Supplementary Figure 2 and Supplementary
Table 1), regardless of their subclasses, whilst the remaining six
DHN proteins that did not present this motif belonged to the
YnSKn-type (AdDHN2, AiDHN1, GmDHN3, and GmDHN4),
SKn-type (LjDHN4) and the only example in legumes of the
YnKn-type (LjDHN3). Despite the absence of a phosphorylation
motif, these proteins are still predicted to be in the nucleus.
Interestingly, the presence of a NLS was observed only in DHN
proteins belonging to the YnSKn subclass, with this specificity
also observed in grapevine and barley (Yang et al., 2012;
Abedini et al., 2017). The presence of these phosphorylation
and NLS sites allow the phosphorylation of the S-segment and
has previously been associated with the translocation of DHNs
from the cytoplasm to the nucleus (Yang et al., 2012; Abedini
et al., 2017; Yu et al., 2018). However, in legumes DHN traffic in
the cell could also be associated with other motifs, as LjDHN3,
which lacks both phosphorylation motifs, is predicted to be
located in the nucleus, whereas CaDHN1, a YnSKn-type which
contains both phosphorylation motifs, is predicted to have a
cytoplasmic location.
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Chromosomal Location and Syntenic
Relationships of DHN Genes in
Fabaceae Species
The chromosomal location of the DHN genes varied according
to the legume species and the number of representatives per
species. Interestingly, with the exception of C. cajan, which does
not possess a YnSKn-type DHN, all the species possessed one
SKn-type and one YnSKn-type in physical proximity on the same
chromosome (Supplementary Figure 3). The two C. cajan DHN
genes belonging to the SKn type were distributed on distinct
chromosomes (Cc06 and Cc07). G. max and L. japonicus possess
more DHN genes (four representatives each) and, in addition to
the co-localization of the conserved SKn-type and YnSKn-type on
a same chromosome (Gm04 for G. max and Lj01 for L. japonicus)
(Supplementary Figure 3), the two extra representatives were
on different chromosomes. For G. max, the two extra YnSKn-
type copies were present on chromosomes Gm12 and Gm13.
For L. japonicus, the extra SKn-type DHN was on chromosome
Lj05 while the YnKn-type, so far specific to this species, was on
chromosome Lj02.

From a McScanX analysis at the whole genome level for the
eight species, we further focused on the duplication and syntenic
relationships of the 20 legume DHN genes (Supplementary
Figure 3). The association of one YnSKn- and one SKn-type
representative located on the same chromosome, observed in
seven out of eight species (the exception is C. cajan), was part
of a larger conserved synteny block for six species (A. duranensis,
A. ipaënsis, G. max, L. japonicus, M. truncatula, and P. vulgaris).
Surprisingly, the two C. arietinum representative genes, although
also on the same chromosome, did not show conserved synteny
with the conserved blocks from the other six species. Likewise,
the extra representatives for G. max and L. japonicus, distributed
on different chromosomes, did not exhibit synteny among the
legume species (Supplementary Figure 3).

Previous reports described that the DHN gene family had
undergone duplication events in plants, resulting mostly from
whole-genome (WGD) and tandem duplications (Yang et al.,
2012; Liang et al., 2016). However, this does not seem to be
the case for the DHN genes from Fabaceae species, where only
one pair of DHN genes from G. max (GmDHN3/GmDHN4) was
considered as duplicated through a WGD/tandem event. These
results indicate that except for G. max, duplication events of
the DHN gene families in Fabaceae probably occurred before
speciation, which is also consistent with our phylogenetic analysis
(Supplementary Figure 1).

DHN Gene Spatial Expression in
Fabaceae
We analyzed the possible relationship between the presence/
absence and organization of the DHN conserved segments and
their spatial expression pattern in plant tissues using the ex-
pression atlas8 publicly available for four (A. duranensis, A. ipaën-
sis, G. max, and M. truncatula) of the Fabaceae species and a
transcript abundance analysis of G. max (Yamasaki et al., 2013).

8http://bar.utoronto.ca

Within a DHN type, the expression across the different
species tended to be similar (Supplementary Table 3). Three
of the SKn-type genes (AdDHN1, AiDHN2, and GmDHN1)
were predicted to be ubiquitous with high FPKM expression
values (from 4.26 to 449.51) in dry seeds, roots, leaves, and
stems. This expression behavior was confirmed for the G. max
gene (GmDHN1) by Yamasaki et al. (2013) through RT-PCR
analysis of seeds, leaves, and stems. The expression of the
MtDHN2 gene from M. truncatula was not detected in any
of the experiments of Benedito et al. (2008) included in the
expression atlas (Supplementary Table 3). Contrastingly, half
of the legume DHN genes that belong to the YnSKn type
(AdDHN2, AiDHN1, and MtDHN1) exhibited a more tissue-
specific expression, restricted mainly to seeds (FPKM > 16,000
for M. truncatula), and a very low gene expression in other
tissues. Moreover, expression of the G. max YnSKn genes
(GmDHN2 and GmDHN2) was only detected in seeds by
Yamasaki et al. (2013) (Supplementary Table 3).

A. duranensis DHN Genes Regulation
Under Abiotic and Biotic Stresses
We studied in more detail the regulation of two A. duranensis
genes (AdDHN1 and AdDHN2) in response to abiotic and biotic
stresses. This wild Arachis species has been used by our group in
functional genomics studies due to its contrasting responses to
abiotic and biotic stresses: tolerant to water deficit but somewhat
susceptible to Meloidogyne arenaria infection (Proite et al., 2008;
Leal-Bertioli et al., 2012; Guimaraes et al., 2017). The in silico
expression profile of AdDHN1 and AdDHN2 was determined
using our previous RNA-seq data including A. duranensis roots
submitted to a dehydration treatment (Vinson et al., 2018) and
roots challenged with the RKN M. arenaria (Mota et al., 2018).
We then validated the in silico expression analysis based on
RNA-seq using qRT-PCR.

The RNA-seq expression profiling of AdDHN1 transcripts in
A. duranensis roots showed opposite behaviors for expression
of this gene under the two stresses analyzed, with upregulation
in response to dehydration and downregulation in response to
nematode infection (Supplementary Figure 4). This opposite
expression behavior was further validated by qRT-PCR using
specific primers (Supplementary Table 2), corroborating the
predicted in silico analysis (Supplementary Figure 4). Contras-
tingly, no expression of AdDHN2 could be detected either in silico
(no mapped reads) or by qRT-PCR (no amplified samples) under
the two stresses evaluated. These results are in accordance with
the expression atlas (Supplementary Table 3), which did not
show any basal expression of AdDHN2 in A. duranensis roots.
Therefore, based on the expression profiling of both Arachis
DHN genes, only the AdDHN1 gene was selected for a deeper
characterization at functional levels as an interesting candidate
involved in opposite responses to abiotic and biotic stresses.

Analysis of Arabidopsis Plants
Overexpressing AdDHN1
To further investigate the involvement of AdDHN1 in the
response to abiotic and biotic stresses through its overexpression
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FIGURE 2 | Morphology and freezing tolerance in 2 weeks old Arabidopsis wild-type (WT) plants and in six AdDHN1 overexpressing (OE) lines. (A) Arabidopsis
seedlings and (B) their survival rates 3 days after the freezing-shock treatment (−18◦C for 1 h); (C) Total sugar content in leaves from treated and non-treated control
seedlings. Values are means ± SD of three independent replicates and expressed as µg/mg of fresh weight (FW). Significant differences (P < 0.05) between WT and
OE lines are marked with an asterisk. (D) The relative expression of AdDHN1 transgene quantified by qRT-PCR, using the ACT2 gene from Arabidopsis as the
reference gene. Error bars are the standard errors of the means from three samples of 10 plants.

in transgenic plants, a consensus coding sequence was
determined. The alignment of five A. duranensis sequences
showed high nucleotide conservation, except for the gene model
Aradu.IF4XP9 which present a gap of 128 bp (Supplementary
Figure 5). The consensus of AdDHN1 coding sequence
(675 bp) was then cloned and used to produce transgenic
Arabidopsis plants.

Freezing Treatment
The overexpressing (OE) lines at T3 generation were selected
based on their response to freezing-shock treatment (survival
rate and sugar content) and on the abundance of AdDHN1
transcripts. We observed an enhanced freezing tolerance in six
of the 13 OE lines submitted to freezing treatment (−18◦C
for 1 h) which showed a greater survival rate than the
WT (Figures 2A,B). The plantlets from these six lines (15.2;
29.2; 30.5; 32.5; 36.7; and 40.2) displayed a normal regrowth
after the treatment and appeared to be more tolerant to the
freezing injury than WT plants, which were not able to resume
growth. Moreover, all of these six OE lines accumulated more
soluble sugars in leaves than WT plants under normal growth
conditions and exhibited a significant increase in sugar content
in response to the freezing treatment (Figure 2C). Accumulation
of sugars under adverse environmental conditions, including

9https://peanutbase.org/

freezing, could contribute to maintain cell turgor and to protect
membranes and proteins against stress damage (Krasensky and
Jonak, 2012). Accordingly, the overexpression of AdDHN1 in
Arabidopsis seemed to improve freezing tolerance concomitant
with a higher concentration of solutes, under both normal
and stress conditions, as observed in previous studies (Mattana
et al., 2005). The qRT-PCR analysis subsequently confirmed
the overexpression of the transgene AdDHN1 in these six
OE lines at different expression levels (Figure 2D). Overall,
the AdDHN1 transcript abundance did not correlate with the
enhanced freezing tolerance or the accumulation of soluble
sugars, in particular for the OE 32.5 line, indicating a possible
post-transcriptional regulatory mechanism of the transgene.
These findings are in agreement with the general presumption
that there is no clear relationship between the transcript levels
of overexpressed transgenes and the phenotypic effects observed
in transgenic lines, which can vary from a strong positive to no
significant correlation (Kerr et al., 2018; Ko et al., 2018). Based on
these analyses, the six freezing-tolerant OE lines were selected for
further analysis.

Dry-Down Assay
The water deprivation assays indicated that the six best freezing
tolerant OE lines also exhibited enhanced drought tolerance,
with less morphological damage compared to WT (Figure 3A).
From the 5th day of the dry-down assay, WT plants showed
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FIGURE 3 | Performance of 3 weeks old Arabidopsis plants from WT and AdDHN1 OE lines submitted to a dry-down treatment for 8 days (stressed plants; STR) and
the corresponding irrigated control (control plants; CTR). (A) Phenotype of the aerial part of CTR plants (first column) and STR plants (2nd–4th columns) from WT and
the three OE lines (29.2, 30.5, and 32.5); (B) shoot and root biomass (miligrams of fresh weight) analysis of WT and OE lines; (C) Percentage of relative water content
(RWC) in leaves from WT and OE lines. Values are means ± SD of 10 individuals and significant (P ≤ 0.05) differences between CTR and STR plants are marked with
an asterisk; (D) SCMR (SPAD chlorophyll meter reads) of WT and OE lines. The dry-down assay initiated with 70% FC, decreasing over time in STR plants from 65%
FC (1st Day), 50% FC (3nd Day), 40% FC (5rd Day), 30% FC (7th Day) to 20% FC (8th Day); (E) Average of rosette area (mm2) of WT and OE plants at 8th day of
dry-down treatment. Values are means ± SD of four individuals and significant (P ≤ 0.05) differences between CTR and STR plants are marked with an asterisk.
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progressive symptoms of water deficiency (leaf wilt), followed by
growth retardation that resulted in 38.9% lower biomass at the
8th day, compared to the average of OE lines (Figures 3A,B).
This lower biomass was particularly noticeable in roots, with
around 55.4% less biomass in the WT compared to the average
of OEs. The RWC was also analyzed at the end of the dry-
down assay, with no significant difference observed between
leaf RWC values of OE and WT control plants, with values
falling within the expected RWC range of 76–88% (Figure 3C).
However, OE and WT stressed plants exhibited differences in
the reduction in RWC compared to the corresponding control
plants that occurred over the course of the experiment. The
reduction of RWC values observed in leaves of three OE lines
(29.2; 30.5; and 32.5) in response to water deficit (average of
18%) was significantly smaller than in the other lines (15.2; 36.7;
and 40.2) which were similar to the WT plants (around 39%).
The OE 32.5 line showed a distinct behavior with a RWC value
of 84% under drought conditions, which was almost the same
value found for plants under irrigated conditions and a good
indicator of drought tolerance due to the capacity of these plants
to maintain high leaf water status. These results suggest that
leaves of three OE lines (29.2; 30.5; and 32.5) can maintain their
levels of internal water higher than WT for eight consecutive days
without irrigation. For a more detailed investigation, a new dry-
down assay (biological repetition) was carried out with only these
three OE lines, under the same experimental conditions. SCMRs
recordings confirmed the responsiveness of OE and WT plants
to drought imposition that initiated with 70% FC and decreased
to 20% FC at the 8th day of treatment (Figure 3D). While the
control (irrigated) plants maintained a mean SCMR of 32 over
the treatment, stressed (non-irrigated) plants presented a gradual
increase from the 3th day, reaching values of approximately 41
five days after. In addition, two OE lines (30.5 and 32.5) displayed
reduced SCMR values up to the 6th day of treatment, compared
to WT plants, indicating a possible adaptive response to preserve
photosynthetic efficiency. Measurements of rosette area showed
a significant increase in the total rosette area of WT and OE lines
over the course of the stress treatment (Figure 3E). The larger
rosette surface area observed in the 32.5 line suggests that this
line was better able to maintain growth under stress compared to
the WT and in 29.2 and 30.5 OE lines.

Nematode Challenge
To examine the potential effect of AdDHN1 overexpression on
the nematode infection process in Arabidopsis, 4 weeks old OE
and WT plants were challenged with 1,000 M. incognita juveniles
(J2) and the level of infection assessed by the number of nematode
females in each root system at 60 DAI. Overall, the three selected
OE lines were severely affected by M. incognita, with a significant
higher number of females found in the roots of all three OE
lines, when compared to the WT plants, indicating an increase
in the susceptibility due to AdDHN1 overexpression (Figure 4).
The increase in the M. incognita infection rates in the OE lines
ranged from 60% in 29.2 line to around 41% in 30.5 and 32.5
lines. No visible difference was observed in the morphology and
biomass of roots from OE lines and WT, which ranged from 298.5
to 188.8 mg of roots per plant (Figure 4).

qRT-PCR Analysis of Stress-Responsive Genes
To determine whether the overexpression of AdDHN1 could
interfere with Arabidopsis hormone signaling involved in stress
responses, we analyzed the expression of a subset of nine
marker genes associated with ABA and JA pathways (Seo
et al., 2009; Yang et al., 2011; Sasaki-Sekimoto et al., 2013;
Naznin et al., 2014; Guo et al., 2015; Singh and Laxmi,
2015; Zhao et al., 2018; Supplementary Table 2). The relative
expression of these marker genes was compared between the
three OE lines (29.2, 30.5, and 32.5) and the WT plants. The
AdDHN1 overexpression negatively regulated the expression
of two marker genes (ERD1 and RD29A) from the ABA-
independent pathway which was both downregulated in the
three OE lines (Figure 5A). Conversely, transcripts of the
RD29B and RD22 genes from the ABA-dependent pathway
seemed to be activated by AdDHN1 overexpression, as RD29B
could be detected in two OE lines but not in the WT
plants (Supplementary Figure 6) whereas RD22 was positively
regulated in the three OE lines (Figure 5B). Regardless of
the apparent interference with ABA-independent signaling, the
AdDHN1 overexpression induced the activation of downstream
ABA-responsive genes that promote improvement of drought
tolerance, including the orthologous of AdDHN1 gene in
Arabidopsis (AtDHN) (Figures 5, 6).

Concurrently, AdDHN1 overexpression promoted the
downregulation of three genes involved in the JA pathway (JAZ1,
MYC2, and ORA59; Figure 5A) and the upregulation of PDF1.2,
a marker gene for JA/ET-mediated responses, which expression
was exclusive in OE plants (Supplementary Figure 6). These
alterations in the JA pathway could be owed to the blockage of
MYC2 due to AdDHN1 overexpression, as previously suggested
by Hanin et al. (2011) in Arabidopsis.

DISCUSSION

Fabaceae DHNs Are Mainly of Two Types
and Were Already Present in Their
Common Ancestor
Dehydrins (DHNs) are LEA proteins known to act in multiple
developmental processes and in response to various stresses,
and despite their role in abiotic stress tolerance, they remain
insufficiently studied in legumes (Fabaceae). The structure in
motifs and presence/absence pattern for the whole LEA gene
family has previously been described for six legume species
(Battaglia et al., 2013). However, this study neither analyzed
the evolutionary relationships between the DHN sequences
nor their distribution throughout whole genomes in relation
to conserved synteny. Here, by using phylogenomics methods
and taking advantage of the re-annotated versions of these
six genomes, as well as the recent genome sequencing of two
Arachis species, we provide new insights into molecular evolution
of the DHN family in legumes. Based on the presence and
conservation of the PFAM domain of DHNs, containing the
signature K-segment, we identified 20 likely functional DHN
genes in eight species of Fabaceae.
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FIGURE 4 | Roots of Arabidopsis plants stained by acid fuchsin from (A) WT and (B) 29.2 OE line, at 60 days after inoculation (DAI) with Meloidogyne incognita.
(C) Zoom in galls observed in 29.2 OE line. (D) Average number of females per plant roots of WT and OE lines inoculated with M. incognita. Values are means ± SD
of 10 individuals and significant (P ≤ 0.05) differences between WT and OE lines are marked with an asterisk.

Most DHN (19 out of 20) genes studied here were distributed
between two sub-types and all the species, except C. cajan,
possessed at least one representative of each sub-type, suggesting
that the common ancestor of all these species already possessed
at least one DHN of each type.

The presence of one type of each DHN in the common
ancestor was confirmed by current phylogenetic analysis,

which showed a clear separation of DHNs into two distinct
groups, those containing the Y-segment (nine YnSKn- and one
YnKn-type), and those without the Y-segment (10 SKn-type).
However, the McScanX duplication and synteny analysis suggests
that the YnSKn- and SKn-type DHNs in these legumes do not
originate from the WGD event described in papilionoid (PWGD)
(Cannon et al., 2015). Indeed, the two DHN types tend to
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A B

FIGURE 5 | Relative quantification of mRNA levels of seven stress-responsive Arabidopsis genes (JAZ1; MYC2; ORA59; ERD1; RD29A; AtDHN; and RD22) in the
three OE lines (29.2, 30.5, and 32.5) relative to the WT plants. (A) Downregulated and (B) upregulated genes. Values are means ± SD of three biological replicates
and significant (P ≤ 0.05) differences between WT and OE lines are marked with an asterisk.

FIGURE 6 | Schematic representation of the ABA and JA pathways in Arabidopsis. Black lines represent the expected role of nine marker genes on ABA and JA
pathways in WT plants. Green dotted lines represent the hypothetical interference of the AdDHN1 overexpression in Arabidopsis OE lines in these pathways, in
accordance with Hanin et al. (2011). The red color indicates marker genes that are upregulated in OE lines and blue color those downregulated.

be co-localized in close proximity on the same chromosome
and were never connected by a WGD/tandem duplication
relationship in our analysis. This co-localization on the same
chromosome of one YnSKn and one SKn-type was probably
derived from a common ancestral proximal duplication.

The extra copy of a YnSKn-type in G. max, in contrast, was
clearly due to a WGD event in this species. It is known that
G. max underwent a WGD that occurred after the differentiation
of the other Glycine species (Schmutz et al., 2010).

Overall, and despite the PWGD event, the number of DHNs in
each Fabaceae species is relatively low when compared to other
vascular plant species studied (e.g., six DHN genes per species
on average in poplar, Arabidopsis, barley and rice (Wang et al.,
2007; Bies-Ethève et al., 2008; Hundertmark and Hincha, 2008;

Tommasini et al., 2008). This reduced number is likely due to
multiple losses of DHN genes over the course of Papilionoideae
evolution, through events called Legume Lost Genes (LLGs),
recently proposed by Gu et al. (2016).

In Fabaceae, we found full length DHNs for only three of the
five known types: nine YnSKn as well as one YnKn, both described
as more frequent in monocot species (Abedini et al., 2017), and
10 SKn-type. Previous studies have described the presence of
additional segments, other than the three commonly associated
to the DHN genes (K-, S-, and Y-segments), called 8-segments,
preceding the S-segment at the N-terminal region and with
no sequence conservation between plant species (Graether and
Boddington, 2014; Abedini et al., 2017). These 8-segments
are characterized by an enrichment of glycine and threonine,
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and, more rarely, tryptophan, cysteine and phenylalanine
(Abedini et al., 2017; Malik et al., 2017), however, their function
is still not clear. Here, we identified two novel 8-segments
(DRGV[FL]DFLG) and (EE[VA]I[AV]TEF), in the legume DHN
genes from the SKn subclass, preceding the S-segment at the
N-terminal end of the proteins. These motifs have not yet been
described in plant DHNs.

DHN Segment Organization Does Not
Correlate With Their Subcellular
Localization but With Their Spatial
Expression Pattern
The analyses associating the presence and organization of the
conserved segments observed here (K-, S-, and Y-) demonstrated
that there is no correlation with the subcellular localization of
the DHN genes. However, previously described phosphorylation
motifs, may be involved in their location or translocation to the
nucleus. The motif LXRXXS can be phosphorylated by a kinase
and trigger translocation of the protein from the cytosol to the
nucleus. This conserved motif was observed in most of the DHN
protein sequences of Fabaceae, explaining the preferential nuclear
location of these proteins (Abedini et al., 2017).

While the conserved segments have no influence on DHN
subcellular location, it seems to be associated with their
expression in different plant tissues. Expression of genes
encoding YnSKn proteins was observed preferentially in seeds of
the Fabaceae species, agreeing with previous studies in grapevine
and Arabidopsis (Hundertmark and Hincha, 2008; Yang et al.,
2012). Conversely, SKn-type DHN genes display a ubiquitous
pattern, as they are expressed in both the vegetative tissues (roots,
leaves, and stems) and the dry seeds. This difference in the spatial
distribution of expression is correlated with the phylogenetic
separation of the genes, and could be associated with distinct
roles of the subclasses of DHN in the plant, as suggested by
Graether and Boddington (2014). The response of the AdDHN1
gene to drought imposition and its high expression levels in all
the analyzed tissues, led to our choosing to clone this gene, and
analyze its function further using the model plant Arabidopsis.

Overexpression of AdDHN1 in
Transgenic Arabidopsis Plants Led to
Better Resistance to Abiotic Stresses but
Increased Susceptibility to Nematodes
Several studies have shown the positive effect of DHN
overexpression on plant tolerance to different abiotic stress
conditions, mainly low temperatures, drought and salinity
(Graether and Boddington, 2014). Most of these studies have
concentrated on a few DHN genes isolated from model plants
or major crops, with few focusing on native species that are well
adapted to adverse environmental conditions.

Here, we isolated and studied the DHN gene AdDHN1 from
A. duranensis, a wild species native to low rainfall regions in
South America that has evolved molecular and morphological
adaptation mechanisms that aid survival in adverse and water-
limited environments (Leal-Bertioli et al., 2012). We cloned the

AdDHN1 coding sequence under the control of a constitutive
promoter to generate transgenic Arabidopsis lines expressing
this candidate gene, which is potentially involved in both
abiotic and biotic stresses. The heterologous overexpression
of AdDHN1 conferred different degrees of tolerance to a
freezing-shock treatment in seedlings and to a gradual water
deficit assay in substrate-grown plants. These results were
supported by plant phenotypes and physiological indices, such
as sugar and RWCs, chlorophyll meter readings, biomass and
rosette area. This suggests that AdDHN1 confers a similar
protective role in both abiotic stresses and corroborates previous
studies showing that the overexpression of SKn-type DHNs
enhanced the tolerance to low temperatures and drought in
transgenic plants (Liu Y. et al., 2015; Bao et al., 2017).
Similarly, the overexpression of a YKn-type DHN isolated
from Saussurea involucrate, a wild species that also grows
in adverse environmental conditions, also conferred enhanced
tolerance to both cold and drought in transgenic tobacco plants
(Guo et al., 2017).

Although the role of DHNs in the response to a large
range of abiotic stresses is well reported, little is known about
their involvement in biotic stress responses. Some studies have
reported the induction of DHNs in response to filamentous
pathogen attack, such as Erysiphe necator in grapevine (Yang
et al., 2012) or in combination with water deficit as with
Phytophthora cinnamomi in oak (Turco et al., 2004), suggesting
a putative role of DHNs in modulating pathogen defense
responses (Hanin et al., 2011; Rosales et al., 2014). However,
to date, the potential effect of DHNs in other interactions with
different pathogens, including Metazoa such as nematodes, has
not been reported.

Here, in contrast to abiotic stress, the overexpression of
AdDHN1 enhanced the susceptibility of transgenic Arabidopsis
lines to the RKN M. incognita, a biotrophic plant pathogen
with a wide host range and a very sophisticated strategy of
host colonization. The present study demonstrates for the first
time the increased susceptibility to a pathogen attack due to the
overexpression of a DHN gene in transgenic plants. However,
the mechanisms that are involved in these defense responses,
as well as the tradeoffs affecting the plant normal metabolism
are still unclear.

Overexpression of AdDHN1 in
Arabidopsis Has Effects on ABA and JA
Plant Defense Pathways
It is well known that ABA- and JA-signaling pathways are
involved in response to both biotic and abiotic stresses,
and, although JA-dependent signaling is generally effective
against necrotrophic pathogens (Pieterse et al., 2012), it can
also be activated by wounding and some biotrophic pests
(Robert-Seilaniantz et al., 2011). However, these hormone
signaling pathways often interact in diverse manners in response
to a stimulus, a phenomenon referred to as “crosstalk”
(Pieterse et al., 2012; Van der Does et al., 2013; Singh and
Laxmi, 2015), leading to different, postponed or subdued
defense responses.
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Many studies support the idea that DHNs are ABA-regulated
proteins, as implied by the presence of motifs linked to ABA-
dependent and ABA-independent pathways in the promoter of
several DHN genes, in particular those containing the S-segment
(Zolotarov and Strömvik, 2015; Tiwari et al., 2018; Yu et al.,
2018). Here, we showed that the overexpression of AdDHN1
in transgenic Arabidopsis interfered with the expression of a
subset of ABA-marker genes in comparison compared to WT
plants. For instance, we observed in OE lines a contrasting
regulation in the two major ABA signaling pathways, illustrated
by the downregulation of ERD1 and RD29A, which are part
of the NAC and DREB2 regulons, respectively, in the ABA-
independent signal transduction pathway, and the upregulation
of RD22 and RD29B, which are part of the MYB/MYC
and AREB/ABF regulons, respectively, in the ABA-dependent
pathway (Figure 6). These results suggest that the overexpression
of AdDHN1 acts in the ABA-dependent pathway to promote
freezing and drought tolerance in transgenic Arabidopsis plants,
despite the unnoted function of the ABA-independent pathway.
This is supported by the induction in OE lines of the endogenous
Arabidopsis DHN gene (AtDHN), which is the orthologous
of AdDHN1. SKn-type DHNs, such as AtDHN and AdDHN1,
are part of the overall macromolecular protection mechanisms
activated by the complex transcriptional cascade downstream of
the DREB2A stress-regulatory system to avoid water loss during
drought stress (Yu et al., 2018). Moreover, Tiwari et al. (2018)
recently proposed that, apart from their role as a protective
protein, DHNs interact with other proteins to act as a positive
regulator involved in ABA-mediated drought stress signaling.

In addition to ABA, other hormone signaling pathways
normally associated with biotic and wounding stresses, such
as the JA pathway, can also be activated by dehydration
stress due to cellular damage (Hanin et al., 2011). In our
work, we hypothesized that the overexpression of AdDHN1
suppresses the expression of MYC2, a central regulator in JA
synthesis, causing in turn ORA59 downregulation and enabling
the expression of PDF1.2 (Figure 6). We also found that JAZ1,
a negative regulator of JA signaling, is also downregulated
in the OE lines, possibly through a negative regulatory loop
(Chini et al., 2007), due to MYC2 repression (Figure 6).
The overexpression of DHNs causing MYC2 suppression in
transgenic plants and affecting their responses to pathogen
attacks has previously been suggested by Hanin et al. (2011).
These findings indicate that the interference of AdDHN1
overexpression in the JA pathway, compromising the modulation
of JA- and wound-responsive genes (Hanin et al., 2011),
contribute to an increase in nematode susceptibility in the OE
lines compared to WT.

Indeed, our recent transcriptome studies of wild Arachis
showed that both JA and ABA pathways are, similarly, activated
in response to dehydration in the drought-tolerant A. duranensis
(Vinson et al., 2018) whereas the JA pathway is the preferential
route triggered in the resistance response to the RKN M. arenaria
in A. stenosperma (Guimaraes et al., 2015; Mota et al., 2018).
However, the detailed mechanisms by which the overexpression
of AdDHN1 gene from A. duranensis interferes in the responses
to dehydration and nematode attack in transgenic Arabidopsis

and the crosstalk between both stresses remains unclear,
although its role in the modulation of ABA and JA signaling
pathways are suggested.

Overall, our findings reveal an important tradeoff between
biotic and abiotic defense responses following DHN gene
overexpression. Although enhanced resistance to abiotic stresses
tends to confirm and reinforce the protective role of DHN
proteins in abiotic stress tolerance, this comes with a cost for
the plant. Indeed, susceptibility to the infection by RKNs is
increased, suggesting a negative regulation in disease-resistance
responses. Tradeoffs between different processes in plants,
including stress responses, may occur due to resource restriction
and have an important effect on plant productivity and fitness,
with hormone crosstalk having a major role in regulating this
balance and prioritizing plant responses. A better understanding
of the molecular aspects involved in these defenses signaling
interactions is therefore vital to optimize plant engineering
programs aiming at improving resistance to abiotic and biotic
stresses and their tradeoffs in plants.
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