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Introduction

Plants being sessile are constantly challenged by various 
abiotic and biotic stresses in nature. These stresses usually 
lead to a series of morphological, physiological, molecu-
lar and biochemical changes in plants that collectively 
affect plant growth and development significantly (Tardieu 
and Tuberosa 2010; Peleg and Blumwald 2011; Roy et al. 
2011; Furtado Macedo 2012). These changes are drastic 
and sometimes result in low productivity. However, during 
their extraordinary evolutionary path, plants have devel-
oped unique adaptations and mechanisms to counter vari-
ety of stresses. Every plant species often has its own array 
of mechanisms to cope with the unfavorable conditions 
imposed on them (Griffiths et al. 2002; Ahuja et al. 2010; 
Pareek et al. 2010; Nakaminami et al. 2012). There are also 
many stress-related mechanisms that are common across 
plants. One such mechanism includes evolution of enzymes 
to cope with metabolic and xenobiotic toxic substances 
and byproducts that result from various pathways (Bohnert 
et al. 2006; Szabados et al. 2011; Obata and Fernie 2012). 
Many enzymes also counter reactive oxygen species (ROS) 
that are routinely generated during stresses. Irrespective of 
the nature of the stress, the final toxic products and their 
chemical nature are often very similar. Hence, molecular 
and biochemical responses of diverse plants are often alike 
to counter different stresses (Urano et al. 2010; Luo et al. 
2012; Nakaminami et al. 2012).

One such toxic product often generated within the cell 
is methylglyoxal (MG). MG is produced not just in plants, 
but also across all organisms and generally associated 
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with pathological conditions in humans and other ani-
mals. Multiple metabolic pathways produce MG, and the 
most common biochemical reactions are associated with 
the glycolysis (Yadav et al. 2005a). Accumulation of these 
glyoxals causes various damages to cellular constituents. 
For instance, advanced glycated end products (AGEs) react 
with functional groups of many cellular enzymes and ren-
der them non-functional (Thornalley et al. 1999; Allaman 
et  al. 2015). Among these targets, there are several key 
enzymes that are capable of ROS elimination, such as anti-
oxidant enzymes, catalase, glutathione reductases and per-
oxidases that are routinely modified during MG accumula-
tion (Shangari and O’Brien 2004). All these enhance the 
risk of oxidative stress during MG accumulation. In addi-
tion, the adverse effect of MG is not just limited to the pro-
teome, but also to other key molecules such as lipids and 
nucleic acids (Thornalley 1996; Kasai et al. 1998). There-
fore, regular detoxification of these toxic glyoxals is critical 
for the maintenance of cellular health in any organism. That 
is likely why routine MG neutralization is part of the physi-
ological function, usually employing two enzymes that 
carry out important steps in eliminating accumulation of 
toxic intermediates, namely, glyoxalase-I and glyoxalase-II. 
These are two independent mechanisms in which the first 
step is performed by ‘methylglyoxal reductase’ and sec-
ond is by ‘glyoxalase’ (Thornalley 1990). Although, MG 
detoxification through this mechanism is very successful in 
reducing their toxicity, the disadvantage in this process is 
the utilization of cellular glutathione (GSH) as a co-factor, 
which is metabolically expensive and limiting under stress 
conditions (Dixon et al. 1998; May et al. 1998; Szalai et al. 
2009; Gill et al. 2013).

The ThiJ/DJ-1/PfpI family member proteins are widely 
distributed in nature and are represented in all major taxa. 
Despite their wide occurrence, significant studies were 
performed on human DJ-1 protein due to its association 
with neurodegenerative diseases (Lee et al. 2012). Mem-
bers of these DJ-1 family proteins were identified as addi-
tional GSH independent glyoxalases present in diverse 
organisms. Initially, it was Hsp31 from E. coli, which was 
shown as a glyoxalase-III involved in converting cellular 
methylglyoxal into d-lactic acid (Subedi et  al. 2011). A 
recent study demonstrated that E. coli YhbO and YajL 
proteins that belong to DJ-1 family, repair proteins from 
glycation induced by methylglyoxal and glyoxal (Abdal-
lah et  al. 2016). Saccharomyces cerevisiae encodes four 
members of DJ-1 proteins, namely Hsp31, 32 33 and 34, 
of which Hsp31 is the closest homolog of human DJ-1 
and was shown to have robust methylglyoxalase activity 
(Bankapalli et al. 2015). Additionally, overexpression of 
Hsp31 enhanced stress resistance against both MG and 
H2O2 in S. cerevisiae. Robust methylglyoxalase activity 
of Hsp31 is critical in protecting yeast cells from glyoxal 

and oxidative stresses (Bankapalli et  al. 2015). Recent 
findings highlight that S. cerevisiae Hsp31 exhibits chap-
erone activity and can prevent early stages of protein 
aggregation and associated cellular toxicities (Aslam and 
Hazbun 2016). Similarly, a DJ-1 family protein (Glx3) 
played an important role in conferring protection to 
the cells against methylglyoxal stress in a fungus, Can-
dida albicans, indicating conservation of DJ-1 functions 
across major kingdoms (Hasim et al. 2014).

Human DJ-1 was shown to be effective in reducing 
toxic methylglyoxal levels in cells. Mutations in DJ-1 
homolog is associated with onset of familiar form of Par-
kinson Disease (PD), a pathological condition which is 
characterized by progressive loss of dopaminergic neu-
rons (Davie 2008) as well in Cruzfelt Jacob, Alzheimer 
and other diseases (Choi et al. 2006). These reports indi-
cate that glyoxalase activity of DJ-1 is important for the 
cells to cope with glyoxal stress, and DJ-1 is critical to 
protect the cells from these pathological conditions. 
Indeed, overexpression of human DJ-1 could completely 
complement the function of Hsp31 in yeast indicates an 
unusual conservation of functions of DJ-1 family mem-
bers (Bankapalli et al. 2015). Interestingly, multiple cop-
ies of these DJ-1 family proteins exist in plants, namely; 
DJ-1 A to F (A, B, C, D, E, and F), but their role in stress 
tolerance is not well understood. Out of these six mem-
bers, DJ-1C in Arabidopsis thaliana was recently shown 
to be involved in chloroplast development (Lin et  al. 
2011). Furthermore, the loss of function of DJ-1A in A. 
thaliana was shown to cause cell death in plants, high-
lighting the importance of these proteins in protecting 
cells against various stresses (Xu et al. 2010).

Although involvement of MG in abiotic stresses in 
both plants and animals are well known, MG has not been 
implicated in biotic stresses so far. In our present study, 
we show that MG accumulated to higher levels during 
biotic stress, very similar to abiotic stress, indicating that 
this is a general phenomenon during stresses. Here, we 
report that expression of yeast Hsp31 in plants could pro-
vide extremely robust protection to cells under both abiotic 
and biotic stresses. Convincingly, we highlight that Hsp31 
expressing transgenic plants survived better and had a 
higher amount of chlorophyll during various stresses tested. 
Expression of Hsp31 in tobacco plants resulted in striking 
tolerance against oxidative stress in protecting cells from 
lipid peroxidation and other damages to the cells. During 
stresses, Hsp31 was re-localized into the mitochondria, 
similar to human PARK7 (Junn et  al. 2009), indicating 
functional overlaps across eukaryotes in providing cytopro-
tection. Together, our results provide evidence for the first 
time that, transgenic expression of Hsp31 in plants strongly 
confers protection against various cellular stresses induced 
by abiotic and biotic factors.
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Materials and methods

Plant material and growth condition

Tobacco wild-type plants (Nicotiana tabacum cv. Wiscon-
sin) and transgenic plants were grown under aseptic con-
ditions on agar-solidified (MS) medium (Murashige and 
Skoog 1962) containing 30  g/L sucrose. Tobacco plants 
were maintained in the tissue culture room with 200 mmol 
photons/s/m under cycling light conditions (16 h light, 8 h 
dark).

Vector construction and transformation of plants

The transformation constructs pBIN-ScHsp31, pBIN-
ScHsp31-eGFP, pBIN-ScHsp31-m1, pBIN-ScHsp31-
m2 and pBIN-ScHsp31-m3 were constructed as follows. 
Hsp31, eGFP fused Hsp31 and Hsp31 mutants (m1, m2 
and m3) genes were amplified from the pRS415 vector pre-
viously cloned by Bankapalli et al. (2015) using the follow-
ing primer pairs: for the amplification of Hsp31 (720 bp) 
and Hsp31 mutants, Hsp31-F (5′-GCCGGGA​TCC​ATG​
GCC​CCA​AAA​AAAG-3′, BamHI site in bold) and Hsp31-
R (5′-GGGCGAG​CTC​TCA​GTT​TTT​TAA​AGC​GTC​
G-3′, SacI site in bold) were used. For the amplification 
Hsp31-eGFP fusion (1.4 kb), Hsp31-F and, Hsp31-eGFP-
R (5′-GGGCGAG​CTC​TTA​TTT​GTA​TAG​TTC​ATC​C-3′, 
SacI site in bold) were used. The DNA fragments gener-
ated by PCR were digested with BamHI and SacI and intro-
duced into the pBIN binary vector (Bevan 1984) which 
was linearized using the same restriction enzymes. DNA 
sequences of the recombinants were confirmed by sequenc-
ing. Transformation of tobacco plants (N. tabacum cv. 
Wisconsin) was performed using Agrobacterium tumefa-
ciens (LBA4404 with pSB1 strain) as described previously 
(Shivaprasad et al. 2006). Transgenic plants were regener-
ated from kanamycin-resistant callii and maintained in the 
tissue culture facility for 8 weeks and later planted into soil 
and maintained in a green house.

RNA extraction and semi‑quantitative RT‑PCR analysis

Total RNA was isolated using the TRIzol® Reagent 
(Thermo scientific) according to the manufacturer’s 
instructions. For cDNA synthesis, 1 µg of RNA was treated 
with DNase I (Thermo scientific) to eliminate any DNA 
contamination, and cDNA was generated using SuperScript 
III First-Strand Synthesis System for RT-PCR (Invitrogen).

A semi-quantitative RT-PCR analysis for the Hsp31 and 
Hsp31-eGFP expression was performed using the primer 
pairs, 5′-GCC​GGG​ATC​CAT​GGC​CCC​AAA​AAA​AG-3′, 
and 5′-GGG​CGA​GCT​CTC​AGT​TTT​TTA​AAG​CGTCG-3′. 
For the amplification of Hsp31-eGFP, primers Hsp31-F; 

5′-GCC​GGG​ATC​CAT​GGC​CCC​AAA​AAA​AG-3′ and 
Hsp31-eGFP-R; 5′-GGG​CGA​GCT​CTT​ATT​TGT​ATA​
GTT​CATCC-3′ were used. The semi-quantitative RT-PCR 
experiments were repeated twice with cDNA prepared 
from different batches of plant leaves.

Protein isolation and western blotting

Total protein extracts were prepared by grinding leaf mate-
rial in liquid nitrogen, followed by resuspension in twofold 
Laemmli buffer [100 mM Tris–HCl pH 6.8, 4% SDS, 20% 
glycerol, 2  mM dithiothreitol (DTT), 0.01% bromophe-
nol blue]. Before loading onto SDS–polyacrylamide gels, 
samples were incubated at 95 °C for 10  min. SDS-PAGE 
separation was performed using 12% acrylamide mini-gels. 
Subsequently, proteins were transferred onto nitrocellulose 
membranes (GE healthcare life sciences) using a Bio-Rad 
transfer apparatus. Membranes were probed using Hsp31 
specific antibody (Bankapalli et al. 2015). Amersham ECL 
Prime Western Blotting Detection Reagent (GE healthcare 
life sciences) was used for signal detection.

Chlorophyll estimation

Chlorophyll content of the transgenic plants was deter-
mined according to Shivaprasad et  al. (2011). One gram 
of fresh leaves from tobacco plants were taken and ground 
with 10 ml of 80% acetone and centrifuged at 5000 rpm for 
10  min at 4 °C. The absorbance of the extract was meas-
ured at 645 and 663 nm against the solvent (80% acetone) 
control.

Leaf disc chlorophyll retention assay

To evaluate the stress tolerance potential of the plants over-
expressing Hsp31, Hsp31 mutants and control pBIN-GFP 
plants, leaf disc assay was performed according to the 
method described by Veena and Sopory (1999). Briefly, 
leaf discs from transgenic plants were prepared using 
sterile cork borer and were incubated in the tissue culture 
room with appropriate concentration of stress inducer and 
observed after 3–4 days of incubation. The images were 
photographed and leaf discs were subjected to fresh weight 
measurement, chlorophyll estimation, methylglyoxalase 
activity and lipid peroxidation assay.

Estimation of MG

MG from tobacco plants (with and without stress) were 
estimated according to the method of Yadav et al. (2005a, 
b). Approximately 100  mg of leaf tissue was homog-
enised in 1  ml of 0.5  M perchloric acid. Extract was 
incubated on ice for 15  min and centrifuged at 4 °C for 



384	 Plant Mol Biol (2017) 94:381–397

1 3

20  min at 13,000  rpm. The supernatant was neutralized 
by incubating with saturated solution of potassium car-
bonate for 15 min at RT and the mixture was centrifuged 
at 13,000  rpm for 10  min. The neutralized supernatant 
was used for MG assay. In a total volume of 1 ml, 250 µl 
of 7.2 mM 1,2-diaminobenzene, 100 μl of 5 M perchlo-
ric acid, and 650  µl of the neutralized supernatant were 
added in that order. The absorbance at 335  nm of the 
MG derivative was recorded in a spectrophotometer. The 
final concentration of MG was calculated from the stand-
ard curve and expressed in terms of μmol/g fresh weight 
(FW).

Measurement of MDA content

Approximately 100 mg of tobacco leaves were ground to a 
fine powder under liquid nitrogen. 1 ml of 10% trichloro-
acetic acid was added to the powder and left at 4 °C over-
night. The extract was centrifuged at 13,000 rpm for 20 min 
at 4 °C and the supernatant was transferred to a new tube. 
Equal volume of 0.6% thiobarbituric acid (TBA) was added 
to the supernatant, and the mixture was vortexed, heated 
in a boiling waterbath for 15 min, cooled immediately and 
centrifuged (13,000  rpm, 15  min at 4 °C). Absorbance of 
the supernatant was recorded at wavelengths of 532 and 
450 nm using water as blank. The formula for the calcula-
tion of MDA content was:

Transient expression and subcellular localization 
of Hsp31

To examine the transient expression of GFP tagged Hsp31, 
Agrobacterium strain having Hsp31-eGFP construct was 
infiltrated into 4 week old N. benthamiana leaves and the 
expression was observed under UV light after 3–4 days of 
infiltration.

Subcellular localization of Hsp31-eGFP was observed 
using fluorescence microscopy. The epidermal peelings 
were obtained from the transgenic plants overexpressing 
Hsp31-eGFP subjected to 5  mM H2O2 treatment. Leaves 
from water treated plants served as control. The sec-
tions were observed with following set filters: DAPI (EX 
340–380 nm, DM 400 nm, BA 435–485 nm) for blue flu-
orescence of DNA with Hoechst 33258 dye, FITC (EX 
465–495 nm, DM 505 nm, BA 515–555 nm) for green fluo-
rescence of Hsp31-eGFP, TRITC (EX 475–490  nm, DM 
500–540  nm, BA 503–530  nm) for Mitotracker red (EX-
excitation filter, DM-diachronic mirror, BA-absorption fil-
ter) under Delta Vision Elite Fluorescence Microscope (GE 
Healthcare) using 40× and 60× objective lens.

MDA content (μmol∕l) = 6.45 × OD
532

− 0.56 × OD
450

.

DAB Staining for H2O2

Eight-week old Hsp31, Hsp31-m1 and pBIN-GFP express-
ing transgenic plants were treated with 300 mM NaCl for 
24 h and fourth leaf of the plant from tip was collected for 
DAB (3,3′-diaminobenzidine) staining as described (Daudi 
and O’Brien 2012). NaCl and water treated control leaves 
were immersed with DAB solution (1  mg/ml) and incu-
bated in the dark for 6  h with shaking at 100  rpm. After 
incubation, the DAB solution was replaced with bleaching 
solution (ethanol:acetic acid:glycerol at a ratio of 3:1:1). 
The mixture was boiled for 20  min in a waterbath set at 
95 °C. The bleaching solution was replaced by fresh solu-
tion and allowed to stand for 30 min. H2O2 was visualized 
as reddish-brown colouration in the leaf surface.

Biotic stress assays

Viral infection

Infection of Mungbean yellow mosaic virus (MYMV) 
in tobacco was carried out as described previously 
(Shivaprasad et  al. 2006). Briefly, Agrobacterium strains 
harboring partial tandem repeats of MYMV DNA and 
DNA B were incubated with leaf discs derived from con-
trol and transgenic plants. Leaf discs were incubated for 
10 days in MS medium before extracting nucleic acids for 
analysis.

Fungal infection

Alternaria alternata spores were grown on the potato 
dextrose agar media. The conidia of A. alternata were 
harvested to prepare suspensions with a concentration of 
1 × 106 conidia/ml. About 5  ml of suspension was used 
to inoculate the leaves from aseptic seedlings of Hsp31, 
Hsp31-m1 and vector control pBIN-GFP. Inoculated plants 
were kept for 72 h to monitor the success of the inocula-
tions. Leaf tissues from healthy aseptic tobacco seedling 
were the controls throughout the experiment. The symp-
toms were documented and infected leaves were used for 
the measurement of methylglyoxal.

Bacterial infection of tobacco with Pseudomonas syringae

Pseudomonas syringae pv tomato (strain DC3000) was 
grown at 28 °C in King’s B medium. Bacterial cells were 
collected by centrifugation at 4000×g for 15 min and resus-
pended in 10  mM MgCl2. The density of bacterial cell 
suspensions was adjusted to 4 × 107 colony forming units 
(CFU)/ml. Bacterial suspension was infiltrated into 4 week 
old tobacco leaves. Symptoms were recorded with a digital 
camera after 3 days.
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Bacterial density in infected tissues were estimated in 
two leaf discs (1 cm in diameter) taken from infected leaf 
areas of two different plants at the indicated time points 
post infection. The discs were homogenized in 1 ml of ster-
ile water, thoroughly mixed, and serially diluted (10−2 to 
10−6) and were plated on King’s B agar. After incubation at 
28 °C for 2 days, colonies were counted and represented as 
CFU/cm2 of the infected tissue.

Quantification of antioxidant genes

In order to validate the expression of antioxidant genes 
(Table  1) in the tobacco plants overexpressing Hsp31, 
Hsp31-m1 and pBIN-GFP under stress conditions, semi-
quantitative PCR was performed using RNA samples. 
Total RNA extraction and cDNA preparation was discussed 
in the previous section. For each sample, 25 ng of cDNA 
was used as a template in a 20  μl PCR reaction contain-
ing 0.5 μl forward and 0.5 μl reverse primers (10 µM). PCR 
reactions were performed as follows: denaturation at 95 °C 
for 7 min, followed by 35 cycles at 95 °C for 1 min, 60 °C 
for 30 s, and 72 °C for 30 s and a final extension at 72 °C for 
7 min. The PCR amplified products were separated on a 1% 
agarose gel and visualized. Tobacco GAPDH was used as 
endogenous control for the experiment.

Statistical analysis

Data were analysed separately for each experiment and 
were subjected to Arcsine transformation and analysis 
of variance (ANOVA). Further, the experimental results 

were subjected to Duncan’s multiple range test (DMRT) at 
P < 0.05 [SPSS tool (version 8)].

Results

Biotic stress induces MG accumulation in plants 
to levels similar to abiotic stresses

We hypothesized that levels of MG, being a product of gly-
colysis and other metabolic pathways, might get induced 
during biotic stress similar to abiotic stress. This hypoth-
esis is largely driven by the observations that rate of gly-
colysis increases during stress (Kaur et al. 2014; Allaman 
et al. 2015). In order to explore this possibility, we infected 
tobacco plants with Mungbean yellow mosaic virus 
(MYVV) (Shivaprasad et al. 2006) and measured MG lev-
els in tissues. High accumulation of MG was seen in tissues 
infected with MYVV but not in control tobacco inoculated 
with water control (Fig. 1a). Similarly, there was accumu-
lation of MG during fungal infection (Alternria alternata) 
and during bacterial infection with Pseudomonas spp. up 
to several folds when compared to uninfected control. MG 
measurements were performed to compare the levels with 
abiotic stress inducers such as H2O2, NaCl and CuSO4 
(Fig. 1b). Accumulation of MG was maximum during NaCl 
and CuSO4 induced stress.

In order to check if the accumulation of MG is true for 
plants other than the model plant tobacco, we used mung-
bean plants naturally infected with an yellow mosaic virus, 
a fungus (Colletotrichum Spp. causing anthracnose), and 

Table 1   List of primers used 
for quantification of anti-oxidant 
genes

Primer name Sequence (5′-3′) Gene

NtCOX1-F
NtCOX1-R

CAG​GTT​CCC​AAC​AAC​CAA​TCAAA
CCC​ATT​CTC​CCT​CTG​CTC​GTT

Cytochrome c oxidase 1

NtCSD1-F
NtCSD1-R

GCA​GCA​GTG​AAG​GTG​TTA​GTG​GCA​
GGA​TTG​TGG​ACC​AGC​AAG​AGG​AAT​

Copper/zinc superoxide dismutase 1

NtCAT1-F
NtCAT1-F

CAT​ACA​AGT​ACC​GTC​CGT​CAA​GTG​C
GAA​AAA​CCC​TTT​GGC​ACT​AGC​ACC​TC

Catalase 1

NtPER12-F
NtPER12-R

CTG​CTA​GGG​ACT​CTG​TTG​TCT​TGA​CT
CGA​CGG​AGG​ACG​ACT​GTG​GTATT

Peroxidase 12

NtAPX6-F
NtAPX6-R

GGG​TTT​GGG​AAT​CCA​GTT​GTC
TGT​CAA​CAA​GTT​TGG​TAT​AGG​CAT​T

Ascorbate peroxidase 6

NtMSD1-F
NtMSD1-R

GTG​AGC​AGA​CGG​ACC​TTA​GCA​ACA​
CGT​GAC​CTC​CGC​CGT​TGA​ATT

Manganese superoxide dismutase 1

NtGST21-F
NtGST21-R

GGT​TCT​GGG​CTG​ATT​ACA​CTGAC
CCA​AAG​TAA​GGT​TTG​TCT​CCC​AAT​

Glutathione S-transferase 21

NtPR1-F
NtPR1-R

TCA​ACT​CAA​CGC​CGC​TGG​TG
GAA​TCA​AAG​GGC​TGT​TGC​TCT​TCA​

Pathogenesis-related protein 1

NtGNS-F
NtGNS-R

GAA​AGC​CTG​GAC​CTA​TTG​AAACC
GCA​GTA​GCA​TTA​GTT​TCA​ACC​GAA​C

1,3-beta-glucosidase

NtGAPDH-F
NtGAPDH-R

GGA​GGA​GGG​AAC​AAC​AAG​AGG
AGA​TGC​CGT​CAG​TGC​CGA​

Glyceraldehyde 3-phosphate dehydrogenase
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bacterial spot (Cercospora Spp.) (Fig.  1c). In agreement 
with the observations made in tobacco, MG levels accumu-
lated highly during the bacterial, fungal and viral diseases 
in mungbean, suggesting that MG accumulation during 
biotic stress is likely a universal phenomenon across plants. 
It is important to note that mungbean plants were naturally 
infected with the pathogens, and hence level of MG was 
understandably lesser than artificially inoculated tobacco 
plants. Together, our results suggest that, MG accumulation 
is likely to be a universal phenomenon across the plants 
during the biotic stresses such as bacterial, fungal and viral 
diseases.

Transgenic tobacco expressing Hsp31 are tolerant 
to a wide variety of abiotic stresses

Plants harbor PARK7/Hsp31 family of proteins, but their 
functions in MG detoxification are less well understood. 
Model plant A. thaliana harbors six members of DJ-1 fam-
ily (Supplementary Fig. 1) unlike a single copy of this gene 
in mammals. Three members of DJ-1, namely, DJ1-D, 
E and F, fall into yeast Hsp31 clade, while the remaining 
three (DJ1-A, B and C) fall into mammalian PARK7 clade. 
Amino acid sequence comparisons indicated that plant DJ 
members have less than 26–31% identity with yeast Hsp31. 
Since abiotic and biotic stresses in earlier experiments 
resulted in high accumulation of MG, we took the advan-
tage of expressing a proven methylglyoxalase in plants 
and test whether this can provide cytoprotection to cells 
against MG toxicity induced by biotic and abiotic factors. It 
is also important to note that expression of yeast Hsp31 in 

heterologous plant systems is beneficial in avoiding issues 
related to stability of transgenes. Usually, introduction of 
genes into a plant as a transgene that has a similar homolog, 
generally silences one or both genes through RNA silenc-
ing (Baulcombe 2004).

Strategies involving expression of yeast proteins in 
transgenic plants to engineer various useful traits has been 
employed routinely (Eswaran et  al. 2010; Padilla-Chacón 
et al. 2010; Ali et al. 2012; Nakahara et al. 2015). Expres-
sion of Hsp31 in yeast was very effective in offering abiotic 
stress tolerance, specifically against H2O2 and MG (Banka-
palli et al. 2015). We explored if transgenic plants express-
ing Hsp31 can offer H2O2 and MG tolerance. In order 
to perform these experiments, we generated transgenic 
tobacco plants by introducing Hsp31 driven by Cauliflower 
mosaic virus 35 S promoter (Fig. 2a). Tobacco transforma-
tion was performed using well-established Agrobacterium-
mediated leaf disc method. Multiple transgenic plants 
expressing high levels of Hsp31 were obtained (Fig.  2b). 
These transgenic plants also expressed Hsp31 transgene 
RNA and protein as expected (Fig.  2c, d). Transgenic 
plants derived from vector control were generated and used 
for comparison in all further experiments. Strikingly, trans-
genic plants expressing Hsp31 were healthier than the vec-
tor control transgenic plants. In support to this observation, 
Hsp31 expressing transgenic plants showed higher accumu-
lation of chlorophyll (Fig. 2e).

Leaf discs derived from transgenic and control plants 
(transformed with vector control, pBIN19) were incu-
bated with various concentrations of H2O2. As reported 
previously, H2O2 levels of 10–50 mM is toxic to tobacco 
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Fig. 1   Estimation of methylglyoxal (MG) levels in plants during 
biotic stress. a Determination of MG content in tobacco plants under 
biotic stresses. Eight-week old tobacco plants were infected with 
pathogens for 48 h and MG was estimated from leaf extracts. b Deter-
mination of MG content in tobacco plants under abiotic stress condi-
tions. Eight-week old tobacco plants were treated with 300 mM NaCl, 

250 μM CuSO4, 10 mM H2O2 for 48 h and MG was estimated from 
leaf extracts. Please refer “Materials and methods” section for details. 
c MG accumulation in mungbean in response to fungal, viral and bac-
terial infection. The data are means of three independent experiments. 
Bars indicate ± SE. Means designated with the asterisks (*) are sig-
nificantly different according to DMRT at P < 0.05
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plants (Willekens et  al. 1997). Leaf discs derived from 
Hsp31 alone provided tolerance against H2O2 (Fig.  3a). 
This is confirmed by comparing fresh weight (Fig.  3b) 
and taking measurements of chlorophyll in stress treated 
leaf discs (Fig. 3c). In all parameters, Hsp31 overexpress-
ing plants were capable of offering tolerance against 
stress inducers, while control transgenic plants were sus-
ceptible. Similarly, Hsp31 expressing plants offered toler-
ance against MG as seen in leaf disc assays (Fig. 3d), dry 
weight (Fig. 3e) and chlorophyll measurements (Fig. 3f). 
These results confirm that Hsp31 expression, simi-
lar to yeast complementation experiments as described 

previously (Bankapalli et  al. 2015), offer H2O2 and MG 
stress tolerance in plants.

Since Hsp31 expressing transgenic plants are tolerant 
to H2O2 and MG, we explored if they can offer tolerance 
to other abiotic stress inducers such as salt, CuSO4 and 
osmotic stress inducers. In experiments involving stress 
treatments using NaCl and CuSO4, Hsp31 offered high 
tolerance compared to vector control transgenic plants, as 
seen in the unbleached phenotypes of leaf discs (Fig. 4a, 
d), dry weight measurements (Fig. 4b, e) and chlorophyll 
estimation (Fig.  4c, f). Similarly, during osmotic stress, 
Hsp31 transgenic plants offered significant tolerance 

Fig. 2   Generation of trans-
genic tobacco plants expressing 
Hsp31. a Schematic representa-
tion of the T-DNA region of 
pBIN binary vector construct 
used for Agrobacterium-medi-
ated transformation. LB left 
border, RB right border; 35S 
Pro, CaMV 35S promoter; Pnos, 
Nopaline synthase promoter; 
Tnos, Nos terminator; nptII, 
Kanamycin resistance gene; 
Hsp31, Saccharomyces cerevi-
siae heat shock protein 31. b 
Phenotype of control and Hsp31 
transgenic plants. c Transgene 
expression analysis for Hsp31 
transgenic plants. GAPDH 
was used as loading control. d 
Immuno-blot analysis of Hsp31 
protein accumulation in tobacco 
plants. About 40 μg of total 
protein from each sample were 
separated in a 12% SDS-PAGE 
gel and blot was probed with 
polyclonal anti-Hsp31 antibody 
(1:2000 dilution) and detected 
as described in methods. e 
Determination of total chlo-
rophyll content of the tobacco 
plants. The data are means of 
three independent experiments. 
Bars indicate ± SE. Means 
designated with the asterisks 
(*) are significantly different 
according to DMRT at P < 0.05
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when compared to control plants (Supplementary Fig. 2). 
We utilized two osmotic stress inducers, namely, manni-
tol and polyethylene glycol. In stress treatments involving 

both osmotic stress inducers, Hsp31 transgenic plants 
offered high tolerance to stresses as quantified using fresh 
weight (Supplementary Fig.  2B and E) and chlorophyll 
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Fig. 3   Oxidative stress tolerance in Hsp31 transgenic tobacco 
plants. a Leaf disc senescence assay under H2O2 stress. Leaf discs 
were incubated with different concentrations of H2O2 (0, 10, 20, 30 
and 50 mM). b Fresh weight of the tobacco plant leaf discs exposed 
to H2O2 stress. c Total chlorophyll content of the tobacco plant leaf 
discs exposed to H2O2 stress. d Phenotype of leaf discs under MG 

stress. e Fresh weight of the tobacco plant leaf discs exposed to MG 
stress. f Total chlorophyll content of the tobacco plant leaf discs 
exposed to MG stress. Chlorophyll retention assays were performed 
as described in “Materials and methods” section. Rest of the details 
are similar to Fig. 2 legend
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estimations (Supplementary Fig.  2C and F). Multiple, 
independently generated transgenic plants expressing 
Hsp31 also exhibited tolerance against range of abiotic 
stresses (Supplementary Fig.  3). These results conclu-
sively indicate that expression of Hsp31 offers robust abi-
otic stress tolerance in transgenic plants.

Mutations in catalytic domain abolish stress tolerance 
activity of Hsp31 in plants

It has been observed that catalytic triad of Hsp31 (Banka-
palli et  al. 2015), PARK7 (Lee et  al. 2012) and its 
homologs in bacteria (Subedi et  al. 2011) have conserved 
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catalytic domain that is essential for the MG detoxification 
activity (Bankapalli et al. 2015). In experiments involving 
PARK7 and Hsp31, mutants in the catalytic triad are inef-
fective in offering stress tolerance against H2O2. To study 
if the mutations in Hsp31 result in abolishing the activity, 
we raised transgenic plants with three mutant versions of 
Hsp31 (Fig. 5a, c). These mutations (C138A, H139A and 
E170A) were generated in the catalytic domain of Hsp31 
(Fig.  5b). Unlike the Hsp31 overexpressing transgenic 
plants, mutants had chlorophyll levels comparable to con-
trol vector transformed and wild type untransformed plants 
(Fig.  5c, e). These plants expressed transgene mRNAs 
and proteins to levels similar to wild type Hsp31 trans-
genic plants, indicating that mutants are stable (Fig.  5d 
and Supplementary Fig.  4). Leaf discs derived from one 
of the Hsp31 mutant did not offer tolerance against a range 
of abiotic stress inducers (Fig.  5f). These results indicate 
that catalytic triad of Hsp31 are indeed essential, and the 
mechanism of stress tolerance offered by Hsp31 in plants is 
similar to yeast and other organisms.

Transgenic Hsp31 expressing plants offer biotic stress 
tolerance in tobacco

Since MG levels are unregulated during diverse biotic 
stresses induced by fungal, bacterial and viral pathogens, 
we explored if Hsp31 expressing transgenic tobacco plants 
offers stress tolerance against these pathogens. To test this 
possibility, transgenic and control tobacco plants were 
exposed to Alternaria Spp. Three days of post-inoculation 
with the conidia, control untransformed as well as the 
transgenic vector transformed plants exhibited typical leaf 
spot symptoms accompanied with yellowing. Strikingly, 
upon inoculation, Hsp31 expressing plants but not the con-
trol plants remained healthy for more than 10  days, with 
occasional leaf spots that are too small while the leaves 
remained green (Fig.  6a and Supplementary Fig.  5). MG 
measurements from these plants also indicated that level 
of MG was much lower in Hsp31 transgenic plants when 
compared to control plants that are challenged with the 
fungus (Fig.  6b). We next infected tobacco plants with a 
member of Geminiviridae, with a ssDNA genome. Inocu-
lation of infectious clones of MYMV to Hsp31 transgenic 
plants showed resistance to the pathogen, while control 
plants indicated successful infection as quantified with an 
RT-PCR analysis for the viral gene AC2 (Fig.  6c). Addi-
tionally, we infected tobacco plants with a bacterial patho-
gen, P. syringae pv tomato DC3000. Typical hypersensitive 
response was observed in control plants and Hsp31-m1, 
while plants harboring wild type Hsp31 offered extreme 
resistance to the pathogen (Fig.  6d). Density of bacteria 
was correspondingly much lower in Hsp31 overexpressing 
plants than in control plants (Fig. 6e, f). These experiments 

clearly indicate that Hsp31 overexpression in transgenic 
plants can provide wide-spectrum resistance to diverse 
stress inducers.

Mechanism of Hsp31 action in protecting transgenic 
plants from abiotic and biotic stresses

In order to understand the ability of Hsp31 to suppress 
biotic and abiotic stresses of seemingly diverse nature, we 
measured if indeed Hsp31 could reduce MG levels in trans-
genic plants. In leaf discs derived from three stress treat-
ments, MG levels were much lower in transgenic plants 
expressing Hsp31 when compared to control plants indicat-
ing that the mechanism may be similar to yeast (Bankapalli 
et al. 2015) and humans (Lee et al. 2012) (Supplementary 
Fig. 6). In all tested conditions, Hsp31 mutant was unable 
to detoxify MG and did not offer tolerance to stresses. In 
order to obtain further insight about the mechanism of 
action, we measured lipid peroxidation in the stress-treated 
plants. Lipid peroxidation is a well-established mechanism 
of cellular injury and is routinely used as an indicator of 
oxidative stress in cells and tissues (Niki et al. 2005). It was 
previously known that increased MG stress induces oxida-
tive stress in the cells that can further lead to membrane 
peroxidation (Yadav et  al. 2005a, b; Thornalley 2008). 
Therefore, to examine oxidant status and lipid peroxida-
tion in tobacco plants treated with stress inducers, levels of 
malondialdehyde (MDA), an end-product of lipid peroxida-
tion, were measured. Interestingly, a three-fold-lower MDA 
level were seen in transgenic plants expressing Hsp31 when 
compared to control plants and Hsp31 mutant plants (Sup-
plementary Fig.  7A and B). As expected, H2O2 treatment 
generally produced higher levels of MDA in cells when 
compared to salt and MG stress. Staining for 3,3-diamin-
obenzidine (DAB) to detect the presence and distribution 
of H2O2 in the salt treated plants indicated that Hsp31 over-
expressing transgenic plants accumulated lower levels of 
H2O2 during stress (Supplementary Fig. 8). Together, these 
observations reveal a broad-spectrum multi-faceted prop-
erty of Hsp31 in providing stress tolerance.

Exogenous application of MG led to widespread 
changes in gene expression in rice seedlings (Kaur et al. 
2015). Several of these genes were stress-related indi-
cating a cross talk between MG responsive and stress-
related genes. Our results also suggested a collective 
stress response mediated by Hsp31 in the transgenic 
plants, and we hypothesized that these may include 
changes in expression of known stress-related genes. 
RNA expression analysis using Hsp31 expressing 
transgenic plants revealed that expression of key genes 
such as NtCAT1 (N. tabacum Catalase 1), NtPER12 
(N. tabacum Peroxidase 12) and NtCOX1 (N. tabacum 
Cytochrome C oxidase 1) were induced during stress 



391Plant Mol Biol (2017) 94:381–397	

1 3

pBIN-Hsp31-m1
pBIN-Hsp31-m2
pBIN-Hsp31-m3

nptII ScHsp31

NOS
terminator

35S 
promoter RBLB

NOS
terminator

NOS
promoter

C138A
H139A
E170A

1     2    3   1    2   3    1   2    3 

m1 m2 m3

NtGAPDH

Hsp31

H2O2 MG CuSO4 NaCl
pBIN-GFP Hsp31_#1 Hsp31-m1

D
ay

 0 0 
m

M
10

 m
M

0 
m

M
10

 m
MD

ay
 4

pBIN-GFP Hsp31-m1 pBIN-GFP Hsp31-m1 pBIN-GFP Hsp31-m1

0 
m

M
10

 m
M

0 
m

M
10

 m
M

0 
m

M
25

0 
 m

M
0 

m
M

25
0 

m
M

0 
m

M
30

0 
 m

M
0 

m
M

30
0 

m
M

(A)
(B)

(C)

(D) (E)

(F)

pBIN-GFP Hsp31-m1 Hsp31-m2 Hsp31-m3 Hsp31 _#1(WT)

Catalytic triad

450

500

550

600

650

To
ta

l c
hl

or
op

hy
ll 

co
nt

en
t

(μ
g/

g 
tis

su
e)

*

Hsp31_#1 Hsp31_#1 Hsp31_#1

Fig. 5   Mutations in catalytic triad of Hsp31 abolishes stress toler-
ance. a Schematic representation of T-DNA region of binary vec-
tors generated with Hsp31 mutants. Three mutants are Hsp31-m1 
(C138A), Hsp31-m2 (H139A) and Hsp31-m3 (E170A). b Structure 
of Hsp31 indicating catalytic Cysteine, Histidine and Glutamine 
residues. c Phenotype of transgenic tobacco plants expressing Hsp31 

mutants. d RT-PCR analysis confirming expression of mutant trans-
genic plants. GAPDH serves as internal control. e Comparison of 
total chlorophyll content between wild type, mutants and Hsp31 
transgenic plants. f Leaf disc senescence assay for Hsp31 mutants 
under stress. Stress conditions used are H2O2 (10 mM), MG (10 mM), 
CuSO4 (250 µM) and NaCl (300 mM)
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to DMRT at P < 0.05
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(Supplementary Fig.  9). Surprisingly, Hsp31 express-
ing transgenic plants also exhibited upregulation of GST 
indicating a feedback mechanism that is not well known 
previously. GST levels were not upregulated in control 
plants lacking Hsp31 during stress indicating that GST 
upregulation is specific to Hsp31 expressing plants. 
This is very surprising since GST is also involved in 
MG detoxification as suggested by the previous reports 
(Dixon et  al. 1998; Hossain et  al. 2012; Hasim et  al. 
2014). GST is also a stress marker that catalyzes the 
conjugation of glutathione (GSH) to electrophilic com-
pounds through thioether linkages (Boyland and Chas-
seaud 1967). It has also been reported that glutathionyla-
tion by GST is necessary for the activation of certain 
redox related enzymes for the maintenance of intracellu-
lar H2O2 (Rhee et al. 2005). In addition, expression lev-
els of few superoxide dismutases were reduced in Hsp31 
overexpressing transgenic plants during stresses and 
implication of this is not clearly understood.

In yeast, Hsp31 is redirected to mitochondria dur-
ing H2O2 stress, and this was a critical event influenc-
ing protection of the organelles during stress conditions 
(Bankapalli et al. 2015). Similarly, PARK7 is redirected 
to mitochondria during oxidative stress in humans 
(Canet-Avilés et  al. 2004). Various studies have indi-
cated that mitochondrial targeting of DJ-1 protein is 
integral part of the stress tolerance mechanism (Morcos 
et al. 2008; Hao et al. 2010; Wang et al. 2012). This is 
consistent with our RNA analysis where mitochondrial 
COX1 was upregulated during stress in Hsp31 trans-
genic plants (Supplementary Fig. 9). In order to explore 
if Hsp31 is redirected to mitochondria during stress in 
transgenic plants, we used a GFP fusion construct of 
Hsp31 and introduced into plants as a reporter (Supple-
mentary Fig. 10A and B). GFP fusion did not destabilize 
Hsp31, and the protein expressed at high levels in plant 
leaves (Supplementary Fig. 4). We subjected transgenic 
tobacco tissues to abiotic stresses and tracked localiza-
tion of Hsp31-GFP fusion protein (Fig.  7 and Supple-
mentary Fig.  10C). As expected, control plants lack-
ing GFP did not show any signal, while GFP protein 
was localized everywhere in the cell in GFP expressing 
plants. On the other hand, Hsp31-GFP fusion protein 
was expressed both in nucleus and cytoplasm. Interest-
ingly, during stress, Hsp31 was re-localized into mito-
chondria. Mitotracker-Red was used as an indicator for 
the visualization of mitochondria. These results indi-
cated that Hsp31 localization is altered during stress as 
shown previously in yeast and humans, and validates 
cross-kingdom conservation of functions of DJ-1 family 
proteins.

Discussion

Numerous studies have shown the detrimental effects of 
biotic and abiotic stresses, however, most of those stud-
ies have largely focused on abiotic stress and its conse-
quence in plants. Few studies have focused on finding of 
common changes that are detrimental to plants during 
biotic stress induced by diverse pathogens. These effects 
are mostly intervened by abundant metabolic changes in 
cells and accumulation of these metabolic intermediates 
are normally harmful in nature. In our present study, we 
demonstrate that, apart from many abiotic stresses, biotic 
stresses such as viral, fungal and bacterial infections also 
cause enhanced accumulation of toxic metabolites in the 
affected cells leading to disease. It is possible to envision 
that accumulation of such harmful intermediates might 
further dampen the tolerance and resistance mechanisms 
of the host cells, thereby leading to additional susceptibil-
ity to a wide range of stresses. Even though conventional 
mechanisms have been described to cope with a plethora 
of stresses, there is also an unmet demand for advanced 
mechanisms and candidates to engineer multiple stresses 
in plants. In addition, pyramiding of multiple genes and 
mechanisms that can effectively equip plants against mul-
tiple stresses through traditional and genetic engineering 
approaches is cumbersome. Here we show, upon transgenic 
expression of a single-gene Hsp31, which was reported as a 
robust methylglyoxalase, plants showed extraordinary tol-
erance to both abiotic and biotic stresses.

Our approach of using Hsp31 to regulate toxic MG is 
on par with the examples that involved manipulation of 
abiotic and biotic stress regulators in plants such as those 
involved in boosting flavonoid biosynthesis (Treutter 2005; 
Nakabayashi et al. 2014) and polyamine biosynthesis (Gill 
and Tuteja 2010; Hussain et al. 2011). These substances are 
well known mediators of abiotic stress tolerance; however, 
recent results indicate their involvement in biotic stress tol-
erance as well (Hussain et al. 2011). Priming against both 
biotic and abiotic stress involves accumulation of similar 
metabolic intermediates and cellular byproducts (Conrath 
et al. 2006). Priming has been recently proposed as a novel 
idea to engineer biotic and abiotic stress tolerance. In addi-
tion, heterologous expression of proteins from non-plant 
sources has been employed with adequate success in plants 
(Padilla-Chacón et  al. 2010; Ali et  al. 2012). A targeted 
approach to engineer both biotic and abiotic stress toler-
ance was achieved through introduction of a heterologous 
modified gene coding for an antimicrobial peptide in potato 
(Goyal et al. 2013). Heterologous expression of fungal chi-
tinase in transgenic tobacco plants also conferred abiotic 
and biotic stress tolerance through enhanced peroxidase 
activity (de las Mercedes Dana et al. 2006). Our study indi-
cates that manipulating levels of MG, which also acts as a 
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signal molecule, is able to provide general stress tolerance 
against abiotic and biotic stresses and thus offers a new 
strategy for genetic engineering and plant breeding.

Hsp31 is a homodimeric protein structurally similar to 
human PARK7 (DJ-1 member), a PD-linked protein, and 
both are members of the DJ-1/ThiJ/PfpI superfamily. An 
emerging view is that Hsp31 and its family members in 
diverse organisms have multiple, often overlapping func-
tions in regulating various types of cellular stresses. Hsp31 
has several biochemical activities, including chaperone and 
detoxifying activities that modulate at different points of a 
stress pathway such as toxicity associated with protein mis-
folding (Tsai et  al. 2015; Aslam and Hazbun 2016). Due 

to wide-spread interest in managing human neurodegen-
erative diseases that are linked to MG and DJ-1 proteins, it 
has been proposed that research using plant models such as 
Arabidopsis could play a vital role in understanding func-
tions of these proteins (Xu and Møller 2010). So far, a clear 
understanding of the functions of DJ-1 family members in 
plants is lacking and it will be interesting to understand 
how plants have evolved mechanisms of their own to coun-
ter MG accumulation during stresses. In the current study, 
we show that yeast Hsp31 can provide diverse stress toler-
ance capabilities in plants. Convincingly, these outcomes 
are consistent with the earlier observations where human 
DJ-1 completely complemented the functions of Hsp31 in 

GFP DAPI Mito tracker red Overlay

Wild type
0 

m
M

 H
2O

2
5 

m
M

 H
2O

2

pBIN-GFP

0 
m

M
 H

2O
2

5 
m

M
 H

2O
2

0 
m

M
 H

2O
2

5 
m

M
 H

2O
2

Hsp31-GFP_#1

Zoomed

Fig. 7   Subcellular localization of Hsp31 during stress. Fluorescence 
images of the subcellular localization of Hsp31 by GFP tagging. The 
sections were made from the transgenic Hsp31, pBIN-GFP vector 

control and wild-type tobacco plants that were treated with and with-
out 5 mM H2O2 for 24 h. DAPI and Mitotracker red were used for the 
labeling of nucleus and mitochondria respectively. Scale 50 μm



395Plant Mol Biol (2017) 94:381–397	

1 3

maintaining ROS homeostasis in yeast (Bankapalli et  al. 
2015). In our present report, we also found that, expres-
sion of Hsp31 in plants induced few stress responsive genes 
such as CAT1, GST21, which are indeed critical in pro-
tection against stresses. Cellular GSTs are multifunctional 
enzymes that are major players in cellular detoxification 
against superoxide radicals and other endogenous toxic 
metabolites (Allocati et  al. 2009). Furthermore, differen-
tial localization of GSTs in the subcellular compartments 
is a phenomenon by which cell maintains redox status of 
its organelles (Raza 2011). Our observations are also con-
sistent with the previous studies where expression of DJ-1 
resulted in enhancement of cellular GSH levels under oxi-
dative stress conditions (Zhou and Freed 2005). These 
results strongly suggest that heterologous expression of 
yeast Hsp31 in plants is able to provide severe metabolic 
stress protection by enhancing cellular GST levels as one of 
the mechanisms. Since very few candidate genes in plants 
are associated with both biotic and abiotic stress tolerance; 
we believe Hsp31 could be an ideal and a potential candi-
date to cope with these stresses. Further, studies on plant 
DJ-1 members might unravel even potent candidates to 
engineer plants and use in breeding strategies, especially if 
there is diversity in the sequences of genes so that silencing 
of transgenes could be avoided.

Based on homology, it is known that plant DJ-1 pro-
teins resemble partially with yeast Hsp31 and human DJ-1 
(nearly 26 to 31% homology, depending on the DJ-1 mem-
ber). Intriguingly, both human and yeast DJ-1 homologs 
share a common feature in the formation of homo-dimer-
ization of protein (Choi et al. 2006; Wei et al. 2007; Tsai 
et  al. 2015). Unlike human and yeast DJ-1 proteins, plant 
DJ-1 members are bigger proteins, roughly double in size. 
We envision that plant DJ-1 proteins might bypass homo-
dimerization since they are already pseudo-dimers. Such a 
strategy might help plants to respond to stress in a robust 
way, perhaps by bypassing requirements of potential cofac-
tors. Several studies have shown that protective role by 
DJ-1 against oxidative stress is due to the presence of free 
cysteine residue (Taira et  al. 2004; Wilson 2011). Strik-
ingly, oxidation of cysteine in human DJ-1 is known to be 
associated with numerous functions (Zhou et al. 2006). Pre-
vious studies with yeast Hsp31 has also proven that the free 
cysteine residue is well conserved and is essential for its 
enzymatic activity (Bankapalli et  al. 2015). These reports 
highlight the importance of free cysteine residue present in 
DJ-1 homologs, whose activity significantly depends on the 
modification of this conserved residue. Interestingly, most 
of the plant DJ-1 homologs also harbor this free cysteine 
in their sequences. Based on the structural and sequential 
similarities as detailed above, we presume plant DJ-1 fam-
ily proteins perhaps work in a similar or even superior man-
ner in protecting cells against various stresses.
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