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Abstract Hrip1 is a novel hypersensitive response-

inducing protein secreted by Alternaria tenuissima

that activates defense responses and systemic acquired

resistance in tobacco. This study investigates the role

that Hrip1 plays in responses to abiotic and biotic

stress using transgenic Arabidopsis thaliana express-

ing the Hrip1 gene under the control of the stress-

inducible rd29A promoter or constitutive cauliflower

mosaic virus 35S promoter. Bioassays showed that

inducible Hrip1 expression in rd29A::Hrip1

transgenic lines had a significantly higher effect on

plant height, silique length, plant dry weight, seed

germination and root length under salt and drought

stress compared to expression in 35S::Hrip1 lines and

wild type plants. The level of enhancement of

resistance to Botrytis cinerea by the 35S::Hrip1 lines

was higher than in the rd29A::Hrip1 lines. Moreover,

stress-related gene expression in the transgenic Arabi-

dopsis lines was significantly increased by 200 mM

NaCl and 200 mM mannitol treatments, and defense

genes in the jasmonic acid and ethylene signaling

pathway were significantly up-regulated after Botrytis

inoculation in the Hrip1 transgenic plants. Further-

more, the activity of some antioxidant enzymes, such

as peroxidase and catalase increased after salt and

drought stress and Botrytis infection. These results

suggested that the Hrip1 protein contributes to abiotic

and biotic resistance in transgenic Arabidopsis and

may be used as a useful gene for resistance breeding in

crops. Although the constitutive expression of Hrip1 is

suitable for biotic resistance, inducible Hrip1 expres-

sion is more responsive for abiotic resistance.
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POD Peroxidase

CAT Catalase (Kong et al. 2011)

dpi Days post inoculate

hpi Hours post inoculate

SA Salicylic acid

JA/ET Jasmonates/ethylene

Introduction

Plants are continuously being challenged with biotic

and abiotic stresses that have adverse effects on

growth and cause severe losses in crop production.

Indeed, it has been estimated that approximately 70 %

of yield reduction is the result of abiotic and biotic

stresses. Thus, there is an urgent need for improving

the tolerance of crops to stress. The transgenic

approach is one of the many tools available for

modern plant improvement programs, and transgenic

plant have been well recognized as the most promising

and effective strategy for food security against envi-

ronmental stress.

Microbial elicitors and effectors produced from

plant pathogens during plant-pathogen interactions

modulate plant defense systems or trigger plant

defense responses (Hogenhout et al. 2009). A number

of microbially derived protein elicitors capable of

inducing immune responses, including harpin protein,

flagellin, elicitin, activator, and glycoprotein elicitor,

have been isolated from plant pathogenic bacteria,

viruses, oomycete, and fungi (Ebel 1998; Beissmann

and Beisener 1990). Protein elicitors are known to be

involved in both biotic and abiotic stress responses and

function as activators of systemic acquired resistance

(SAR) in plants as a result of adversity and pathogen

infection (Nürnberger 1999; Nürnberger and Scheel

2001). A 14-kDa hypersensitive response-inducing

protein (MoHrip1) secreted by Magnaporthe oryzae

activates the early events of the tobacco defense

response and also notably elicits the expression of

pathogenesis-related (PR) genes and signal transduc-

tion-related genes, improving systemic resistance to M.

oryzae in rice seedlings (Chen et al. 2012). A protein

elicitor, PebC1, from B. cinerea was found to promote

tomato resistance to drought and pathogen stress after

exogenous application on tomato leaves (Zhang et al.

2010). The PemG1 protein was purified from Magna-

porthe grisea, and pemG1-overexpresing transgenic

rice showed enhanced resistance against rice blast after

inoculation with M. grisea spores (Qiu et al. 2009).

Protein elicitors have resulted in improved patho-

gen resistance in transgenic plants. The gene encoding

harpin was shown to activate pathogen resistance

when expressed in transgenic tobacco and rice (Peng

et al. 2004; Shao et al. 2008), and flagellin expression

also conferred disease resistance in transgenic rice

(Takakura et al. 2008). Transgenic tobacco plants

expressing the cryptogein elicitor enhanced resistance

against fungal pathogens such as Thielaviopsis basi-

cola, Erysiphe cichoracearum, and Botrytis cinerea

(Keller et al. 1999). Thus, broad-spectrum disease

resistance in a plant can be achieved through the

expression of genes encoding elicitors from microbes.

Hrip1 is a novel hypersensitive response-inducing

protein from the necrotrophic fungus Alternaria

tenuissima, and, as a type of exogenous elicitor,

induces calcium influx, medium alkalinization, and

the expression of several defense-related genes after

infiltration in tobacco leaves (Kulye et al. 2012). In the

present study, we investigated the functions of Hrip1

in transgenic Arabidopsis thaliana plants by express-

ing the protein under the control of the stress-inducible

rd29A promoter and constitutive cauliflower mosaic

virus (CaMV) 35S promoter. These experiments were

performed under abiotic and biotic stress conditions,

and attempts were made to determine potential of

Hrip1 for engineering stress-tolerant transgenic plants.

Materials and methods

Plant growth conditions

Arabidopsis thaliana ecotype Columbia (Col-0) was

used in this study. Seeds were surface-sterilized with

0.05 % NaClO for 15 min, rinsed with distilled water,

and then stratified for 3 day on �-strength MS medium

at 4 �C prior to germination. The plants were grown

under a 16:8-h light:dark cycle at 22 �C and 60 %

humidity for 3–4 weeks prior to the treatments.

Construction of expression constructs

and transformation of Arabidopsis

The plant expression constructs were based on the

pCAMBIA1301 plasmid vector (CAMBIA, Canberra,

Australia). The open reading frame of the Hrip1 gene
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was amplified by PCR using gene-specific primers.

The expected PCR fragments were cloned into the

PMD18-T vector and sequenced. These fragments

were then cloned into the binary vector pCAM-

BIA1301-35S. Four recombinant plasmids,

35S::Hrip1, rd29A::Hrip1, 35S::Hrip1::GUS, and

rd29A::Hrip1::GUS, were introduced into Agrobacte-

rium tumefaciens strain GV3101. Agrobacterium-

mediated transformation of Arabidopsis (Col-0) was

performed using the floral dip method (Clough and

Bent 1998).

Polymerase chain reaction (PCR) analysis, semi-

quantitative RT-PCR analysis and quantitative

real-time RT-PCR

Seeds from transgenic plants were selected on �-

strength MS medium containing 25 mg mL-1 hygro-

mycin, and hygromycin-resistant T0 plants were

confirmed by PCR using the gene-specific primers

described previously (Kulye et al. 2012). Homozygous

(T3 and T4) plants of 35S::Hrip1 and rd29A::Hrip1

independent transgenic lines were used for the func-

tional analyses.

Total RNA was extracted from detached Arabi-

dopsis leaves at the indicated times after treatment

using the TRIzol reagent (Invitrogen, Carlsbad, CA,

USA) according to the manufacturer’s instructions.

The DNase-treated RNA was reverse-transcribed

using Prime ScriptTM RTase (TaKaRa, Ohtsu, Japan).

Semi-quantitative RT-PCR was performed using the

following program: 95 �C for 3 min, 27 cycles of

94 �C for 30 s, 59 �C for 30 s, and 72 �C for 40 s,

followed by 72 �C for 10 min.

Real-time quantitative (q) RT-PCR was performed

using SYBR green (TaKaRa, Ohtsu, Japan) and a

CFX96 real-time PCR instrument (Bio-Rad Labora-

tories, Hercules, CA, USA) according to the manu-

facturer’s instructions. All reactions were performed

in triplicate. The thermal cycling consisted of a hold at

95 �C for 30 s, followed by 40 cycles of 95 �C for 5 s

and 60 �C for 30 s. After amplification, the samples

were kept at 55 �C for 1 min, and the temperature was

raised gradually by 0.5 �C every 10 s to perform the

melting curve analysis. Arabidopsis ACT2 (accession

no. U41998) was amplified as an internal control. The

primers used for qRT-PCR are listed in Supplemental

Table 1. Each relative expression level was analyzed

with CFX96 software using the Normalized

Expression method. Significant differences between

the mock and treatment conditions were assessed

using SPSS (Version 16.0).

Western blot assay

Total plant protein for western blotting was extracted

from 4-week-old wild-type, 35S::Hrip1, and rd29A::H-

rip1 Arabidopsis plants using precooled extraction

buffer (0.025 mol L-1 K2HPO4, 0.025 mol L-1 KH2-

PO4, and 2 mmol L-1 EDTA, pH 8.0). After centrifu-

gation at 12,0009g for 10 min at 4 �C, the supernatants

were transferred into clean tubes, immediately frozen

with liquid N2, and stored at -80 �C. For western

blotting, total protein was separated by electrophoresis

on 12 % sodium dodecyl sulfate (SDS)-polyacrylamide

gels, and the proteins were transferred to PVDF

membranes by semi-dry electroblotting. The mem-

branes were incubated for 3 h with Hrip1 antibody

(1:1,000 dilution); alkaline phosphatase-tagged goat

anti-rabbit IgG [diluted 1:2,000 in Tris-buffered saline

with Tween (TBST)] was used as the secondary

antibody. The staining reaction was performed using

a freshly prepared solution of BCIP/NBT (E116,

Amresco, Solon, OH, USA) diluted in TBST. The

reaction was stopped with dd-H2O after the signals

were detected.

Histochemical GUS assay

GUS staining was essentially performed according to

Jefferson (1987). Sample tissues were incubated in

staining buffer [50 mM Na2HPO4–NaH2PO4, pH 7.3,

10 mM EDTA, 2 mM K4Fe (CN)6, 2 mM K3Fe(CN)6,

and 0.1 % Triton X-100] with 0.5 mg mL-1 5-bromo-

4-chloro-3-indolyl-b-D-glucuronide acid (X-Gluc)

overnight at 37 �C. The seedlings were then incubated

in 95 % ethanol solution to remove the chlorophyll

from the plant tissues. The GUS staining patterns were

recorded under a dissecting microscope (Nikon

SMZ800).

Salt and drought stress tolerance assays

of seedlings and adult plants

For the salt stress tests, T4 seeds from 35S::Hrip1 and

rd29A::Hrip1 transgenic and WT plants were sown on

�-strength MS plates supplemented with different

concentrations of NaCl and mannitol (0, 50, 75, 125,
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150, 200, and 300 mM). The plates were placed in a

growth chamber under a 16:8-h light:dark cycle at

22 �C. Germination was scored for five consecutive

days and was considered to have occurred when the

radicle penetrated the seed coat. The relative root

length was calculated as follows: (root length on MS

medium containing different NaCl or mannitol/the

average of root length on MS medium) 9 100 %.

For the salt stress evaluation, 3-week-old plants

were irrigated at 2-day intervals with 250 mM NaCl

for 20 days. For the drought tolerance evaluation,

3-week-old plants were not watered for 25 days prior

to rewatering. The survival rates of the plants were

recorded on day 5 after the stress treatment.

Inoculation of plants with Botrytis cinerea

Botrytis cinerea strain BC4221 was cultured on potato

dextrose agar (PDA) at 22 �C for 10 days in the dark.

The conidia were collected, and the spore suspension

was adjusted to the appropriate concentration of

2 9 105 conidia mL-1. A detached leaf from a

3-week-old Arabidopsis plant was placed on wet filter,

inoculated with two droplets of spore suspension, and

incubated at 22 �C for 48 h. The lesion diameter was

measured at 2 days after inoculation. The experiment

was repeated three times with different plant batches,

and a statistical analysis of the results was performed

by a randomized block ANOVA.

For a whole-plant test, 3-week-old soil-grown

plants were sprayed with a spore suspension and

covered with transparent plastic film for 48 h to keep

the humidity high; the plants were then incubated in a

growth chamber under a 12:12-h light:dark dark cycle.

The disease symptoms were photographed, and the

surviving plants were assessed at the indicated time

points. All pathogen infection experiments were

repeated three times with different plants batches,

and each repeat used three lines of different plant lines.

Measurement of leaf POD and CAT activities

Peroxidase (POD) and catalase (CAT) were measured

using the guaiacol method and ultraviolet spectros-

copy test (Zhang et al. 2006). Each treatment consisted

of 10 individual Arabidopsis plants and was repeated

three times. The middle leaves of young Arabidopsis

plants at the same position were used to measure the

peroxidase (POD) and catalase (CAT) activities at

24 h post-treatment.

Data analysis

The data for this study were analyzed by a one-way

analysis of variance (ANOVA) using SPSS 16.0

(SPSS, Inc., Chicago, IL, USA), and Duncan’s Multi-

ple Range test was used to detect significant differ-

ences between the means. Significant differences were

evaluated at the 5 % level.

Results

Generation of transgenic plants and molecular

analysis of regenerants

The full-length Hrip1 sequence was cloned under the

control of the CaMV35S and rd29A promoters; a total of

11 CaMV35S::Hrip1 and 13 rd29A::Hrip1 independent

transgenic lines were generated. The T1 lines segregated

3:1 for hygromycin resistance, indicating a single

T-DNA insertion in the transgenic lines. Three lines of

35s:Hrip1 and rd29A:Hrip1 were chosen for further

analysis and were named 35S::Hrip1-1, -2, and -3 and

rd29A::Hrip1-1, -2, and -3. The 35S::Hrip1 and

rd29A::Hrip1 plants were detected at the mRNA and

protein levels by RT-PCR and western blotting, respec-

tively, and three independent T3 homozygous

35S::Hrip1 and rd29A::Hrip1 lines showed expression

(Supplemental Figure 1a). We also analyzed the expres-

sion of the 35S::Hrip1::GUS and rd29A::Hrip1::GUS

genes in the transgenic plants. Although the 35s::Hrip1::-

GUS line displayed no difference between the normal

and salt stress conditions, the rd29A::Hrip1::GUS fusion

protein was significantly induced under drought and salt

stresses in the transgenic plant (Supplemental

Figure 1b).

Hrip1 expression improves plant growth

To examine the possible phenotypes of the transgenic

lines, T3 progeny of the Hrip1-expressing and wild-

type (WT) plants were grown in the greenhouse under

identical conditions. The plant height, dry weight, and

silique length were increased by 1.35-, 1.50-, and 1.30-

fold in rd29A::Hrip1 and 1.12-, 1.22-, and 1.13-fold in

35S::Hrip1 compared to WT (Fig. 1; Table 1),
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differences between WT and transgenic plants were

significant, with the rd29A::Hrip1 lines showing

improved growth over the 35S::Hrip1 lines.

Hrip1 expression increases tolerance to salt

and drought stresses in plants

We compared seed germination and root growth of

WT, 35S::Hrip1, and rd29A::Hrip1 plants on MS

medium supplemented with NaCl or mannitol. The

seed germination rate of the transgenic lines were

significantly higher than that of WT on both MS

medium and MS supplemented with 75 mM NaCl or

50 mM mannitol (Supplemental Figure 2a). Under

normal growth conditions (MS medium), the WT

seeds germinated at a rate 58.33 % lower than the

Hrip1-exepressing lines after 1 day; however, germi-

nation of the wild-type and transgenic seeds reached

100 % after 2 days (Supplemental Figure 2b).

After 2 days on MS medium (75 mM NaCl), WT

seed germination was only 45.56 %, whereas the

rd29A::Hrip1 and 35S:: Hrip1 transgenic lines exhib-

ited 97.22 and 70.56 % seed germination, respectively

(Supplemental Figure 2b). On MS medium supple-

mented with 50 mM mannitol, the WT seed germina-

tion rate was 78.89 %, though the rd29A::Hrip1 and

35S::Hrip1 transgenic seed germination rates reached

100 % after 2 days (Supplemental Figure 2b).

Fig. 1 Growth traits of 35S::Hrip1- and rd29A::Hrip1-expressing plants at different stages under normal growth conditions. The

images were obtained at 2, 3, and 4 weeks after sowing

Table 1 Comparation of plant height, dry weight and silique lenghth of 35S::Hrip1 and rd29A::Hrip1 transgenic Arabidopsis and

wild type

Lines Plant height (cm) Dry weight (mg) Silique length (mm)

rd29A::Hrip1 35.79 ± 3.46 a 6.27 ± 2.55 a 10.12 ± 0.60 a

35S::Hrip1 29.63 ± 3.62 b 5.45 ± 2.61 a 8.25 ± 0.47 b

Wt 26.53 ± 2.59 c 4.82 ± 2.83 b 6.76 ± 0.19 c

Different letters indicate significance at P \ 0.05
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The seedling root growth was measured under

normal and stress conditions on MS medium. Under

NaCl and mannitol stress conditions, WT root growth

was limited to a greater degree than that of the

transgenic lines (Supplemental Figure 3a). Seedlings

grown on a medium supplemented with different

concentrations of NaCl or mannitol exhibited

decreased root growth compared to that on MS

medium alone (Supplemental Figure 3b). The relative

root length of the rd29A::Hrip1 lines and 35S::Hrip1

lines was 83.15 and 82.22 %, respectively, compared

to 58 % for WT at day 7 under 150 mM NaCl stress

(Supplemental Figure 3b); the relative root length of

the rd29A::Hrip1 lines and 35S::Hrip1 lines was 91.72

and 91.37 %, respectively, under 200 mM mannitol

stress and 85.50 and 77.43 % under 300 mM mannitol

stress compared to 59 % for WT (Supplemental

Figure 3b).

The plant survival rate was also measured in

21-day-old plants grown on soil under normal,

250 mM NaCl, or water-withheld conditions. The

transgenic plants showed stronger survival than the

WT plants (Fig. 2). The survival rates of the

rd29A::Hrip1 and 35S::Hrip1 lines were 1.80 and

1.29 times, respectively, of that of WT after 250 mM

NaCl for 20 days and 2.20 and 1.57 times of that of

WT, respectively, after dehydration stress for 25 days

(Supplemental Table 2). These results showed that the

osmotic tolerance to salt and drought stress was

increased in the Hrip1-expressing plants, with the

rd29A::Hrip1 plants showing increased tolerance to

salt and drought in comparison to the 35S::Hrip1

plants.

Hrip1 expression enhances tolerance to Botrytis

stress

In a detached-leaf assay (thirty leaves for every repeat),

the leaf lesion size on day 2 post-inoculation was used to

investigate resistance to Botrytis. In the WT plants,

necrotic lesions caused by B. cinerea were visible as early

as 2 days post-inoculation (dpi), whereas the lesions at 2

dpi were limited in the 35S::Hrip1 and rd29A::Hrip1

lines. The average lesion diameter was 4.21 ± 1.32 mm

in WT and 2.24 ± 0.40 and 0.24 ± 0.02 mm in the

rd29A::Hrip1 lines and 35S::Hrip1 lines, respectively

(Supplemental Table 3). Thus, the 35s::Hrip1 and

rd29A::Hrip1-expressing plants exhibited resistance to

Botrytis infection.

In a whole-plant assay, inoculum (2 9 105 spore

mL-1) was used to challenge 3-week-old WT,

35S::Hrip1, and rd29A::Hrip1 plants, and resistance

was determined by the percentage of surviving plants.

Botrytis infection caused necrotic lesions in some leaf

tissue at 2 days dpi, and the then lesions continuously

spread, ultimately resulting in the death of some

plants. In contrast, the 35S::Hrip1 and rd29A::Hrip1

plants showed small lesions and a reduction in disease

incidence (Fig. 3a). At 4 dpi, the plant survival of WT,

rd29A::Hrip1, and 35S::Hrip1 plants was 37.43,

Fig. 2 Growth of transgenic plants and wild-type Arabidopsis under 250 mM NaCl and drought conditions. A 3-week-old Arabidopsis

plant was irrigated with 250 mM NaCl for 20 days or subjected to drought for 25 days prior to re-watering
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53.22, and 63.47 %, respectively, with the rd29A::H-

rip1 and 35S::Hrip1 rates 1.42 times and 1.67 times

that of WT. After 13 days inoculation, survival rates

of whole plants were significantly decreased. At 15

dpi, most of the wild type plants has died, only 4.79 %

WT plants survived, whereas rd29A::Hrip1 and

35S::Hrip1 survival was 21.19 and 33.39 % (Fig. 3b).

These results indicate that the potential of B. cinerea

resistance in Arabidopsis was enhanced by expressing

the Hrip1 gene, with the 35S::Hrip1 plants exhibiting

a greater resistance than the rd29A::Hrip1 plants.

Expression of the Hrip1 gene increases POD

and CAT activities in Arabidopsis

Increased activities of antioxidant enzymes in plants

are correlated with increased tolerance to salt, drought,

and pathogen stresses (Liu and Zhu 1997; Shan et al.

2007; Huang et al. 2009; Zong et al. 2009; Ning et al.

2010; Zhu et al. 2013). Thus, POD and CAT activities

were detected in Hrip1-transformed plants and WT

plants for investigating responses to salt and drought

stresses and Botrytis infection. The POD and CAT

activities in the rd29A::Hrip1 lines and 35S::Hrip1

lines were higher than in WT, regardless of the

treatments (Fig. 4a, b), indicating that Hrip1 expres-

sion resulted in enhanced resistance to biotic and

abiotic stresses in Arabidopsis, partly due to increases

in antioxidant enzyme activity.

Transcription of resistance-related genes

in response to biotic and abiotic stresses

To elucidate the molecular mechanism by which

Hrip1 expression enhances resistance to abiotic

response in Arabidopsis, the expression of cold-

responsive genes P5CS2 and DREB2A and drought-

responsive genes NCED3 and LOS6 were monitored

by real-time PCR. The tested marker genes exhibited

increased expression levels in the Hrip1-expressing

plants compared to WT under 200 mM NaCl or

200 mM mannitol treatment for 0, 1.5, and 10.5 h

(Supplemental Figure 4a, b). The expression level of

these genes in the rd29A::Hrip1 lines was substan-

tially higher than in the 35S::Hrip1 lines, in agreement

with the results of the salt and drought tolerance tests.

Plant defense in response to pathogen attack is

regulated by a complex network of signaling path-

ways. The salicylic acid (SA)-dependent and jas-

monic acid (JA)/ethylene (ET)-dependent pathways

Fig. 3 Growth of transgenic and wild-type Arabidopsis plants

treated with Botrytis. a Disease symptoms of Arabidopsis plants

at 0, 4, 11, and 13 days after inoculation with 2 9 105 Botrytis

spores mL-1. b Plant survival rate at 4, 11, 13, and 15 days after

inoculation. The error bars represent the SD from three

biological replicates, and each replicate contained at least 30

plant leaves for each genotype. *, **, ***Significant differences

at P \ 0.05
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are two major pathogen defense signaling pathways;

PR1 and BGL2 are marker genes in the SA pathway,

and Thi2.1 and PR4 are marker genes in the JA/ET

pathway. A real-time PCR analysis showed that PR1

and BGL2 were hardly induced in the wild-type and

transgenic plants with Botrytis infection (Supple-

mental Figure 4c), whereas Thi2.1 and PR4 expres-

sion was up-regulated in the Hrip1-expressing plants

compared to WT at 1.5 and 10.5 h after Botrytis

inoculation (Supplemental Figure 4d). These results

indicated that the JA/ET signaling pathways may be

involved in the pathogen stress tolerance of Hrip1-

transgenic plants. Furthermore, the expression level

of these marker genes in the 35S::Hrip1 lines were

substantially higher than in the rd29A::Hrip1 lines,

consistent with the Botrytis stress resistance exper-

iment outputs.

Discussion

Plants develop mechanisms to cope with and adapt to

different types of abiotic and biotic stresses imposed by

the frequently adverse environment. Plant responses to

different stresses are highly complex and involve

changes at the transcriptional, cellular, and physiolog-

ical levels (Atkinson and Urwin 2012). In addition,

microbial elicitors produced from plant pathogens

during plant-pathogen interactions modulate plant

defense systems and trigger plant defense responses

(Hogenhout et al. 2009). In recent years, some of these

protein elicitors have been purified from plant patho-

gens and have been shown to exhibit the ability to

enhance plant resistance to pathogens or abiotic stress.

In this study, the Hrip1 elicitor was successfully

expressed as an exogenous gene in Arabidopsis under

Fig. 4 POD and CAT

activities in transgenic and

wild-type Arabidopsis

plants treated with NaCl,

mannitol, and Botrytis. The

enzyme activities were

measured at 24 h after stress

treatment. Each bar

represents an average of

three replicates, and the bars

indicate the SD from three

biological replicates.

Different * indicate

significant differences in

comparison with WT at

P \ 0.05
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the control of the stress-inducible rd29A promoter and

constitutive CaMV35S promoter. Our results suggest

that the expression of Hrip1 in Arabidopsis both

enhances plant disease resistance and also improves

salt and drought tolerance. Our findings indicate that

Hrip1 expression in Arabidopsis may be involved in

inducing or reducing certain master regulators that

connect both biotic and abiotic stress response path-

ways, potentially providing an opportunity for devel-

oping broad-spectrum stress-tolerant crop plants.

Furthermore, the constitutively expressing plants

showed strong resistance to biotic stress, whereas

inducible expression of Hrip1 was more responsive to

abiotic stress. This study offers an approach to

generating stress-resistant crops through differential

expression based on the specific requirements.

The overexpression of genes under a constitutive

promoter partly prevents plant growth and reduces its

production because of energy competition and

decreased protein and RNA synthesis. Therefore, the

use of a stress-inducible plant promoter is a trend for

cultivating new varieties of crops with stress tolerance.

The rd29A promoter is a drought and other stress-

inducible promoter, the use of which improves stress

tolerance and also eliminates the negative impact on

growth. Many genes related to stress tolerance appear

to be overproduced under the control of the CaMV35S

promoter, even under control conditions; in contrast,

such genes are rapidly overproduced only in response

to stress treatment under the rd29A promoter (Kasuga

et al. 1999). For example, the expression of Morus

indica cv. K2 genes in tobacco using the stress

inducible promoter rd29A produced transgenic plants

that were able to tolerate salt and drought stresses more

efficiently than plants with the constitutive CaMV35S

promoter; however, in terms of Botrytis tolerance,

transgenic plants with the Morus indica cv. K2 gene

performed better than WT (Das et al. 2011). Our results

are consistent with this previous report, though the

expression of Hrip1 under the CaMV35S promoter did

not result in a negative effect on plant growth. The

Hrip1-transgenic Arabidopsis with the rd29A stress

inducible promoter more efficiently tolerated salt and

drought stresses than the transgenic plants with the

CaMV35S constitutive promoter; in addition, the

rd29A::Hrip1 transgenic lines showed improved plant

height, silique length, and biomass compared to the

35S::Hrip1 lines. Nonetheless, the 35S::Hrip1 trans-

genic plants performed better than the rd29A::Hrip1

transgenic lines with Botrytis stress. We consider that

the different biological effects may be due to the level

of Hrip1 expression under the different promoters. We

observed strong expression of the 35S::Hrip1::GUS

fusion gene in the leaves and roots and weak expression

of the rd29A::Hrip1::GUS fusion genes in the stamens,

leaves, and siliques under normal growth conditions

(data not shown). To address various attacks, plants

have developed diverse adaptation strategies, includ-

ing constitutive chemical mechanical barriers and

inducible defense systems (Klarzynski et al. 2003;

Thatcher et al. 2005). Abiotic stress leads to the

accumulation of reactive oxygen species, which causes

damage to cellular structures, particularly membranes.

The overexpression of ZmMPK7 (Zea mays mitogen-

activated protein kinase 7) in transgenic tobacco

enhanced POD activity, which in turn protected against

ROS-mediated injury during osmotic stress (Zong et al.

2009), and ZmMPK5 (Zea mays mitogen-activated

protein kinase 5) enhanced the expression of the

antioxidant genes CAT1, Capx, and GR1 and the total

activities of the antioxidant enzymes CAT, ascorbate,

POD, glutathione reductase, and superoxide dismutase

(Lin et al. 2009; Zhang et al. 2006). In the present

study, the POD and CAT activities were increased in

the Hrip1-expressing plants compared to WT under

both biotic and abiotic stress conditions. The POD and

CAT activities were higher in rd29A::Hrip1 than in

35S::Hrip1 under abiotic stress, whereas the results

were the opposite under biotic stress (Fig. 4). These

results indicate the Hrip1-transgenic plants regulated

tolerance to biotic and abiotic stresses with different

adaptation strategies via different regulatory pathways.

Plant defense in response to pathogen attack

apparently involves two major pathogen defense

signaling pathways: an SA-dependent pathway and a

JA/ET-dependent pathway (Kunkel and Brooks 2002).

In this study, we observed the expression levels of four

genes (PR1, BGL2, PR4, and Thi2.1) involved in SA-

or JA/ET-mediated signal transduction in the Hrip1-

expressing Arabidopsis (Supplemental Figure 4). Two

marker genes (PR4 and Thi2.1) involved in the JA/ET

signal pathway were markedly induced at 1.5 h and

10.5 h post-Botrytis treatment in the transgenic plants,

whereas the relative expression BGL2 and PR1

involved in the SA signaling pathway was hardly

increased at any time point. These results indicate that

pathogen stress tolerance induced by Hrip1 may

primarily involve in the JA/ET signaling pathway.

Transgenic Res (2015) 24:135–145 143

123



However, the signaling pathway involved in Hrip1-

mediated signal transduction remains unclear and

needs to be further elucidated.
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