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Overexpression of MhGlu Enhances Botrytis cinerea Resistance in Tobacco

YU Xinyi, CHEN Xiukong,ZHANG Shijie,ZHANG Zhen,QU Shenchun”

(College of Horticulture, Nanjing Agricultural University, Nanjing 210095, China)

Abstract: In our study,MhGlu,a §-1,3-glucanases gene of Malus hupehensis was cloned {rom leaves of M.
hupenhensis treated with NaCl,PEG-6000 and ABA at 4 °C by RT-PCR. A plant binary expression vector
of MhGlu was constructed. The vector was transformed into tobacco through Agrobacterium-mediated
method. PCR and RT-PCR results showed that four transgenic tobacco lines T6,T8,T11 and T18 were ob-
tained. The function of MhGlu was further analyzed with the transgenic tobacco lines T6,T8 and wild type
tobacco plants (WT). Results showed that: (1) The expression of the gene in M. hupehensis was monitored
in a 48 h course after treated with NaCl, PEG-6000 and ABA at 4 °C,respectively. Semi-quantitative RT-
PCR revealed that expression of MAGlu was induced by NaCl, PEG-6000 and ABA at 4 °C treatment in
both potted seedlings and seedlings cultured in vitro. Treated by NaCl and PEG-6000, the expression of
MhGlu gene increased gradually over time; while ABA treatment at 4 °C up-regulated MhGlu 4 h post
treatment, the expression decline at 12 h, then reached to maximum at 48 h. (2) Compared with the WT
plants,several pathogenesis-related genes (PRs) in tobacco (NtPR1,NtPR2,and NtPR3) were up-regula-
ted in tobacco plants with overexpression of MhGlu, detected by semi-quantitative RT-PCR. (3) Being in-

fected with Botrytis cinerea , T6 and T8 lines of transgenic tobacco plants showed stronger tolerance to B.
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cinerea than nontransgenic plants. (4)Overexpression MhGlu appeared to improve the photosynthetic char-

acteristics of transgenic tobacco. The net photosynthetic rate (P, ) ,the transpiration rate (T,) and stomatal

conductance (G,) of transgenic plants were increased compared with that of controls,and the difference was
significant. The P, and T, of T8 were significantly higher than that of T6, while the difference of G, be-

tween T8 and T6 was not significant. Overall, the overexpression of MAGlu can induce the expression of

PRs genes,active the protection mechanism with photosynthetic characteristics and enhance the resistance

to B. cinerea of tobacco.
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B-1,3-glucanases catalyze the hydrolysis of -
1, 3-glucans, which are found in the cell walls of
many plant tissues and plant fungal pathogens'
and are thought to play important roles in normal
growth and development processest?. Two types of
pathogen resistance with distinct signaling pathways
have been recognized, induced systemic resistance
(ISR) and systemic acquired resistance (SAR)™!. In
plants, SA and JA/ET are important regulators of
SAR and ISR, respectively"*. -1, 3-glucanases are
known as pathogenesis-related downstream compo-
nents of the SAR pathway".

It is well known that -1, 3-glucanases are
considered pathogenesis-related ( PR) proteins in

plantst®

. PR genes, which are critical components
induced by the SAR pathway,have been studied in
many plants, especially model species,in efforts to
describe plant defense reactions'®! . It is thought
that PR genes likely play important roles in plant
defense against fungal infections. §-1, 3-glucanase
has been studied widely for its ability to elicit de-

fense responses in plantst!!'!?

. 1, 3-glucanase
plays a direct role in plant defenses against fungi
by hydrolyzing fungal cell walls and exhibiting oth-
er antifungal activity'®’,

To date, pathogen-induced -1, 3-glucanase genes
have been widely studied in many plants. A number of
glucanase genes have been isolated and characterized in
bacteria, fungi, and higher plants, including Bacillus
amylolique faciens™ , B. licheni formiss*™**), B. subti-
1570, Clostridium thermocellum™™ , Fibrobacter succi-

nogenesUSJ Lod

, Paenibacillus spp. , Rhizopus arrhi-
zust, Streptococcus bovis™' , strawberry™**! and win-
ter ryet® . Among these species, F. succinogenes plays

a key role in plant fiber degradation in the rumen-**

and thus the glucanase gene in this organism has re-

ceived significant attention. Furthermore, g-1, 3-glu-
canase genes have been identified in a variety of herbal

1, soybean®!, wheat""%,

plants, as well as in ricet®
maize"?™ and barley™® . They have also been studied in
woody plants,including the rubber tree'*’ and banan-
a**) . Together , these studies showed that the activation
of p-1, 3-glucanases might be a general response to
pathogen infection in plants. In wheat, high expression
of TaGlu was associated with resistance to stripe

t7) and resistance to two economically important

rus
biotrophic fungal pathogens, Erysiphe graminis {. sp.
tritici (powdery mildew) and Puccinia recondita {. sp.
tritici (leaf rust)®, A peanut mustard defensin has
been shown to confer resistance to the fungal patho-
gens Phytophthora parasitica pv. nicotianae and Fu-
sarium monili forme in transgenic tobacco,as well as a-
gainst pathogens that cause leal spot disease in pea-
nut"*?, The overexpression of a tobacco glucanase in a
transgenic groundnut produced resistance to Cercospo-
ra arachidicola and Aspergillus flavus™. This is the
first report of the isolation of a #1,3-glucanase gene
sequence from M. hupehensis and the study of its prop-
erties in a transgenic tobacco model.

The MhGlu gene was a §-1,3-glucanase gene
in M. hupehensis, which was reported to be in-
volved in M. hupehensis defending against apple
ring spot pathogen and induced by salicylic acid
(SA) motif,methyl jasmonate (MeJA) and 1-ami-
nocyclopropane-1-carboxylic acid (ACC)"" . In this
study, the expression of the MhGlu gene inre-
sponse to treatment with NaCl,PEG-6000,0r ABA
at 4 ‘C was studied in M. hupehensis. MhGlu gene
was then transformed into tobacco to investigate
whether MhGlu overexpression could induce resist-
ance to the fungus Botrytis cinerea.

The results of our physiological experiments
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also suggested that MAhGlu transgenic tobacco
plants exhibited stronger photosynthetic activity
(P,, T, and G,) than the nontransgenic plants did.
This indicates that MhGlu plays an important role in
normal plant growth and development processes.

This study provided us with information that
is necessary and important for a better understand-
ing of the molecular basis of B. cinerea infection
and for further investigation of the role of Malus
hupehensis 3-1, 3-glucanase in the defense against

B. cinerea.

1 Material and methods

1.1 Plant materials and bacterial strains

The tobacco cultivar K326 was chosen for this
study. Tobacco plants were subcultured in vitro in
Murashige and Skoog (MS) medium supplemented
with 6-benzylaminopurine (6-BA, 2 mg/L Sigma)
and naphthalene acetic acid (NAA,0. 1 mg/L Sig-
ma). All cultures were maintained under a 16 h
light (25 C)/8 h dark (25 “C) cycle. Escherichia
coli strain DHb5a cells were used to clone §-1,3-glu-
can and its promoter and to propagate all recombi-
nant plasmid vectors. The pCAMBIA-S1300 + and
Pyk2478 vectors were used to construct the g1, 3-
glucanase plant expression vectors. Agrobacterium tu-
me faciens EHA105 was used for transformation.

1.2 Induction of MhGlu expression in potted M.
hupehensis seedlings and seedlings cultured in vitro

The leaves of three-week-old potted M. hupe-
hensis seedlings were sprayed with solutions of 0. 1
mmol/L NaCl (Sigma) and 0. 02 mmol/L. PEG-
6000 (Sigma) for 4,12 and 48 h,with water treat-
ment as a control. Cultured M. hupehensis tissue
was treated with 0. 01 mmol/L ABA (Sigma) at 4
C,for 4,12 and 48 h, with water treatment as a
control. Each treatment group contained three
plants. Leaves were collected and stored at —70 C
until use. Total RNA was isolated from young
leaves as described by Cai et a7,

Total RNA was treated with DNase 1 (TaKaRa ,
Code No:D2215) according to the manufacturer’s in-
structions and reverse transcribed using the M-MLV
RTase ¢DNA Synthesis kit (TaKaRa, D6130). Semi-

quantitative RT-PCR was performed using rTag DNA
polymerase (TaKaRa, RI0TIM) and the following
primers: BGR2: 5'-GCAATAACTTCTGCTTGGGGT-
GGTAAG -3'; BGR3: 5'-GGCATAGTTTCTGACAT-
TGTTTTGGAC -3'. The RT-PCR reactions were
performed under the following conditions:94 °C for
4 min; 35 cycles of 94 °C for 30 s,58 ‘C for 30 s,
and 72 C for 30 s;and a final extension at 72 °C for
5 min. Semi-quantitative RT-PCR amplification
was carried out in an Alpha Unit Block Assembly
in a DNA Engine System (Bio-Rad). The PCR
products were separated by electrophoresis on
1.5% agarose gels and visualized under UV light
after staining with ethidium bromide.
1.3 A.tumefaciens-mediated transformation of to-
bacco

Leal segments were excised from in vitro-
grown shoots after 3 weeks of subculture. Trans-
formation experiments were carried out as previ-
ously reported™®. Briefly, leaves from 4-week-old
micro-propagated tobacco shoots were inoculated
with Agrobacterium grown overnight in yeast ex-
tract paste (YEP) media, centrifuged, resuspended
in liquid MS media to an optical density (OD) of
0.8, and co-cultivated in MS regeneration media
supplied with 2 mg/L 6-BA and 0.5 mg/L. NAA in
the dark for 3 days. Explants were then placed in
regeneration media supplemented with 200 mg/L
carbenicillin (Cb) to ensure resistance to Agrobac-
terium and 30 mg/L. hygromycin B to select for
transformants. The regeneration media was re-
placed every 2 weeks.
1.4 Confirmation of transgenic tobacco plants

Hygromycin-resistant tobacco plants were
transplanted into pots and cultured in a green-
house. To ensure that samples were free from
Agrobacterium contamination, the top leaves were
selected from each 3-month-old plant and grown in
YEB agar medium for 3 days. Genomic DNA was
extracted from the leaves and treated with RNase
I,as described by Tong™. Total RNA was isolated
from the young leaves as above. Total RNA was

treated with Dnase 1 (TaKaRa, D2215) according

to the manufacturer”’ s instructions and reverse
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transcribed using the M-MLV Rtase ¢cDNA Syn-
thesis kit (TaKaRa,D6130). The concentration of
the isolated total RNA was estimated according to
sample absorbance at 260 nm,as measured using a
BioPhotometer (Eppendorf, Hamburg, Germany).
RNA purity was verified by 260/280 nm absor-
bance ratio;values ranging from 1. 80 to 2. 00 were
considered acceptably pure.

PCR and RT-PCR were performed using the
primers BGF1: 5-GCAATAACTTCTGCTTGGGGT-
GGTAAG -3' and BGRI1: 5'-GGCATAGTTTCTGA-
CATTGTTTTGGAC -3'. PCR and RT-PCR were
performed under the following conditions: 94 “C for
4 min;35 cycles of 94 °C for 30 s,59 C for 45 s,
and 72 °C for 2 min;and a final extension at 72 °C
for 10 min. The PCR products (10 pl.) were sepa-
rated by electrophoresis on 1. 5% agarose gels and
visualized under UV light after staining with ethid-
ium bromide.

1.5 Analysis of PR gene expression in transgenic
tobacco plants using semi-quantitative RT-PCR

Total RNA isolation, DNase 1 treatment and
first strand cDNA synthesis were performed as de-
scribed above. For semi-quantitative RT-PCR, reac-
tions were performed using rTag DNA polymerase
(TaKaRa, R10T1M). Tobacco Tubulin, a house-
keeping gene,was used as the control to normalize
RT-PCR results. Semi-quantitative RT-PCR ampli-
fication was performed using an Alpha Unit Block
Assembly in a DNA Engine System Thermal Cy-
cler (Bio-Rad). The PCR products were separated
by electrophoresis on 1. 5% agarose gels and visu-
alized under UV light after staining with ethidium
bromide. PCR primers were designed as described
by Zhang and colleagues®™, and their sequences are
provided in Table 1. The resulting PCR products were
cloned and sequenced to confirm that they represented
the expected fragments of the tobacco NtPR1, NtPR3,
NtPR5, and NtTubulin genes. Three biological repli-
cates were run independently.

1.6 Pathogen challenge of transgenic tobacco plants

T6 and T8 were selected for this experiments.
Hygromycin-resistant tobacco plants were transplanted

into pots and cultured in a greenhouse. Pathogenic fun-

Table 1 Sequences of primers used in this research
Gene R Sequence 5'-3' Size/bp
name

NtPR1 TUB-R  GCCGAAGAACTGACGAGAATC 165

: TPRI-F  GCTGAGGGAAGTGGCGATTTC °

N{PRS TPR5-F  CGGAGACGAGGAAGATGAAGAATG 153

’ TPR5-R GCCTAACAAGTGCTAAACCAAACC

NtPR3 TCHI-F  GTGGTATGTTGAATGTTGCTCCTG 85
(Chintase) TCHIFR  TGATCTAACGAATCCTAGCCTTGG 7
NiTubulin TTUB-F AGATGTTCCGTCGTGTCAGTG 200

TTUB-R  TGCTTCCTCTTCATCCTCATATCC

gus inoculation was carried out by spraying a B. ci-
nerea spore suspension (12X 10° spores/mL) onto
leaves at approximately the three-leaf stage. The
inoculated plants were placed in a growth chamber
under a 16 h light (25 °C)/8 h dark (25 °C) cycle
with 80% relative humidity for 10 days. Conidia
were observed 4 weeks later. The experiment was
repeated three times independently.
1.7 Differences in photosynthetic characteristics
between nontransgenic and transgenic tobacco

On July 23, 2011, from 11: 00 — 12: 00 pm
(sunny), we tested the net photosynthetic rate
(P,), transpiration rate (T,) and stomatal con-
ductance (G,) in nontransgenic and transgenic to-
bacco using an open gas line and a photosynthesis
analyzer model produced in the US. Three strains
were selected from each line,and leaf function was
tested 3 times in each strain. All data was pro-
cessed by SAS software for single-factor analysis of
variance,followed by the average being weighted u-
sing Duncan’s new multiple range test for multiple

comparisons.

2  Results

2.1 Induction of MhGlu expression in potted M.
hupehensis seedlings and M. hupehensis tissue cul-
tures

To induce the expression of MhGlu, potted
seedlings of M. hupehensis were treated by NaCl or
PEG-6000. The expressions of MhGlu after differ-
ent treatments were evaluated using semi-quantita-
tive RT-PCR,with MhTubulin as the internal con-
trol. Each treatment contained three replications,
from which analogous results have been obtained.

As shown in Fig. 1,A,MhGlu gene expression was
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obviously enhanced at the 4 h,12 h,and 48 h time
points, during NaCl treatment; the similar expres-
sion pattern was observed under PEG-6000 (Fig.
1, B). ABA treatment at 4 °C significantly in-
creased the expression of the MhGlu gene at the 4
h and 48 h time points. Expression of MhGlu with
ABA treatment at 4 ‘C for 12 h was also higher
than control, but not much significant (Fig. 1,C).

2.2 Generation of transgenic tobacco overexpress-
ing the MhGlu gene.

The MhGlu gene of M. hupehensis was trans-
formed into tobacco (K326) selected in medium
containing 300 mg/L hygromycin. Among the 40
initially transformed lines, only eight putative
transgenic lines survived after several rounds of 30
mg/L hygromycin treatment over 2 months. After
being moved to a greenhouse, four lines survived.
All four of these lines showed a fragment with the
expected size of the MhGlu gene after PCR (1 032
bp,Fig. 2, A),and RT-PCR also amplified the ex-
pected 1 032 bp transcript of the transformed gene
(Fig. 2,B). The results showed that these four to-
bacco lines had been successfully transformed with
the MhGlu gene and that the MhGlu gene could be
transcribed in transgenic tobacco plants.

2.3 MhGlu overexpression in tobacco induces the
expression of PR genes

The MhGlu gene was transformed into tobacco
plants to study whether the overexpression of the
MhGlu transcript could induce NtPR1, NtPR3, or
NtPR5 gene expression. The accumulation of Nt-
PR1, NtPR3, and NtPR5 mRNAs was analyzed
through semi-quantitative RT-PCR (Fig. 3). In the
MhGlu-overexpressing tobacco plants, the expres-
sion of N¢tPR1 transcripts was higher in T8,T11,
and T18 than in WT,but the expression in T6 was
lower than that in WT. In our study, NtPR3 was

Time of treatments/h
CK 4 12 483 CK 4 12 48 CK 4 12 48

| [ ———————r—r—-
A B C

Fig. 1 Expression patterns of MAGlu in M. hupehensis
A. NaCl(Sigma) ; B. PEG-6000 (Sigma) ; C. ABA(Sigma) at 4 C

detected in both transgenic plants and nontrans-
genic plants. Nevertheless, the expression levels of
transgenic plants were greater than that of non-
transgenic plants. NtPR5 transcripts were consti-
tutively induced in the transgenic plants only.
2.4 MhGlu-overexpressing tobacco plants exhibit
enhanced resistance to B. cinerea

Two transgenic tobacco lines were chosen for
an evaluation of disease resistance. Wild-type lines
showed signs of damage by 3 days after infection
with the fungus B. cinerea, and the lesion areas
grew larger over time. In contrast, two transgenic
tobacco lines infected with B. cinerea grew healthi-

ly,exhibiting no lesions and only a little wither.

P WTH,O T6 T8 TI11 T18

2000 bp >R
1000 bp—»|

M _ TI8 T11 T8 T6 WT

2000 bp
1000 bp

Fig. 2 Molecular conformation of MAGlu

transgenic tobacco plants
A. PCR detection of MhGlu;B. Detection of MhGlu mRNA
by RT-PCR; M. DL2000; H,O. Blank control;P. Positive control
(plasmid DNA) ; WT. Non-transgenic tobacco plant;
T6,T8,T11,T18. Transgenic tobacco plants

NtPRI

NtPRS5

NtTubulin

Fig. 3 Heterologous overexpression of MhGlu
enhances the expression of PRy in transgenic
tobacco plants by semi-quantitative RT-PCR

NtTubulin transcript levels were used to normalize the
samples. Thirty-five cycles of PCR were performed for the

Nt Tubulin and NtPR1 gene. Nt. Nicotiana tabacum.

PRI1. Pathogenesis-related protein 1;PR3. Pathogenesis-related

protein 3;PR5. Pathogenesis-related protein 5
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Images of representative leaves (one out of 10 for
each genotype) were shown in Fig. 4. To control
for the phenomena of leaf yellowing and decay over
time, we also analyzed uninfected control plants.
The uninfected control plants did not show any
yellowing or lesion formation.
2.5 Differences of photosynthetic characteristics in
nontransgenic and transgenic tobacco

The comparison of the photosynthetic parame-
ters among transgenic and nontransgenic tested
materials was shown in Table 2. Different letters
within the same column indicate significant differ-
ence (P value) at 5% level. The net photosynthetic
rates (P,) of transgenic lines were higher than
nontransgenic lines significantly. The similar tend-
ency was exhibited by the stomatal conductance (G;)
and ranspiration rate (T,). However, the difference of
T, between T6 and T8 was not significant, while
P, and G, somewhat changed significantly in differ-

ent transgenic lines.

WT WT T6 T6 T8 T8
Jinfected uninfected infected uninfected infected uninfecte%

\N

10d

Fig. 4 Resistance to B. cinerea in transgenic

tobacco plants expressing MhGlu
Table 2 Photosynthetic characteristics (P, . T,
and G,) in MhGlu transgenic plants

Test P, Gy T,

line /(umolem™? s~ 1) /(mmol*m™?+s 1) /(ge m 2+h 1)
T8 17.30%0.61a 0.852£0.02a 15.240. 3a
T6 16.6040.52b 0.66420.02b 15.5%0. 8a
WT 14.43+0.67¢ 0.530£0.01c 13.5£0.4b

3  Discussion

The overexpression of -1, 3-glucanase in plants
can enhance resistance to fungal pathogens,which have

128] 247 banana™"’ ,

shown in wheat'”?*), barley™®’, rice
strawberry** and several other species. MhGlu,a §1.
3-glucanase gene cloned from M. hupehensis (Pamp. )
Rehd by in silico cloning, was reported to be induced
by SA, MeJA and ACC and be involved in M. hupe-
hensis resistance to Botryosphaeria berengeriana™".

In this study,MhGlu was induced in M. hupe-
hensis by the treatments of NaCl, PEG-6000 and
ABA at 4 °C,respectively. This result may suggest
the multiple resistances to defense response of Mh-
Glu in M. hupehensis. Cross adaptation,a phenome-
non that plants espousing to a moderate stress can
induce the resistance to other stresses,has been re-
ported in different stresses combinations™!, Under
these abiotic stresses, we found that MhGlu gene
was up-regulation, from which we can envisage
that this gene may be associated with cross adapta-
tion in plants.

MhGlu gene was transformed into the tobac-
co,and observed an increased resistance to B. cine-
rea. We creatively designed two different sets of
control:infected WT plants and non infected ones.
The lesion area in WT plants inoculated with B. ci-
nerea grew larger over time, while nearly no symp-
toms of infection were observed in transgenic to-
bacco lines. Plants without infection showed no
yellowing or lesion during the course of the experi-
ments, which ensures that the leaf yellowing and
decay was not caused by the passage of time. The
spore suspension that was used in the experiment
was not able to infect the transgenic tobacco lines.,
suggesting that MhGlu transgenic tobacco has an
increased resistance to B. cinerea. In future stud-
ies,we will inoculate these transgenic plants with
other tobacco fungal pathogens, and we speculate
that the overexpression of MhGlu isolated from
Malus hupehensis will enhance the resistance to
pathogens other than B. cinerea. We will also study
the mechanism of resistance in MhGlu transgenic

apples in the future.
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In this study, the SAR marker gene NzPR1
was expressed at higher levels in the T8, T11,and
T18 transgenic lines than in WT,but its expression
was lower in T6 than in WT. NtPR3 was ex-
pressed in both transgenic plants and nontransgen-
ic plants, of which the expressions in transgenic
plants were greater than nontransgenic ones. Nt-
PR5 transcripts were only detected from the trans-
genic plants. These results may reveal the interac-
tions among different PR genes, in plants defence
against disease stress.

To our knowledge, this is the first report of
the effects of an exogenous §-1,3-glucanase gene in
the defense response of tobacco to B. cinerea. The
pathogenesis-related induction of a 31 kD g1, 3-
glucanase was clearly established at the transcript
and protein levels. Although the role of PR pro-
teins in plant defense against B. cinerea is far from
fully understood, our results support the involve-

ment of §-1,3-glucanase in resistance against B. ci-

nereasat least in tobacco. Whether -1, 3-glucanase
induction plays a direct causal role in tobacco re-
sistance to B. cinerea should be studied further.

Photosynthesis is a critical function in all
plants. The leaf photosynthetic rate directly affects
tree growth and yield®. In our experiments, a
comparison of the P, of the tested materials
showed that P, was increased in T8 and T6 com-
pared with nontransgenic lines, while T, and G,
were all increased in the transgenic lines. These
differences may be caused by gene insertion at dif-
ferent sites; this could produce different transgene
expression patterns and levels, and thus different
plant growth rates and behaviors.

Overexpression of the MhGlu gene in tobacco
enhanced the resistance to B. cinerea, suggesting
that SAR was induced in transgenic tobacco. Over-
expression of the MhGlu gene also improved the

plants’ photosynthetic capacity.
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