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Abstract Activities of reactive oxygen species (ROS)
were investigated in the interaction between rice and
Erwinia chrysanthemi pv. zeae. Results showed that
0,-7, H,O, and malondialdehyde (MDA) in resistant
variety (128) had higher increases in activity compared
to those in the susceptible variety (Texian 13) 24 hours
after bacteria inoculation. The activities of superoxide
dismutase (SOD) increased in 128 and Texian 13
twenty-four hours after inoculation and then decreased,
but the SOD activity in 128 was found to be usually lower
than that in Texian 13. The CAT activity in Texian 13 had
two peaks at 24 h and 96 h after inoculation, while little
change was seen in 128. In conclusion, ROS and its related
enzymes could be correlated to rice resistance against E.
chrysanthemi pv. zeae.

Keywords Erwinia chrysanthemi pv. zeae, active oxygen,
resistance, rice

1 Introduction

Rice bacterial foot rot (Erwinia chrysanthemi pv. zeae) was
a newly discovered disease affecting rice in the 1980s. It
was widely found in areas of the South Yangtze River,
China (Liu et al., 2003; Liu and Zeng, 1999). The symp-
toms of infected rice were blackening and rotting at the
base of stems, curling of leaves, dead hearts, litter booting
and white ears. In natural conditions, plants are always
under threat from a large number of pathogens due to the
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lack of natural barriers in the plant structure and toxin
production. In addition, plants also have a series of
defensive mechanisms. Recent studies have found that
reactive oxygen species (ROS) may play a key role in plant
defense. ROS and nitric oxide (NO) have aroused great
concern because they are widespread in organisms and
have a wide variety of physiological functions (Bolwell,
1999). ROS have a direct anti-microbial function (Pang
and Kuc, 1992), participating in cell lignification and the
cross-linking of the lignification with hydroxyproline-rich
acid glycoprotein, which is conducive to plant resistance
to pathogen infection (Bradley et al., 1992). In addition,
ROS is likely to act as a second messenger to regulate the
expression of resistance genes, start the transcription of
phytoalexin synthetic genes, and cause hypersensitive cell
death (Foyer et al., 1997). Among them, H,O,, one of the
ROS, has been drawing close attention in recent years.

Both superoxide dismutase (SOD) and catalase (CAT),
which can remove ROS, are important defensive enzymes
in plants. They participate in the metabolism of secondary
materials of plant disease resistance such as lignin, phen-
olic compounds, phytoalexin and reactive oxidative spe-
cies, and play an important role in plant defense response.
It has been found in recent years that H,O, and salicylic
acid, as signal molecules, are involved in sending informa-
tion about transmission of disease resistance, thereby,
stimulating various disease resistance processes as
acquired systems in plant cells. The result of formation
and content variability of active oxygen as well as meta-
bolic enzymes produced in the interaction between rice
and Magnaporthe grisea, potato and Phytophthora infes-
tans, indicate that H,O, plays an important role in plant
disease resistance. After pathogenic infection, the forma-
tion and accumulation of ROS may be one of the main
reasons for starting membrane lipid peroxidation (Song et
al., 1996), while the content variability of MDA may be an
important indicator of the degree of membrane lipid per-
oxidation.

Biological characteristics and infection laws of Erwinia
chrysanthemi pv. zeae have been investigated, but the
physiology and biochemistry regarding the resistance
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between the pathogen and rice varieties have rarely been
reported. In this paper, we studied the activities of ROS
and their protective enzymes produced after the inter-
action between Erwinia chrysanthemi pv. zeae and rice
varieties.

2 Materials and methods
2.1 Rice varieties and pathogen

Both resistant variety (128) and susceptible variety
(Texian 13) were provided by the Rice Research
Institute of Guangdong Academy of Agricultural
Sciences, China. The pathogen Erwinia chrysanthemi pv.
zeae strain Ech7 was preserved in the Laboratory of
Bacteria at South China Agricultural University.

2.2 Inoculation and rice sampling

After being cultivated in an ordinary bacterial medium
plate at 30°C for 24 hours, Ech7 was diluted into suspen-
sions at a concentration of 9 x 10® cfu-mL™" in sterile
water and used to inoculate trefoil stage rice by root dip-
ping. The rice grew under greenhouse conditions. The
roots from 8 rice plants were collected 12, 24, 48, 72, 96
and 120 hours after inoculation, rinsed in distilled water,
soaked dry with filter paper, and weighed before deter-
mination of reactive oxygen species metabolism.

2.3 Extraction and determination of superoxide
anion (O,-7)

Five grams of tested samples were added into the phosphate
buffer (PBS) of 50 mL (0.1 mol-L~', pH 7.0), and were
ground into homogenate in ice bath, centrifuged at
12000 x g for 20 min at 4°C. 0.5 mL supernatant was taken,
into which 0.5 mL PBS (50 mmol-L™!, pH 7.8) and
1 mmol-L~" hydroxylamine hydrochloride were added,
shaken, and reacted for 1 hat25°C. Then 1 mL sulfanilicacid
(17 mmol-L™") and 1 mL a-naphthylamine (7 mmol-L™")
were added and this was reacted for another 20 minutes
at 25°C. Photoabsorption was determined at a wave-
length of 530 nm. The standard curve was made accord-
ing to the NO, method: 1 mL sulfanilic acid and 1 mL
a-naphthylamine were added into 1 mL NaNO, at a ser-
ies concentration of 0, 5, 10, 15, 20, 30, 40, 50 pmol-L™",
and reacted for 20 min at 25°C before they were deter-
mined in ODs3g ypm.

2.4 Extraction and determination of H,O,
Five grams of samples were added into 50 mL ice acetone,

then ground and centrifuged at 15000 x g for 10 min at
4°C. 1 mL supernatant was taken and 0.1 mL HCI of
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TiCly (20%, V/V) and 0.2 mL strong aqua ammonia were
added. After that, the product of the hyperoxide Ti com-
pound was washed 5 times with acetone and dissolved in
3 mL H,SO,4 (1 mol-L™"). After the acetone was volati-
lized, extraction was determined in ODy4;¢ npm.

2.5 Extraction and determination of MDA

The extraction method was the same as described in
Subsection 2.3. One mL supernatant was taken and added
into a4 mL TCA solution (20%, W/V) with 0.5% thiobar-
bituric acid (W/V), cooled down quickly after being boiled
for 30 min, centrifuged at 4000 x g for 3 min, and finally
determined in ODs3; ,, and ODsgy ,,, of nonspecific
absorption value. The contents of MDA were calculated
with the constant 155 mmol-g~'.

(ODs320m — ODsgonm) % Vig

MDA = 5
1.55%x10° xm

b

where V indicates the volume of the liquids, and m indi-
cates the fresh weight of the rice root.

2.6 Extraction and determination of SOD

The extraction method was the same as that described in
Subsection 2.3. The reaction system of enzyme activity
determination involved using the 3 mL mixture men-
tioned above which was obtained and irradiated in fluor-
escent for 30 min after adding of 0.05 mL enzymes. At the
same time, the mixture was irradiated without the enzyme,
and acted as the instrumental zero. ODsgy o, Was deter-
mined by protein-nucleic acid analyzer and enzyme quant-
ity that could inhibit photochemical reduction at 50%
NBT was set as an activity unit (U).

2.7 Extraction and determination of CAT

The extraction method was also the same as in Subsection
2.3 — using H,0O, as substrate which was diluted from
0.6 mL (30%) to 100 mL by PBS (0.05 mol-L~!, pH7.0).
The reaction system of enzyme activity determination was
1.0 mL substrate, 1.8 mL distilled water, and 0.2 mL
enzyme. The substratum without any enzyme acted as a
control to determine ODs¢0 nm-

3 Results and analysis

3.1 O, changes in the interaction between rice and E.
chrysanthemi pv. zeae

In the interaction between rice varieties and E. chry-
santhemi pv. zeae, results showed that O, ~ increased both
in the resistant variety (128) and in the susceptible variety
(Texian 13) after 12 h of inoculation. The first peak
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appeared 24 h later and the production rate of O,-~ had a
higher increase in the inoculated rice than in the non-
inoculated rice. In addition, the content of O,-~ in resist-
ant variety (128) was higher than that of susceptible vari-
ety (Texian 13) (Table 1). O,-~ production had a second
peak 72 hours after inoculation. In this process, the yield
rate of O, in the resistant variety was always higher than
the susceptible variety, which indicated that the overall
growth rate of O,-~ was higher in the resistant variety
than that in the susceptible variety.

3.2 Changes in H>O, during the interaction of rice and
E. chrysanthemi pv. zeae

The results indicated that H>O, in the susceptible variety
increased after inoculation with the pathogen. It reached a
peak 48 hours after inoculation, and the highest value was
measured at 96 hours. During the interaction of rice and
E. chrysanthemi pv. zeae, H>O, in the resistant rice variety
was consistently higher than in the susceptible variety rice
(Table 2). It showed that resistant rice roots produced
H,O0, more quickly than susceptible roots. Simu-
Itaneously, it appeared that H,O, was closely related to
rice resistance in the interaction of rice and E. chry-
santhemi pv. zeae.

Table 1
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3.3 MDA changes during the interaction of rice and E.
chrysanthemi pv. zeae

Results showed that the MDA used to inoculate rice
plants at 12 h were all lower than that in their controls.
However, MDA was higher in the resistant variety than in
the susceptible variety, and it reached its peak at 24 h.
Thereafter, the MDA contents of both resistant and sus-
ceptible rice were all above the levels of their controls
(Table 3). Furthermore, when infected with E. chry-
santhemi pv. zeae, lipid reaction in the resistant variety
occurred ecarlier and was higher than that in the suscept-
ible variety. Therefore, it indicated that MDA content has
a positive correlation with rice resistance.

3.4 Changesin SOD during the interaction of rice and .
chrysanthemi pv. zeae

Results showed that SOD activities had a positive cor-
relation with rice resistance within 24 hours during the
interaction of rice and E. chrysanthemi pv. zeae, how-
ever they were negatively correlated after 24 h. Twelve
hours after inoculation, SOD activities in both resistant
and susceptible varieties were lower than those of their
controls and reached a peak at 24 h. Forty-eight hours

Changes in O,-~ during the interaction of rice and E. chrysanthemi pv. zeae (mmol-g~'-min~")

items

time after inoculation/h

12 24

48 72 96 120

128 control

128 treatment
Texian 13 control
Texian 13 treatment

0.0140 + 0.0026 a
0.0480 + 0.0025 a
0.0118 + 0.0002 a
0.0280 + 0.0015 a

0.0264 + 0.0005 ¢ 0.0180 + 0.0025 be 0.0300 + 0.0045 bc  0.0224 £+ 0.0015 b 0.0286 + 0.0007 ¢
0.0619 + 0.0016 a 0.0320 4+ 0.0057 a  0.0480 + 0.0024 a
0.0196 + 0.0012d 0.0131 + 0.0008 ¢
0.0403 + 0.0029 b 0.0246 + 0.0004 ab 0.0380 + 0.0012 b

0.0340 + 0.0025 a 0.0433 + 0.0028 a
0.0260 + 0.0008 b 0.0386 + 0.0006 ab
0.0328 + 0.0008 a 0.0370 + 0.0015 b

0.0266 + 0.0024 ¢

Note: Values were the means of three repetitions; the data within a column followed by the same letter are not significantly different at 5% level. The

same for Tables 2-5.

Table 2 Changes in H,O, during the interaction of rice and E. chrysanthemi pv. zeae (mmol-g™")

item time after inoculation/h
24 48 72 96 120 144
128 control 0.0510 + 0.0015a 0.0584 + 0.0040 ab 0.0493 4 0.0021 ab 0.0680 + 0.0035 ab 0.0490 + 0.0019 a 0.0528 + 0.0026 ab

128 treatment 0.0564 + 0.0040 a 0.0692 + 0.0060 a
Texian 13 control

Texian 13 treatment

0.0542 + 0.0030 a  0.0733 + 0.0020 a
0.0440 + 0.0062 a 0.0500 + 0.0058 b  0.0369 + 0.0016 ¢
0.0480 + 0.0036 a 0.0591 £ 0.0042 ab 0.0418 £ 0.0035 bc 0.0615 £ 0.0013 bc  0.0580 + 0.0090 a

0.0660 + 0.0070 a
0.0576 + 0.0020 a

0.0668 + 0.0080 a
0.0469 + 0.0011 b
0.0620 + 0.0046 ab

0.0562 + 0.0049 ¢

Table 3 Changes in MDA during the interaction of rice and E. chrysanthemi pv. zeae (mmol-g")

item

time after inoculation/h

24 48

72 96 120 144

128 control 0.1126 + 0.0083 a
128 treatment
Texian 13 control

Texian 13 treatment

0.1185 £ 0.0028 b 0.0606 + 0.0040 ab 0.0530 + 0.0021 b
0.1052 + 0.0132 ab 0.1352 + 0.0044 a  0.0660 + 0.0012 a
0.0953 + 0.0042 ab 0.0993 + 0.0058 ¢ 0.0477 + 0.0018 ¢
0.0790 + 0.0049 b 0.0930 + 0.0040 ¢ 0.0540 + 0.0021 be 0.0780 + 0.0042 a

0.0515 £ 0.0012 be
0.0700 + 0.0059 a  0.0613 + 0.0023 a
0.0454 + 0.0017 ¢ 0.0540 + 0.0023 ¢
0.0590 + 0.0015b  0.0499 + 0.0010 ¢

0.0712 + 0.0013 a
0.0860 + 0.0060 a
0.0434 + 0.0008 b
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after rice inoculation, the activity of SOD in the suscept-
ible variety was higher than that in the resistant variety
(Table 4).

3.5 CAT changes during the rice and E. chrysanthemi
pV. zeae interaction

It appeared that CAT activity in the susceptible variety
was higher than that in its control and reached the highest
value after 24 hours of inoculation. However, CAT activ-
ity in the resistant variety was lower than that in its con-
trol. In contrast, after 48 hours, CAT activity in the
resistant variety was higher than that in its control, while
that in the susceptible variety was lower. Throughout the
interaction between rice and pathogen, it was obvious that
CAT activity in the resistant variety was basically
unchanged or changed little (Table 5).

4 Discussion

Both O,-~ and H,O, are types of reactive oxygen species.
Foreign scholars utilize oligogalacturonic acid elicitor
from fungal cell walls to induce soybean cells to produce
H,0, (Aprostoll et al., 1989). In addition, oligogalacturo-
nic acid elicitor from citrus pectin can also induce soybean
cells to produce H,O, (Legndre et al., 1993). The rice plant
can also be induced to produce H,O, by some inducers
such as glucan, galactose and aldehyde from pathogenic
fungi (Svalhein and Robertsen, 1993). H,O, can be
involved directly in the esterification, cell wall lignifica-
tion, and structural protein oxidation cross-linking of the
host cell because of certain unique characteristics.
Furthermore, H>O, can not only induce phytoalexin accu-
mulation to some extent or directly have some toxic effects
on pathogens, but it can also transfer resistance informa-
tion against disease as a signal molecule.
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O,-~ was first reported to participate in the hypersensi-
tive reaction between potato tuber and Phytophthora infes-
tans in 1980 (Doke, 1983). From then on, O,-~ was also
reported to participate in the reactions of many plant
pathogenic fungi, bacteria, viruses and nematodes.
Therefore, it can be considered that O,-~, as well as its
metabolic enzymes (such as SOD, etc.), play an important
role in plant disease resistance. The results of our study
showed that amounts of O,-~ and H,O5 in the resistant rice
variety (128) and the susceptible rice variety (Texian 13)
were different. Regardless of being either of resistant or
susceptible variety, when inoculated for 12 hours, both
0,-~ and H,0, increased and reached their first peak after
24 hours. However, the growth rates and increments of
both O,-~ and H,0, in the resistant variety were signifi-
cantly higher than those in the susceptible variety. Oy~ in
the resistant variety increased rapidly before 24 h, while in
the susceptible variety it increased after 48 h. The O, ~
production rate in the resistant variety was higher than that
in the susceptible variety at all times within 96 h. After
inoculation, the H,O, content in the resistant variety rose
and reached the first peak at 48 h, with the second peak at
96 h. The H,O, content in the resistant variety was higher
than that in the susceptible variety during the whole pro-
cess. These results indicate that the resistant variety
responded quickly to bacterial infection and the production
of O, and H,O, was fruitful in vivo, while the susceptible
variety responded slowly to bacterial infection, producing
relatively small amounts of O,-~ and H,O, in vivo.

SOD and CAT are both important defensive enzyme
systems, which function in getting rid of reactive oxygen
in plants. The former can generate H,O, from excessive
O, in plants, while the latter can turn H,O, into H,O.
Our results showed that, in the case of SOD activity, when
the rice was inoculated with Erwinia chrysanthemi pv. zeae
at 12 hours, the specific activities of SOD in the resistant
and susceptible varieties were both lower than those in

Table 4 Changes in SOD during the interaction of rice and E. chrysanthemi pv. zeae (U-g'-30 min™"')

item

time after inoculation/h

24 48

72 96 120 144

0.3256 £ 0.0108 a
0.2114 £ 0.0205 b
0.2560 £ 0.0038 b
0.1331 £ 0.0192 ¢

128 control

128 treatment
Texian 13 control
Texian 13 treatment

0.2400 + 0.0058 ¢ 0.2470 + 0.0067 ab 0.2100 + 0.0208 ¢
0.3929 + 0.0060 a 0.2330 + 0.0060 b
0.1600 + 0.0100 d 0.2108 + 0.0051 ¢
0.3250 £ 0.0097 b 0.2551 + 0.0037 a

0.3050 + 0.0090 b
0.2035 + 0.0084 d
0.2570 + 0.0133 ¢
0.3398 + 0.0107 a

0.3119 + 0.0081 ¢
0.3607 £+ 0.0077 b
0.2540 + 0.0066 d
0.3490 + 0.0030 a

0.2500 + 0.0058 b
0.1570 £ 0.0046 d
0.3079 £ 0.0016 a

Table 5 Changes in CAT during the interaction of rice and E. chrysanthemi pv. zeae (U-g~'-min~")

item

time after inoculation/h

24 48

72 96 120 144

128 control

128 treatment
Texian 13 control
Texian 13 treatment

0.0139 + 0.0005 b 0.0262 + 0.0006 a

0.0200 £+ 0.0012a 0.0215 + 0.0009 ab 0.0138 + 0.0010 bc  0.0192 + 0.0050 a
0.0203 + 0.0009 a 0.0212 4+ 0.0029 ab 0.0159 + 0.0006 ab 0.0197 + 0.0010 a
0.0170 + 0.0006 a
0.0161 +0.0010 b 0.0192 + 0.0008 b 0.0127 + 0.0005 ¢

0.0147 + 0.0004 b
0.0154 + 0.0005 b
0.0158 + 0.0005 b
0.0299 + 0.0006 a

0.0170 + 0.0006 b
0.0133 + 0.0008 b
0.0220 + 0.0021 a
0.0161 + 0.0010 b

0.0146 + 0.0012 a
0.0161 + 0.0010 a
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their controls. But after 24 hours, the SOD activities
began to increase, and reached their peaks, while SOD
specific activity in the susceptible variety was higher than
the resistant variety at 48 hours after inoculation. It indi-
cated that SOD activity was positively correlated with rice
resistance within 24 hours when infected with bacteria. In
the case of CAT, its activity in the susceptible variety was
higher than that in its control during the 12 hours after
inoculation and reached the first peak at 24 hours after
inoculation, while that in the resistant variety was lower
than that in its control. On the contrary, forty-eight hours
after inoculation, CAT activity in the resistant variety was
higher than that in its control and lower in the susceptible
variety. During their study of Xanthomonas oryzae pv.
oryzae and rice interaction, Zeng et al. (1999) discovered
that SOD activity in rice leaves decreased while POD
activity increased, and the range of enzyme activities in
the resistant varieties was higher than that seen in the
susceptible varieties. Cao and Xiao (2002) suggested that
both SOD and POD activities in rice leaves were enhanced
significantly after being infected with Xanthomonas oryzae
pv. oryzae. The reasons could be that, on one hand, dif-
ferent plant disease systems may have different resistant
reaction processes. It is impossible that all the disease
resistant systems are related to O,-~ and SOD, etc., and
even though they are, there might be differences to some
extent. Production mechanisms for O, may be different
in different varieties and production mechanisms for ROS
also differs between different plants. Even in the same
plant, there might exist several ways to produce ROS,
which may eventually lead to different production rates
of O,-~ (Guo and Li, 2000). On the other hand, there is a
lack of persuasiveness in speculating on the actions of
0,-~ and H,0, only by analyzing the changes in one to
two enzymes in plant resistance reactions. Based on the
results from this study, it can be determined that the activ-
ities of H,O,, CAT and SOD are closely related with the
resistance to Erwinia chrysanthemi pv. zeae.

Pathogen infection can give rise to lipid peroxidation of
plants (Keppler and Novacky, 1987). The active oxygen
(mainly O,-7) accumulation in plants can directly attack
the unsaturated fatty acids of the membrane system,
thereby initiating the peroxidation of lipids (Adam et al.,
1989). MDA is the main product of lipid peroxidation and
its content generally can be referred to as the degree of lipid
peroxidation. In the study of the interaction between rice
and Magnaporthe grisea, Ge et al. (1998) found that MDA
remarkably increased after the rice was infected with
Magnaporthe grisea, having a positive relation with rice
resistance. The results of our study also showed that
MDA in the resistant variety was almost higher than that
in susceptible variety after rice was inoculated with Erwinia
chrysanthemi pv. zeae. It could be explained that the onset
of membrane lipid peroxidation in the resistant variety reac-
tion was earlier than in the susceptible variety reaction,
thus leading to higher levels than in the susceptible variety.
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MDA content was found to have a positive relation to the
rice resistance.
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