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Abstract

S. nigrum from different sources, it was found that glyphosate stress had significant effects on antioxidant enzyme activity and oxidative damage of sensitive S. nig-

[ Objectives | This study was conducted to investigate the scientific prevention and control of Solanum nigrum 1.. [ Methods] Through experiments on

rum plants. [ Results] Sensitive S. nigrum showed oxidative damage under glyphosate stress, while resistant S. nigrum responded to adversity damage by improving
its antioxidant enzyme activity. The experimental results showed that the antioxidant enzymes and reduced glutathione of S. nigrum had certain metabolic detoxifica-
tion effects under glyphosate stress. [ Conclusions ] This study provides a theoretical basis for scientific prevention and control of S. nigrum, and has a certain ref-

erence value for revealing the glyphosate resistance mechanism of S. nigrum.
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Solanum nigrum L. is a perennial weed of Solanum L. in
Solanaceae, which prefers to grow in slightly acidic to neutral soil,
and is commonly found in wasteland, fields, and by villages and
roads. S. nigrum is distributed in all provinces and cities in
China, and has the characteristics of wide distribution, many
seeds, strong abscission and strong resistance'' .

Glyphosate is a broad-spectrum herbicide with low toxicity,
low residue and systemic conductivity, which is widely used to
control weed S. nigrum in cultivation of cotton, soybean, rape and
other crops™*'. In recent years, it was found that with the increase
of glyphosate dosage year by year, S. nigrum showed resistance to
glyphosate. Studies have shown that there are 28 kinds of weeds,
including Lolium rigidum, Erigeron canadensis L. and Cirsium
arvense var. integrifolium, which are resistant to glyphosate™
and the problem of glyphosate-resistant weeds is becoming more
and more serious.

The weeding mechanism of glyphosate is mainly to inhibit the
activity of 5-enolpyruvylshikimate-3-phosphate synthase ( EP-
SPS) , block the synthesis of aromatic amino acids in plants, and
make shikimic acid accumulate in plants in large quantities, resul-
ting in yellowing and withering of plants until death®™*". Glypho-
sate kills weeds by inhibiting the activity of target enzymes, and it
has also been reported that weeds can develop drug resistance by
enhancing their metabolic detoxification ability, such as glutathi-
one S-transferase, cytochrome P450 monooxygenase and superox-
ide dismutase, which can metabolize herbicides and reduce the

harm caused by herbicides to organisms'’. The metabolic process
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of plants is closely related to the activity of superoxide dismutase
(SOD), peroxidase (POD), catalase (CAT) and reduced gluta-
thione (GSH). The activity of SOD, POD and CAT can be in-
creased and the content of MDA can be increased in the leaves of

197 Stress on

Microsorium pteropus suffered from glyphosate stress
S. nigrum with cadmium can increase MDA content and SOD and
POD activity!"! | and treatment of S. nigrum leaves with glypho-

sate can increase MDA content'”

, and reduced glutathione has
metabolic detoxification effect .

Although the non-target resistance of weeds is very important
to explaining the mechanism of weed resistance, there are few re-
ports about the non-target resistance of S. nigrum to glyphosate at
home and abroad. In this study, S. nigrum from different sources
was used as experimental materials to study the effects of glypho-
sate stress on the non-target resistance of S. nigrum from the as-
pect of oxidation resistance, in order to provide a theoretical basis

for scientific prevention and control of S. nigrum.

Materials and Methods
Experimental materials

The seeds of S. nigrum were collected from September to Octo-
ber in 2015 in Loudi City and Changde City, Hunan Province, and
preserved after natural air drying. The soil with uniform particles
was uniformly mixed with a substrate according to a ratio of 1 : 1,
and the obtained mixture was added into flowerpots. N-( phosphono-
methyl ) glycine (41% ) was purchased from Loudi Zhennong Tech-
nology. Methionine (Met ), nitrotetrazolium blue chloride (NBT)
and 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) were Sigma prod-
ucts. Other reagents were analytically pure in China.
Experimental method
Seed germination The seeds of S. nigrum were placed in a Pe-
tri dish with two layers of filter paper, and soaked in distilled
water for 24 h. Subsequently, they were soaked in 13 g /L sodium
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hydroxide for 48 h after removing distilled water to break dorman-
cy, and then washed and placed in a light incubator for germina-
tion at 25 °C and a relative humidity of 65% . After germination,
the seeds were moved into flowerpots for pot culture, and one
seedling was cultured in each pot. When the seedlings grew to six
leaves, they were moved outdoor for culture.

Glyphosate treatment When S. nigrum plants grew to 10 - 14
leaves, they were sprayed with different concentrations of glypho-
sate, and the effective components of glyphosate were 450, 900,
1 800 and 3 600 g/hm’, respectively, compared with clean water.
Samples were taken in the morning of days 3, 6, 9 and 12 after
glyphosate treatment, and the leaves of S. nigrum were cut and
stored in a refrigerator at 4 °C for later use.

Determination of drug resistance level On day 12 after glypho-
sate treatment, 10 plants were randomly selected from S. nigrum
population to measure fresh weight, and the fresh weight inhibition
rate was calculated, and the regression equation was obtained.
According to the regression equation, the inhibition concentration
GRS50 and relative resistance ratio were obtained.

Fresh weight inhibition rate (% ) = (Fresh weight of control —
Fresh weight of treatment) x 100/ Fresh weight of treatment
Extraction and content determination of shikimic acid Ac-
cording to the method of Lou et al. "', 0.2 g of leaf sample was
weighed and cut into a mortar, and added with 0.25 mol/L hydro-
chloric acid. The sample was ground and diluted to a constant vol-
ume of 1 ml. After centrifuging at 12 000 r/min for 20 min, the
supernatant was collected and stored at 4 °C, and each treatment
was repeated for 3 times. Next, 100 pl of supernatant was added
with 1 ml of 1% periodate solution, and 1 ml of 1mol/L NaOH
was added after 3 h, and the liquid was mixed well. Next, 0.6 ml
of 0.1 mol/L glycine was added, and after mixing well and stand-
ing for 5 min, the OD value was measured at 380 nm.
Determination of antioxidant enzyme activity According to
the method of Zhang et al. "™, 0.1 g of leaf sample was ground
with 0.8 ml of 0.2 mol/L phosphate buffer (pH = 7.8) and di-
luted to a constant volume of 1 ml, and the obtained slurry was
centrifuged at 10 000 x g for 10 min. The supernatant was deter-
mined for the activity of SOD, POD and CAT, among which the
SOD activity was taken as 1 U based on photochemical reduction
of 50% of NBT, the POD activity was taken as 1 U based on the
increase of A480 by 0. 1 per minute, and the CAT activity was
taken as 1 U based on the decrease of A, by 0.1 per minute.
Determination of MDA content According to the method of
Lin et al. "™, 0.1 g of leaf sample was ground with 10% trichlo-
roacetic acid (TCA) and diluted to a constant volume of 6 ml,
and the obtained slurry was centrifuged at 12 000 X g for 20 min.
Next, 3 ml of supernatant was added with 3 ml of 0. 6% thiobarbi-
turic acid, and the obtained liquid was mixed well, and heated in
a boiling water bath for 15 min. After cooling, the liquid was cen-
trifuged at 12 000 x g for 5 min, and measured for OD values at
450 and 532 nm.

Determination of GSH content According to the method of
Piao et al. """, 0.1 g of leaf sample was ground with 5 % TCA

and diluted to a constant volume of 2 ml, and the obtained slurry

was centrifuged at 12 000 x g for 15 min. Next, 0.5 ml of super-
natant was added with 1.8 ml of 0.2 mol/L phosphate buffer with
apHof 7.7, 0.5 ml of distilled water and 0.2 ml of 0. 001 mol/L
DTNB, and the OD value was determined at 412 nm.

Data processing Each determination was repeated for 3 times.
The differences were compared by SPSS 19. 0 ( LSD method )
(P <0.05), and significant differences were indicated by lower-

case letters.

Results and Analysis
Screening of resistant plants

As can be seen from Fig. 1, except for the shikimic acid
content of C12, which increased first and then tended to be sta-
ble, the shikimic acid contents of other treatments showed a trend

of first increasing and decreasing then, and the shikimic acid con-

tents of C1, C2, C3 and C9 decreased greatly.
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Fig. 1 Effect of glyphosate stress on shikimic acid content of S. ni-
grum

The resistance level test also showed that the relative resist-
ance ratios of C1, C2, C3 and C9 to glyphosate were all more than
3 times, showing a moderate resistance level (Table 1). Accord-
ingly, C1, C2, C3 and C9 were resistant plants.

Table 1 Relative drug resistance of S. nigrum plants from different
sources
S. nigrum Seed. GRSO" (95% Con‘lcila'tion Re}ative
collection confidence coefficient resistance
plant region limit) //g/hm? R? ratio (IR)
Cl Changde 2 897.4 0.966 4 4.795
Cc2 Loudi 2 006.9 0.987 7 3.321
C3 Loud: 1 986.7 0.994 3 3.288
c4 Loud: 1645.6 0.9257 2.723
C5 Loudi 1313.9 0.869 4 2.174
C6 Loudi 1525.4 0.9457 2.524
Cc7 Loudi 1365.0 0.910 6 2.259
C8 Loudi 1751.1 0.953 7 2.898
c9 Loudi 2 315.7 0.974 9 3.832
C10 Loudi 1 681.5 0.9759 2.783
Cl1 Loudi 1514.7 0.9372 2.507
Cl12 Loudi 604.3 0.943 4 1.000
Cl13 Loudi 1105.1 0.830 9 1.829
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Effect of glyphosate stress on SOD activity of S. nigrum

As can be seen from Fig. 2, when S. nigrum plants were
treated with glyphosate at 1 800 g/hm’, with the extension of
time, the SOD activity of C12 decreased gradually, and the SOD
activity of C1, C2, C3 and C9 generally increased first and then
decreased. On day 3 after glyphosate treatment, there was no sig-
nificant difference in SOD activity of S. nigrum. On days 6 and 9
after glyphosate treatment, there were significant differences in
SOD activity among C1, C2, C3, C9 and CI2. On day 12 after
treatment, the SOD activity levels of C1, C2, C3 and C9 basically
decreased to the initial level, but were still significantly higher
than that of C12. The decrease of SOD activity in C12 might be
caused by oxidative damage caused by glyphosate stress, while
Cl, C2, C3 and C9 might resist oxidative damage caused by
glyphosate stress by increasing SOD activity in their bodies.
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Fig. 2 Effect of glyphosate stress on SOD activity of S. nigrum

Effect of glyphosate stress on POD activity of S. nigrum

It can be seen from Fig. 3 that when the plants of S. nigrum
were treated with glyphosate at the same dose concentration, ex-
cept for the POD activity of C12, which showed a decreasing
trend, the levels of other S. nigrum increased first and then de-
creased, and were all the highest at day 6 after treatment. On day
3 after treatment, there were no significant differences in POD ac-
tivity between C12 and other S. nigrum. On day 6 and 9 after
treatment, except for the POD activity of C2 and C3 showing no
significant difference, there were significant differences in POD
activity among other S. nigrum plants. On day 12 after treatment,
the POD activity of C1, C2, C3 and C9 basically decreased to the
initial level, but there were still significant differences between
them and C12. Glyphosate stress will cause oxidative damage to
plants. When sensitive S. nigrum plants are damaged, their meta-
bolic system is also damaged, which makes it impossible to metab-
olize and detoxify, while resistant S. nigrum plants may improve
the activity of metabolic enzymes through the antioxidant mecha-
nism and eliminate the oxidative damage caused by stress.
Effect of glyphosate stress on CAT activity of S. nigrum

As can be seen from Fig. 4, under the treatment of glypho-
sate with the same dose concentration, with the extension of time,
the CAT activity of C12 gradually decreased, and the CAT activity
of the rest S. nigrum generally showed a trend of increasing first
and then decreasing. On day 3 after treatment, there were no sig-

nificant differences in CAT activity among the plants of S. nigrum.

On day 6 and 9 after treatment, the CAT activity levels of C1,
C2, C3 and C9 were significantly higher than that of C12. On day
12 after treatment, there were no differences in CAT activity a-
mong C1, C2, C3 and C9, and the values decreased to the initial
level, but there were significant differences between them and
C12. It showed that the antioxidant enzyme system of S. nigrum

may be an important mechanism to resist glyphosate stress.
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Fig. 3 Effect of glyphosate stress on POD activity of S. nigrum
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Fig. 4 Effect of glyphosate stress on CAT activity of S. nrigrum

Effect of glyphosate stress on MDA content in S. nigrum

As can be seen from Fig. 5, the MDA content of C12 in-
creased first and then tended to be stable, while the MDA content
of other S. nigrum plants generally increased first and then de-
creased. On day 3 after treatment, there were no significant differ-
ences in MDA content among all S. nigrum plants. On day 6 after
treatment, the MDA content of C12 was significantly higher than
those of other S. nigrum plants. On day 9 after treatment, the
MDA content of C12 still increased slightly, while the MDA con-
tents of C1, C2, C3 and C9 decreased significantly. On day 12 af-
ter treatment, the MDA content of Cl12 was significantly higher
than those of C1, C2, C3 and C9, and tended to be stable, while
the MDA contents of C1, C2, C3 and C9 decreased to the initial
level. Tt indicated that glyphosate stress caused serious oxidative
damage to C12 cell membrane.
Effect of glyphosate stress on GSH content in S. nigrum pop-
ulation

It can be seen from Fig. 6 that the GSH content of C12 grad-
ually decreased with time, while the GSH contents of C1, C2, C3
and C9 generally increased first and then decreased, and reached
a maximum value on day 6 after treatment, which was consistent
with the changes of SOD, POD and CAT activity. On day 3 after

treatment, there were no significant differences in GSH content
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among all S. nigrum plants. On days 6 and 9 after treatment, ex-
cept for the GSH contents of C2 and C3 which showed no signifi-
cant difference, there were significant differences among other S.
nigrum plants. On day 12 after treatment, the GSH contents of
Cl, C2, C3 and C9 basically decreased to the initial level, but
they were still significantly higher than that of C12. It showed that
reduced glutathione in S. nigrum had certain detoxification ability

to glyphosate.
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Fig. 5 Effect of glyphosate stress on MDA content of S. nigrum
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Fig. 6 Effect of glyphosate stress on GSH content of S. nigrum

Conclusions and Discussion

The process of plant metabolism is often accompanied by the
generation of reactive oxygen species, and antioxidant enzymes can
scavenge reactive oxygen species, so that the generation and elimi-
nation of reactive oxygen species in plants are in a dynamic bal-
ance. When stressed by adversity, because the metabolic balance
of free radicals in plants is broken, a large number of superoxide
anion free radicals will be produced. Too many free radicals will
damage the cell membrane system, make the membrane lipid per-
oxidate and increase the MDA content. In severe cases, they will
have adverse effects on the metabolic system of plants and eventu-
ally lead to plant death. Plant cells are damaged by oxidation due
to adversity stress, and SOD, POD and CAT cooperate to play an
antioxidant role to eliminate oxidative damage. GSH molecule also
contains an active sulfhydryl group, which is easy to be oxidized
and dehydrogenated. Therefore, plants can resist oxidative damage
and reduce stress damage by increasing the contents of SOD,
POD, CAT and GSH. This acquired resistance is not caused by
glyphosate target mutation, but by non-target resistance caused by

oxidative respiration processes such as cell fluid, chloroplasts and

mitochondria. Through the synergistic effect of SOD, POD, CAT

and GSH, the activity of antioxidant enzymes is improved. The
changing trend of MDA can reflect the elimination effect of toxic
effect.

This study also showed that the MDA content of sensitive
S. nigrum C12 was the highest under glyphosate stress of 1 800
g/hm’ | while the activity of SOD, POD, CAT and GSH decreased
gradually with time, which indicated that C12 was the most
stressed under glyphosate, and the antioxidant enzyme activity of
sensitive S. nigrum was decreased under adversity stress, so it
could not effectively cope with the stress. The MDA contents of re-
sistant S. nigrum plants C1, C2, C3 and C9 increased first and
then decreased with time, and reached a maximum value on day 6
after treatment, which indicated that glyphosate stress also caused
oxidative damage to resistant S. nigrum plants, but the activity of
SOD, POD, CAT and GSH also increased first and then decreased
with time, which indicated that resistant S. nigrum plants could
cope with stress injury by improving their antioxidant enzyme ac-
tivity. On day 12 after treatment, the MDA content of resistant S.
nigrum plants dropped below the initial level, indicating that the
resistant S. nigrum population effectively responded to adversity
damage. The results showed that the resistant S. nigrum plants
could repair themselves by increasing their antioxidant enzyme ac-
tivity after a certain concentration of glyphosate stress for a period
of time, thus alleviating free radical toxicity and membrane lipid

peroxidation damage.
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Table 2 Main diseases of onion and their control measures and drug application rate

Disease Agrochemicals Application rate Control times
Downy mildew 72.2% propamocarb aqueous solution 800 times dilution Once per 5 d, 2 =3 times continuously
White rot 50% carbendazim wettable powder 500 times dilution Once per 5 d, 2 =3 times continuously
Rust 20% triadimefon emulsifiable concentrate 1 000 times dilution Once per 5 -7 d, 2 -3 times continuously
Epidemic disease 68% Ridomil Gold 1 000 times dilution Once per 5 d, 2 =3 times continuously
Gray mold 50% chlorphenazine wettable powder 1 500 times dilution Once per 7-10 d, 2 =3 times continuously
Black spot 75% chlorothalonil wettable powder 600 times dilution Once per 7-10 d, 2 =3 times continuously
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