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Effect of picloram herbicide on physiological responses of Eupatorium

adenophorum Spreng

Xiaowen Liu'-2, Chengmei Qi?, Zongcheng Wang?, Yuan Li', Qiuxia Wang!, Meixia Guo',

and Aocheng Cao'*

Eupatorium adenophorum Spreng., a major invasive weed in southwestern China, has caused great economic losses. In order
to find a new herbicide to control E. adenophorum, experiments were conducted to study its physiological and biochemical
responses to low and high doses of picloram herbicide (4-amino-3.5,6-trichloropyridine-2-carboxylic acid). Electrolyte
leakage, malondialdehyde, and free proline were stimulated by picloram, showing a remarkably increase (p < 0.05) with
high herbicide concentration (60, 120, and 240 g ai ha!). The treated plants exhibited lower osmotic adjustment capacity,
high dosage lipid peroxide levels and more free-proline accumulation. It was found that low doses (12 and 24 g ai ha'!) of
picloram initially increased catalase, peroxidase, superoxide dismutases and protein, but these indicators decreased (p <
0.05) with the increase of treating time (after 3 d) and dose (120 and 240 g ai ha™!). In addition, the structures of chloroplasts
and mitochondria were seriously deformed. These results indicated E. adenophorum can improve its herbicide-tolerance by
increasing the antioxidative system activity at the initial period of low picloram stress. However, this protective function
disappeared with increasing of treating time and picloram dosage. Eupatorium adenophorum responded differently to low

and high concentrations of picloram and ultrastructural changes are an important cause of death in E. adenophorum.
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INTRODUCTION

As one of the worst invasive weeds in the world,
Eupatorium adenophorum Spreng. was introduced into
Yunnan province from the China-Myanmar border in the
1940s (Song et al., 2010). It is now widely distributed in
Yunnan, Guizhou, Sichuan, Guangxi, and Xizang (Wei
et al., 2011). Due to the fast spreading, the weed has
caused significant damage to the ecological environment,
economic development, and human health (Zheng et
al., 2009). Chemical control of E. adenophorum was
effective using herbicides such as glyphosate aqueous
solution (Zhang et al., 2005), sulfometuron-methyl
soluble powder (Huang et al., 2001), and picloram
(Cao et al., 2006; Li et al., 2008). Picloram (4-amino-
3.5,6-trichloro-2-pyridinecarboxylic acid) is a systemic
chlorinated herbicide, known as a synthetic auxin. This
herbicide is widely used in many countries because of
the high efficiency in the control of broadleaf weed and
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woody plants in pasture, wheat, rice, barley, sugarcane,
and other crop fields (Sheley et al., 2002; Nelson and
Lym, 2003; Dos Santos and Masini, 2007). As a selective
herbicide, many researchers have studied its mechanisms
of action on plants (Ortega and Pearson, 2011; Smitha and
Nair, 2011). Foy and Penner (1965) considered that its
biochemical mechanisms may suppress plant respiration;
while other researchers (Owens, 1969; Chang and Foy,
1982) held that its mechanism was effected by chelating
free or bonded metal-ion (such as Fe?*, Cu**, and Mn?*),
and inhibiting protein synthesis such as catalase (CAT)
and peroxidase (POD). However, which physiological-
biochemical indexes of E. adenophorum was changed
under picloram herbicide stress? How did they change?
Solving these problems is very important for the chemical
control of E. adenophoram and there were seldom reports
about those changes in weeds after herbicide treatment.
So it was studied that the effect of picloram herbicide on
the physiological responses of E. adenophorum during
early period after treating with the picloram.

MATERIALS AND METHODS

Experiments were carried out in an artificial climate
laboratory of Xichang College in Sichuan province,
China. In May 2009, mature E. adenophorum seeds were
collected from several native habitats in Southwestern
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China (Xichang, 101°49’ E, 27°38’ N; 2000-2200 m a.s.l.)
Seeds were kept dry, stored in a plastic box, and labeled
for identification. The selected seeds were sown in pots
containing soil from the experimental field of Xichang
College. The soil pH was 7.7 in 1 M CaCl,, 6.3 in water
and the soil contained 1.13% of organic C. The pots were
at 25 + 2 °C and 55 + 8% relative humidity under a 16:8
h photoperiod, with light supplied at a photon flux density
of 420 = 50 ymol'm?s! and CO, concentration of 450
+ 50 pmol-mol . The pots were periodically irrigated in
order to keep the soil at field capacity and prevent water
stress in the plants. After 6 wk, the healthy plantlets were
foliage sprayed with picloram 24% aqua (Lier chemical,
Mianyang, Sichuan, China) at O (control), 12,24, 60, 120,
and 240 g ai ha! (CK, P12, P24, P60, P120, and P240,
respectively) (general picloram concentration is 24 ~ 48
¢ ai ha! for application into the agricultural field). Each
treatment had five replicates, and each replicate consisted
of five plantlets. Seedlings were planted on experimental
pots on 25 April 2010, and samples were harvested at 1,
3,5, and 7 d after treatment during the summer season.

Determination of membrane permeability and lipid
peroxidation

The membrane permeability of the crop was determined by
measuring frequency-dependent electrical conductivity.
Fresh leaves (0.2 g) were rinsed twice in distilled water
and then incubated in 30 mL 0.3 M mannitol solution
at 25 °C with shaking for 30 min. Electrolyte leakage
was measured with a conductivity meter (Model DDS-
11A, Shanghai Scientific Instruments, Shanghai, China).
Electrolyte leakage was determined after boiling a
duplicate batch of fresh leaves for 30 min and then
cooling to 25 °C. Relative leakage (RL) was expressed
as a proportion (%) of total electrolyte leakage (EL).
The level of lipid peroxidation was measured in terms of
total malondialdehyde (MDA) contents and the reaction
reagent consisted of 0.4 N trichloroacetic acid (TCA)
+ 19.68 mL of distilled water + 0.4 mL HCI + 100 mg
2-thiobarbituric acid (TBA). Prepared leaf extract (in
phosphate buffer) was added to the reaction reagent and
absorbance was taken at 532 nm; MDA contents were
calculated as followed:

Concentration of MDA = Absorbance x 6.45 mL mg™! FW

Proline and soluble protein measurements

Proline was determined by the ninhydrin method (Manna
et al., 20006). Fresh leaves (0.3 g) were homogenized in 6
mL of 3% sulfosalicylic acid solution. After centrifugation,
2 mL supernatant, 2 mL glacial acetic acid and 2 mL
2.5% acid ninhydrin solution were added to a test tube
and covered with a Teflon cap. The absorbance of the
free proline concentration was measured at 520 nm. The
proline concentration was expressed as mg-g”' FW. The
soluble protein was measured according to the Coomassie

brilliant blue G250 method (Li, 2002). The soluble protein
content was measured by a spectrophotometer at 595 nm.

Antioxidant enzyme assay

Fresh seedling leaves (1 g) were homogenized with a
mortar and pestle using liquid nitrogen in 10 mL extraction
buffer (20 mM Tris-HCl in 1% polyvinylpyrrolidone, pH
7.4). The detailed methods were illustrated by Polle et
al. (1997). After filtration through two layers of gauze
to remove any debris, the homogenate was centrifuged
at 10 000 xg for 20 min. The supernatant was used for
both the enzyme activity and some other assay. The
Coomassie Brilliant Blue G-250 method was used to
quantify the enzyme content. Superoxide dismutase
(SOD) was determined on the basis of its ability to inhibit
the photochemical reduction of nitro blue tetrazolium
(Beauchamp and Fridovich, 1971). The reaction
solution contained 50 mM phosphate buffer (pH 7.8),
13 mM methionine, 75 uM nitro blue tetrazolium, 2 yM
riboflavin, 100 nM EDTA, and dd H,O. The riboflavin was
added last. The reaction mixture was read at 560 nm. One
unit of SOD activity (U) was designated as the amount
of enzyme that caused 50% inhibition of initial reaction
rate; SOD activity used U g! FW. Catalase (CAT) was
assayed by Aebi method (Aebi, 1984). Based on H,O,
hydrolysis, the decreasing absorbance was measured at
240 nm (A240). Reduction of 0.1 at A240 in 1 min is
designated as one unit of enzyme activity (U g min! FW).
POD activity is measured by guaiacol spectrophotometry
(Lagrimini, 1991). When exposed to H2O2, POD catalyzed
the guaiacol to tetraguaiacol, which had optical density
(OD) of 470 nm. The reaction solution contained 100 mM
phosphate buffer (pH 6.0), 33 mM guaiacol and 0.3 mM
H,0:. Specific activity of POD was calculated from the
increase in OD470 for 30 s and expressed as U g min’!
FW.

Cellular ultrastructure observation

Transmission electron microscopy (TEM) was
performed on small sections (1-2 mm in length) of the
fifth fully expanded leaves. Leaflets were fixed with 3%
glutaraldehyde (v/v) in 0.1 M phosphate buffer (pH 7.2)
for 6-8 h under 4 °C, postfixed in 1% osmium tetraoxide
for 1 h and immersed in 0.1 M phosphate buffer (pH 7.2)
for 1-2 h. Following this, leaflets were dehydrated in a
graded ethanol series (50, 60, 70, 80, 90, and 100%) and
embedded in epon-araldite. Ultrathin sections (80 nm)
were sliced, stained with uranyl acetate and lead citrate
and mounted on copper grids for viewing in the H-6001V
transmission electron microscope (Hitachi, Tokyo, Japan)
at an accelerating voltage of 60.0 kV.

Statistical analysis

A completely randomized design with five replicates
was adopted. Data were presented graphically as means
+ standard errors and analyzed by the statistics analysis
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System 8.0 (SAS Institute, Cary, North Carolina, USA).
Duncan test followed by a Bonferroni correction (a =
0.05) was used to detect possible differences among the
treatments.

RESULTS

Membrane permeability and peroxidation products

The relative conductivity (RL) increased markedly with
increasing of picloram concentration (Figure 1).In contrary
to the control, RL significantly increased under picloram
stress (p < 0.05); it first increased and then decreased
with extending of treatment time. Relative conductivity
reached a maximum in all picloram treatments on the
5% day, increasing 32%, 36%, 42%, 43%, and 44%,
respectively, compared to the control. However, at 7% d,
the treatment groups exhibited different levels of decline.
MDA continually increased with increasing picloram
concentration and extending treatment time (Figure 2),
and all treatments were significantly different (p < 0.05).
On the 7" day, MDA contents were 2.23,2.27,2.62,2.71,
and 2.93 times compared with the control, respectively

p ab 2

Relative conductivity (RL) %
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W 60gaiha! [ 120 gaiha' [ 240 g ai ha'

Different letters indicate the significant difference between data points
(p <0.05).

Figure 1. Relative conductivity (RL) in leaves of Eupatorium
adenophorum exposed to picloram treatments (12, 24, 60, 120,
and 240 g ai ha') for 7 d. Values are mean = SD of five replicate
measurements.

MDA content (nmol g')
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Different letters indicate the significant difference between data points
(p <0.05).

Figure 2. Malondialdehyde (MDA) content in leaves of Eupatorium
adenophorum exposed to picloram treatments (12, 24, 60, 120,
and 240 g ai ha'') for 7 d. Values are mean + SD of five replicate
measurements.

(Figure 2). These indicated that cell membrane of E.
adenophorum was severely damaged under picloram
stress.

Free proline and soluble proteins

Data of free proline and soluble proteins showed that
proline concentrations were significantly different under
all stress conditions (Figures 3 and 4). Initially proline
increased with increasing picloram concentration and
extending treatment time during 3 d after treatment (DAT).
However, from 5 to 7 DAT, the proline concentration
declined in all treatments. The fall in proline concentration
was modest in the low picloram treatment (P12) but
was > 30% below the peak in the high dosage picloram
treatments (P60, P120, and P240). The difference among
dosage treatments was distinct (p < 0.05), except 60
and 120 g ai ha'! treatments (Figure 3). An alteration in
soluble protein content is an important index of the degree
of injury to plants under environmental stress. The low
concentrations of picloram (P12 and P24) increased the
soluble protein content slowly during 3 DAT, and became
significantly high dosage than the control after 3 DAT
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Different letters indicate the significant difference between data points
(p <0.05).

Figure 3. Proline content in leaves of Eupatorium adenophorum
exposed to picloram treatments (12, 24, 60, 120, and 240 g ai ha™) for
7 d. Values are mean + SD of five replicate measurements.
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Different letters indicate the significant difference between data points
(p <0.05).

Figure 4. Content of soluble protein in leaves of Eupatorium
adenophorum exposed to picloram treatments (12, 24, 60, 120,
and 240 g ai ha!) for 7 d. Values are mean + SD of five replicate
measurements.
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(p < 0.05). In contrast, the soluble protein significantly
decreased in groups treated with high dosage picloram
concentrations (P60, P120, and P240). From 5 DAT,
soluble protein decreased with increasing of the herbicide
concentration in all treatments. The results indicated that
low picloram stress increased soluble protein synthesis
for a short time, but it was inhibited significantly with
extending of treatment time. Soluble protein synthesis
was inhibited by high dosage concentrations of picloram
(P60, P120, and P240) (Figure 4).

Antioxidant enzymes

Data of antioxidant enzymes are shown in Figures 5, 6,
and 7. The CAT activity in the treatment with different
dosages picloram (P12, P24, and P60) increased initially;
on the 3 DAT, the P60 treatment group showed a 7.71%
increase compared to the control. However, after 3 d, CAT
activity in the three dosages of picloram treatments fell
below the control significantly. The high dosage picloram
treatments (P120 and P240) exhibited a different response:
their CAT activity declined throughout the test period.
After 7 DAT, CAT activity in P12, P24, P60, P120, and
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Different letters indicate the significant difference between data points
(p <0.05).

Figure 5. Catalase (CAT) activity in leaves of Eupatorium
adenophorum exposed to picloram treatments (12, 24, 60, 120, and
240 g ai ha') for 7 d. Values are the mean + SD of five replicate
measurements.
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Different letters indicate the significant difference between data points
(p <0.05).

Figure 6. Peroxidase (POD) activity in leaves of Eupatorium
adenophorum exposed to picloram treatments (12, 24, 60, 120,
and 240 g ai ha!) for 7 d. Values are mean = SD of five replicate
measurements.
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Figure 7. Superoxide dismutase (SOD) activity in leaves of
Eupatorium adenophorum exposed to picloram treatments (12,
24, 60, 120, and 240 g ai ha™) for 7 d. Values are mean * SD of five
replicate measurements.

P240 treatment groups had declined 9%, 12%,22%,25%,
and 29%, respectively, compared to the control (Figure
5). POD activity initially increased in three picloram
treatments (P12, P24, and P60), and then declined
below the control level after 3 DAT. On the 3 DAT,
POD activity in the P60 treatment reached a maximum,
showing 18% increase. However, POD activity in the
high dosage concentrations of picloram (P120 and P240)
treatments showed different: POD activity fell from the
1 DAT and continued to decline. From 5 DAT, POD
activity decreased in all treatments. On the 7 DAT, POD
activity continued to decline with increasing of picloram
concentration, falling to 94%, 90%, 81%, 57%, and 47%,
respectively, of the control level. This indicated that the
tolerance of E. adenophorum to picloram was strong at
low concentrations, however under high concentrations of
picloram POD activity declined because of plant damage.
SOD activity in the picloram treatment groups (P24 and
P60) increased and peaked around day 5 DAT, followed by
a slight decline (Figure 7). In the 5 DAT, SOD activity in
the three dosages of picloram groups (P12, P24, and P60)
increased 13%, 39%, and 40%, respectively, compared to
the control. The high dosage treatment groups (P120 and
P240) exhibited a different response: SOD activity fell
from 1 DAT or 3 DAT, and continued to decline gradually.
On 7 DAT, the P120 and P240 treatments fell to 88% and
82%, respectively, of the level in the control group. The
SOD activity was significant different among the treated
groups (p < 0.05).

Cellular ultrastructure

The organelles of mesophyll cells in E. adenophorum
were observed to be normal under control conditions
(Figure 8a, b, c), but under stress injuries on the plant
resulted from picloram herbicide became apparent,
especially in the chloroplasts and mitochondria. Under
control conditions, the cell walls were smooth and dense
(Figure 8a), chloroplasts were well developed and highly
stacked (Figure 8a), structures of thylakoid and grana
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Control group: (a) 4000X, (b) and (c) 12 000X; picloram-treated plants: (d) 12 000X, (e) 8000X, (f) 3500X.
Chl: Chloroplast; G: grana; M: mitochondria; sg: starch granules; G1: grana lamella; CW: cell wall; os: osmiophilic granules; SL: stroma lamellae.

Figure 8. Transmission electron micrographs of Eupatorium adenophorum leaf ultrastructure of control plants and after 7 d exposed to picloram

treatments.

lamella were clear and orderly, mitochondria were intact
(Figure 8b, ¢), and osmiophilic granules were fully filled
(Figure 8b, c). However, during the period after picloram
treatment, chloroplasts were seriously deformed, the
thylakoid lamellar structure was destroyed and disorderly
(Figure 8d, e, f), and some huge disordered starch granules
appeared (Figure 8d, e). In addition, the chemical injury
resulted in that mitochondrial membrane in the weed was
destroyed; its electron density and osmiophilic granules
decreased significantly (Figure 8d).

DISCUSSION

Plant cell can generate many reactive oxygen species
(ROS) in response to stress conditions, such as heavy
metal pollution, extreme temperature, drought, saline
and herbicides (Pazmifio et al., 2011; Liu et al., 2012;
Bhaskaran and Panneerselvam, 2013). If the ROS are not
cleared promptly, plasma membranes can be attacked,
causing lipid peroxidation and substantial leakage of
electrolytes and small organic molecules, damaging the
membrane system, causing disorder in various metabolic
processes and damage to plant physiological processes
(Semane et al., 2007). To prevent such damage to cells,
the antioxidant enzyme system is activated or increased to
clear the reactive oxygen species (Xu and Huang, 2004).

Previous studies have demonstrated that plant cell
membrane play an important role in maintaining the
cellular microenvironment and normal metabolism. Under
normal conditions the cell membrane has good selectivity.
However, when plants are subjected to adverse stress
the cell membrane becomes damaged, cell membrane

permeability is increased, and electrolyte leakage and
conductivity is increased. The level of plasma membrane
permeability has a close relationship with stress strength
(Tang et al., 2008). MDA is a product of membrane lipid
peroxidation and a marker of the degree of cell membrane
damage, research has found a positive correlation between
MDA content and the degree of membrane lipid peroxide
(Corbineau et al., 2002). The results of this study showed
that RL and MDA increased with time and with increasing
doses of picloram. Both low and high doses of picloram
resulted in RL and MDA levels that were high dosage than
the control; RL alone showed a slight decrease at 7 day.
This was identical to results of (Zhang et al. 2009) on the
impacts of acid rain on E. adenophorum and from (Zhai et
al. 2009) on the influence of herbicide on Amazon sword.
Under picloram stress, the cell membrane structure of
E. adenophorum was seriously damaged; its ROS led
to metabolic disequilibrium and caused membrane lipid
peroxidation, thus causing cell inclusion disclose and a
large increase in MDA.

Other studies have observed that, under adverse stress,
free proline is substantially produced by plants as an
osmotic adjustment substance. It can reduce the damage
to cell, and can improve cytosol concentration and
reduce water potential when plants are being stimulated;
meanwhile free proline accumulation also increased
markedly (Zhao and Li, 2001; Hong and Wu, 2008). In
our study on E. adenophorum, free proline increased
significantly with increased dose during the early stage
of picloram stress. However, after 5 d the free proline
content declined and reached a minimum level at 7 day.
The results indicated that physiological regulation of E.
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adenophorum may resist herbicide injury during the initial
stage, but several days later the injury appeared to rise
beyond its tolerance ability, the cells metabolism became
disordered, and the free proline content creased instead.
The reason may be due to weaker stress resistance to
picloram. In this study, after low dose herbicide treatment,
the soluble protein synthesis was not inhibited during the
earlier stage. However, after long stress, under high doses
picloram, soluble protein synthesis showed significant
inhibition. The results were consistent with previous
literature in Liang’s study on Zoysia japonica Steud.
(Liang et al., 2004), but not in agreement with Chen’s
research on lawn pennywort (Chen and Sun, 2002).
This may result from low dose picloram having stronger
activities for obtain auxin, promoting growth of tissues in
vitro,and accelerating new protein synthesis (Jurado et al.,
2011; Alayén-Luaces et al., 2012). In addition, previous
studies have shown that high dose picloram can inhibit
the synthesis of a-amylase and protein hydrolase (Nelson
and Lym, 2003). Thus, because of the inhibition of high
doses picloram, the soluble protein of E. adenophorum
was reduced significantly.

Plants can produce a large number of free radicals (O,
OH, and H,0,) under adverse stress conditions. Because
of their strong oxidative power, the excess free radicals
can damage the organism; they can also attack nucleic
acids, proteins amino acids and lipids, leading to cell
damage and even to death (Luna et al., 1994). Meanwhile,
the activity of anti-oxidation protective enzymes increases
rapidly to clear up free radicals, greatly reducing the
damage of cells (Yang and Gao, 2001). CAT, SOD, and
POD are major protective enzymes of plant antioxidant
enzyme systems (Luna et al., 1994). They can form an
effective active oxygen radical scavenging system,
providing one important material basis for plants to
tolerate stress. In this experiment, under low dose picloram
stress at the earlier stage, CAT and POD activity increased
with increasing reactive oxygen species, indicating that
free radical scavenging relies on increasing antioxidant
enzyme activity, to some extent relieving the injury due to
membrane lipid peroxidation. However, with increasing
herbicide concentration and stress period, the stress levels
exceeded the plant defense limit, with the result that CAT
and POD then decreased significantly. This phenomenon
was related to a previous study where picloram was able
to chelate free or bonding metal ions (such as Fe?*, Cu?*,
and Mn?*) in the plant, leading to inhibition of CAT and
POD protein synthesis (Owens, 1969). This caused an
obvious accumulation of free radicals and severe damage
to plant structure, and finally the induced protective effect
gradually disappeared (Xu et al., 2004). Therefore the
efficacy of picloram on E. adenophorum is related to its
inhibition of CAT and POD activity.

This study demonstrated that chloroplast and
mitochondria ultrastructure of E. adenophorum were
significantly affected by picloram. The chloroplast is

an organelle specialized for carrying out photosynthesis
in plants. Following picloram treatment, chloroplasts
became seriously damaged, photosynthetic efficiency
was reduced significantly, and physiological metabolism
became disordered, eventually leading to the death of
plants. As one of the most important cellular organelles,
mitochondria are the power stations of cells, and their
physiological activities are the basis of plant adaptation
to the environment (Huang et al., 2001). Previous studies
have shown that picloram can inhibit ATP-induced
contraction of mitochondrion (Leasure, 1964), and
experiments had also confirmed that mitochondrial were
substantially destroyed seriously; therefore mitochondrial
damage was one of the main causes of death.

CONCLUSION

In this study, we found that in the initial period of low
concentration picloram stress, Eupatorium adenophorum
can improve its herbicide-tolerance by increasing the
antioxidative system activities; however, with an increase
in stress (due to time or high dose) this protective function
disappeared. We also found that E. adenophorum exhibits
different adaptive responses to low and high picloram
concentrations, and that the resulting ultrastructural
change was an important cause of death.
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