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Abstract

Aquatic plants play an important role in maintaining the health of water environment in nature. Studies have shown that linear
alkylbenzene sulfonate (LAS), a type of omnipresent pollutant, can cause toxic damage to aquatic plants. In the present research,
we studied the physiological and growth response of submerged plant Potamogeton perfoliatus L. to different concentrations of
LAS (0.1, 1.0, 10.0, 20.0, and 50.0 mg IY). The results showed that LAS is toxic to P, perfoliatus, and the toxicity is dose-
dependent. Only slightly reversible oxidative damages were observed in the physiological parameters of P. perfoliatus when
P, perfoliatus was exposed to lower LAS doses (< 10 mg 1™"): soluble sugar, soluble protein, H,O,, and malondialdehyde (MDA)
content in P. perfoliatus increased significantly at 0.1 mg I"' and then returned to normal levels at 1.0 mg I"'. Antioxidant
enzymes were activated before the LAS concentration reached 10 mg 17!, and the activities of superoxide dismutase (SOD),
catalase (CAT), and photosynthesis pigment content declined significantly when the concentration of LAS exceeded 10 mg1™". In
addition, at higher concentrations (20-50 mg I"') of LAS, dry weight and fresh weight of P. perfoliatus showed significant
declines. The results indicate that LAS above 10 mg I ! can cause serious physiological and growth damage to P. perfoliatus.
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Introduction

As primary producers in aquatic ecosystems, aquatic plants
are essential to water environment regulations. Aquatic plants
not only provide habitats to various types of aquatic animals
but also enhance the biodiversity and stability of water eco-
systems. Many studies have shown that aquatic plants are of
great importance in water transparency, nutrient cycling, and
biomass accumulation in aquatic environments (Singh et al.
1994; Garrido-Perez et al. 2008; Jonsson et al. 2009; Wang
et al. 2011; Xu et al. 2013). However, there are increasing
numbers of reports of aquatic plant degradation due to water
pollution. For example, Potamogeton maackianus L., which
used to be the dominant species in the middle and lower
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reaches of the Hanjiang River, is diminishing or even partially
disappearing due to industrial and domestic sewage discharge
(Guo et al. 2016).

Surfactants are an ignored water environment pollutant that
often appears in domestic swage. These anthropogenic com-
pounds can reduce the surface tension of water and aqueous
solutions at low concentrations and have multiple functions,
including washing, frothing, emulsifying, solubilizing, and
dispersing (Song 2000). Linear alkylbenzene sulfonate
(LAS) is an anionic surfactant often used as the effective com-
ponent of detergents and other cleaning products because of
its cleaning efficiency and relatively low cost (Rosen 1989;
Temmink and Klapwijk 2004). The annual global consump-
tion of LAS is approximately 2.8 x 10° tons, and this number
has been steadily increasing over time (Verge et al. 2001). The
excessive use of LAS has led to the discharge of highly con-
taminated wastewaters into aquatic environments. Although
microbial activity can reduce its final concentration, its natural
degradation is still conditional and inefficient, and high con-
centrations of LAS have been found in surface water in recent
years (Jardak et al. 2016; Lechuga et al. 2016).

In aquatic environments, LAS exerts direct and serious
inhibitory effects on the growth, reproduction, and
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physiological functions of aquatic organisms by influencing
membrane permeability, enzyme activity, and tissue structure
(Misra et al. 1987; Garrido-Perez et al. 2008). In addition,
decreased dissolved oxygen (DO) in water due to LAS bio-
degradation has caused the deterioration of water quality.
Furthermore, the solubilizing power of LAS increases the dis-
solving of pollutants in water, which further damages the liv-
ing environments of aquatic organisms (Forgécs et al. 2002).
To protect aquatic environments from surfactant pollution,
agencies of the Chinese Ministry of Environmental
Protection have formulated wastewater discharge standards.
The maximum allowable emission concentration of LAS is
10 mg I"" in general and 5 mg "' for several specific indus-
tries (GB8978-1996; GB18918-2002; GB5084-2005;
GB20426-2006).

However, many studies about toxicity of LAS have fo-
cused on animals and algae (Venhuis and Mehrvar 2004;
Hodges et al. 2006; Lewis 1991). To date, few studies have
addressed the ecotoxicological effects of LAS on aquatic
plants. Wu et al. (2010), Wang et al. (2012), and Liu and
Wu (2018) respectively studied the effect of LAS on the phys-
iology and growth of floating plant Hydrocharis dubia (Bl.)
Backer, Lemna minor L., and submerged plant Chara vulgaris
L., indicating that the effect of LAS on aquatic plants is dose-
dependent and is related to the plant species. Liu et al. (2004)
investigated the damage that LAS cause to several aquatic
plants at the microscopic level and explained the mechanisms
of damage at the cellular level. Accumulating evidence has
shown that many stressors such as LAS, UV irradiation, and
nutrient deficiency can cause enhanced generation of ROS,
leading to membrane lipid peroxidation and activation of an-
tioxidant system (Farhadian et al. 2009; Mishra et al. 2009;
Singh et al. 2006). Therefore, activities of the antioxidant en-
zymes such as superoxide dismutase (SOD), catalase (CAT),
and peroxidase (POD) are important indicators of the plant’s
resistance to LAS stress. These enzymes protect plant cells by
transforming ROS to harmless molecules. As the final product
of the peroxidation reaction, malondialdehyde (MDA) is also
an important index to measure the physiological status of
plants under stress conditions. It is reported that LAS can
cause photosynthesis pigment damage to plants through di-
rectly or indirectly way, and the degree of damage depends on
the species (Merta and Stenius 1999; Liu et al. 2004; Yu et al.
2006; Wang et al. 2012). Regarding whether the existing
emission standards can protect aquatic plants from LAS dam-
age, previous studies have rarely mentioned. Therefore, stud-
ies of LAS toxicity to aquatic plants are of great significance
for the protection of aquatic ecosystems.

Submerged macrophytes are aquatic plants that live
completely underwater and are easily affected by pollutants
diffused into water due to its aquatic characteristics (Liu and
Wu 2018). Potamogeton perfoliatus L., a kind of submerged
macrophyte, is commonly found in freshwater and brackish
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ecosystems in temperate climates and is the dominant species
in many waters or rivulets threatened by pollution in the
Yangtze River Basin in China. Most of previous researches
on this species focused primarily on its growth conditions,
classification, and community characteristics (Cunningham
et al. 1984; Jones and Estes 1984; Guo et al. 1985; Jones
et al. 1986; Wu et al. 2003; Jaschinski et al. 2011), and few
studies have examined its physiology or ecotoxicology
characteristics.

The present work aimed to (1) study the toxicity of LAS on
the submerged macrophyte P. perfoliatus and (2) access
whether the concentration of LAS in current sewage discharge
standard (10 mg 1™') causes significant damage to
P, perfoliatus. Our research is significant because it not only
is in favor of the improvement of existing LAS emission stan-
dards but also enriches the ecotoxicology data on aquatic plant
and provides reference for aquatic environmental protection in
the middle and lower reaches of the Yangtze River Basin and
other basins and lakes in which P. perfoliatus is widely
distributed.

Materials and methods
Plant material and experimental design

Whole plants of P. perfoliatus were collected from
Hanjiang River (30° 08-34° 11’ N, 106° 12'-114° 14’
E), the largest branch of Yangtze River, PR China. Prior
to the experiment, the plants were cultivated in a cli-
mate chamber for acclimation for approximately 1 week.
During the acclimatization and the experiment, the
plants were grown in 10% Hoagland’s solution
(Hoagland and Arnon 1950) in transparent plastic tanks,
at an air temperature of 26 +2 °C and water tempera-
tures of 28+2 °C during the light period and 26+2 °C
during the dark period. The light intensity was 120+
20 umol photons m % s~ ' and the photoperiod was 12 h
light: 12 h dark.

The experiments were performed in three replicates, and
each replicate contained three plants of similar size. The plants
were treated with the control treatment (0 mg ") and different
concentrations of LAS (0.1, 1.0, 10.0, 20.0, and 50.0 mg 1_1)
in 10% Hoagland’s solution in plastic tanks under the
abovementioned laboratory conditions for a total exposure
period of 1 week. The LAS substance adopted in this experi-
ment was dodecyl-benzene sulfonic acid sodium salt
(CH;3(CH,);1C¢H4SO5Na) (supplier: Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China).

The DO and pH were measured with an YSI Professional
Plus device (YSI Inc., Brannum Lane, Yellow Spring, OH,
USA). Cable number 6052030-x was used to detect DO and
cable 1009-4 was used to determine the pH.



Environ Sci Pollut Res (2018) 25:32303-32311

32305

Measurement of biomass

Harvested plants were washed thoroughly, and plant surface
moisture was dried gently with absorbent paper. The total
fresh weight of plants in each replicate was weighed with an
analytical balance (OHAUS Corp., New Jersey, USA). Then,
the plants were oven-dried at 80 °C for 48 h to determine the
dry weight.

Measurement of photosynthesis pigments content

Only the leaves were used to determine pigment variations
resulting from LAS stress. Samples of plant leaves (0.2 g fresh
weight) were cut into pieces, ground, and placed in 25-ml flasks.
A quantity of 95% ethanol was then added to fill the flask to
25 ml. The samples were placed in the dark for 24 h, and the
absorbance of the sample was then measured with a spectropho-
tometer (MPADA Co., Ltd., Shanghai, China) at 470, 649, and
665 nm. The chlorophyll a and b and carotenoid contents were
calculated according to Lichtenthaler and Wellburn (1983).

Measurement of antioxidant enzyme activity
and H,0, content

Samples of fresh leaves weighing 0.5 g were ground with
0.2 M phosphate buffer solution (pH 7.8) containing 1% (w/
v) polyvinyl pyrrolidone (PVPP), 0.1 mM ethylenediaminetet-
raacetic acid (EDTA), and 0.4 mM mercapto-ethanol at 4 °C.
The extract obtained was centrifuged at 8000 rpm for 15 min at
4 °C. The supernatant was stored at 4 °C and used for enzyme
activity assays. SOD, POD, and CAT activities in the leaf cells
of the plants were determined spectrophotometrically accord-
ing to Elavarthi and Martin (2010). SOD activity was measured
at 550 nm. The reaction mixture contained 50 mM phosphate
buffer (pH 7.8), 13 mM methionine, 0.075 mM nitroblue tet-
razolium (NBT), 0.1 mM EDTA, 0.002 mM riboflavin, and a
suitable aliquot of enzyme extract. The unit of SOD activity
(U g ") was defined as the amount of enzyme that caused 50%
photochemical reduction of NBT. For the measurement of
POD activity, a reaction mixture comprising 100 mM potassi-
um phosphate buffer (pH 7.0), 20 mM guaiacol, 65 mM H,0,,
and enzyme extract was prepared. The increase in absorbance
due to the oxidation of guaiacol was monitored at 470 nm. One
activity unit of POD (U g ') was defined as the amount of
enzyme that caused an increase of 0.01 absorbance per minute.
For the estimation of CAT activity, the reaction mixture com-
prised 50 mM phosphate buffer (pH 7.0), 20 mM H,0,, and a
suitable aliquot of enzyme. CAT activity was measured at
240 nm with a spectrophotometer. One unit of CAT activity
(U g") corresponds to a decrease of 0.01 in absorbance of
reaction mixture at 240 nm in 1 min. H,O, (ug/g FW) was
examined according to Shi (2016). The reaction mixture
contained enzyme extraction and 5% titanium sulfate in 20%

sulfuric acid. For the measurement of H,O, content, the absor-
bance was measured with a spectrophotometer.

Measurement of MDA and soluble sugar content

Samples of plant leaves (0.2 g) were homogenized with 2 ml
5% trichloroacetic acid (TCA) at 8000 rpm, 4 °C for 10 min.
The supernatant was mixed with 0.67% 2-thiobarbituric acid
(TBA), and the mixture was heated at 100 °C for 30 min and
then homogenized at 8000 rpm and 4 °C; the supernatant was
reserved as the extract. The absorbance of the supernatant was
measured at 450 nm, 532 nm, and 600 nm. The calculation of
the MDA and soluble sugar contents was completed following
the method of Zhao et al. (1991).

Measurement of soluble protein content

Soluble protein contents were determined after the method of
Bradford (1976). Samples of plant leaves (0.2 g of fresh weight)
were cut into pieces, homogenized with phosphate buffer
(pH 7.8), and ground. The homogenate was subsequently centri-
fuged for 10 min at 2000 rpm. The supernatant was separated and
the volume was increased to 10 ml. Then, 1 mL of this protein
extract was added to 5 ml of Coomassie brilliant blue reagent and
vortexed for 30 s for color development. The sample was then
measured with a spectrophotometer at 595 nm, using the pure
reagent as a blank. A standard curve using different bovine serum
albumin concentrations was used as a protein standard.

Statistical analysis

The experiments were set up with a randomized block design.
All the values are expressed as the means + standard devia-
tions. After testing, all the results meet the normal distribution
and homogeneity of variance. One-way analysis of variance
(ANOVA) was performed to assess the variability of data and
validity of results. To determine significant difference be-
tween treatments, least significant difference (LSD) was esti-
mated, and differences were considered significant at P < 0.05
(SPSS 10.0 for Windows).

Results
Effect of LAS on plant growth

After 7-day exposure to 0.1, 1.0, 10, 20, and 50 mg "' LAS,
the growth of P. perfoliatus was significantly suppressed
(Table 1). The fresh weight of P. perfoliatus was reduced to
81.37%, 83.33%, 72.35%, 67.64, and 59.80%, respectively,
and significant decreases were found at 20 and 50 mg 1™ LAS.
However, the effect of 0.1-20 mg 1! LAS on the dry weight
of P. perfoliatus was negligible, but 50 mg 1"' LAS
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Table 1 Influence of LAS on the fresh weight and dry weight of Effects of LAS exposure on antioxidant enzymes
P perfoliatus and redox balance
Concentration (mg ") Fresh weight (g) Dry weight (mg)

Adding different doses of LAS to the P. perfoliatus culture
0 2.040.02° 66.43+2.80" media resulted in significant effects on enzyme activities
0.1 1.66+0.16" 59.73+2.85° (Fig. 1(a—c)). No significant difference was observed in SOD
1.0 1.70+0.26™ 6227+5.17° activity at lower levels of LAS (< 10 mg1™"). Maximum activity
10.0 1.68+0.32% 62.05+3.58" for SOD of 2931.3+184.81 U g ' FW was observed at
20.0 138+0.18" 55.99+8.92 10 mg I"' LAS. The SOD activity declined sharply at higher
50.0 1.2240.12° 44.25+8.34° LAS concentrations. Compared to the control, the activity at
P value P<0.05 P<0.05 50 mg I"' LAS showed a significant difference, with a test of

All values are the mean of three replicates = SD. Means with the letters a, b,
and c are significantly different between treatments (P < 0.05, LSD test)

significantly reduced the dry weight to 66.6% compared with
the control group.

Effects of LAS on photosynthetic pigments

The changes in total chlorophyll, chlorophyll a and b, and
carotenoid content in P. perfoliatus are shown in Table 2.
These photosynthetic pigments decreased with increasing
LAS concentrations. A significant effect on pigment content
was observed when LAS doses exceeded 1.0 mg 1. When
LAS concentration was 10 mg 17", a few leaves turned yellow.
At 20 mg 1!, P. perfoliatus showed apparent damage: many
leaves turned yellow and withered, and some of the plants
disintegrated and perished. In accordance with the observation
conditions, chlorophyll b and carotenoid contents decline sig-
nificantly at 20 mg "' LAS compared to lower concentrations
of LAS. Almost all the plants in the 50 mg 1"' LAS concen-
tration experimental group died.

In contrast to the photosynthetic pigment contents, the
chlorophyll a/b ratio in the plants remained steady and high
at 0.1-20 mg I"' LAS (Table 2). No significant decline in this
ratio was observed up to 20 mg 1! LAS. At 50 mg 1", the
chlorophyll a/b ratio showed a significant decline compared to
the control.

homogeneity of variances with P <0.01 (Fig. 1(a)).

Similar to the SOD activities, the CAT activities presented
an earlier increasing and a later decreasing trend (Fig. 1(b)).
No statistically significant differences were observed at lower
LAS concentrations (< 1.0 mg 1™") compared with the control.
After reaching its maximum (769.15+19.84 U g 'FW)
at a concentration of 10.0 mg 1! LAS, CAT activities
decreased just as sharply with further increases in LAS
as those of SOD.

The POD activities hardly changed before the LAS con-
centration reached 10.0 mg I (Fig. 1(c)), when a very signif-
icant increase was observed (P < 0.01). The maximum POD
0f271.56+16.41 U g ' FW was observed at 20 mg 1", after
which a decline was observed. POD activity at the highest
LAS concentration decreased far less dramatically than did
the SOD and CAT activities and remained at a comparatively
higher level at the concentration of 50 mg "' LAS.

As shown in Fig. 1(d), the LAS treatment resulted in an
increase in MDA content at 0.1-10 mg 171, where a maximum
increase of 47.8% was observed. However, a significant in-
crease in comparison to the control was noticed only at 0.1 and
10mg 1.

H,0, plays an essential role in plants facing environmental
stress, such as acting as a signaling molecule to activate anti-
oxidant systems (Sandalio et al. 2001). The H,O, content of
plants in this study showed a significant increase at 0.1 mg 1"
LAS, beyond which the H,O, content exhibited a
concentration-dependent decrease up to 50 mg 1"' LAS

Table 2 Effect of LAS on the

contents of total chlorophyll, Concentration Chlorophyll a Chlorophyll b Carotenoid Total chlorophyll ~ Chlorophyll

chlorophyll a and b, and (mg I') (mg g ) (mg g ) (mgg ") (mgg ™) a/b

carotenoid in the leaves of

P perfoliatus 0 0.54+0.19 0.18+0.06° 0.14+0.04*  0.73+0.26" 2.96+0.08
0.1 0.65+0.07° 0.22+0.02° 0.16+0.02°  0.86+0.09* 2.96+0.06*
1 0.28+0.07° 0.10+0.02° 0.09+0.01°  0.38+0.09° 2.68+0.09%
10 0.23+0.04> 0.10+0.02° 0.10£0.02°  0.32+0.06" 2.39+0.19%
20 0.10+0.04%¢ 0.04+0.01° 0.03+0.01°  0.13+0.05% 2.58+0.53
50 0.04+0.04¢ 0.03+0.01° 0.00£0.00°  0.07+0.04¢ 1.35+0.70°
P value P<0.001 P<0.001 P<0.001 P<0.001 P=0.002

All values are the mean of three replicates = SD. Means with the letters a, b, and c are significantly different
between treatments (P < 0.05, LSD test)
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Fig. 1 Effects of LAS on activity of the antioxidant enzymes superoxide
dismutase (a), catalase (b), and peroxidase (c) and on MDA content (d)
and H,0, content (e) in the leaves of P. perfoliatus. All values are the

(Fig. 1(e)). However, the minimum value at 50 mg 1! was not
significantly different from the control.

Effect of LAS exposure on soluble protein and soluble
sugar

Soluble protein content showed first a significant increase and
then a decreasing trend (Fig. 2). The maximum value (50.6%
greater than the control) was noticed at 0.1 mg I"!, beyond
which the content of soluble protein decreased as the concen-
tration of LAS increased. At 1 mg 1", the value returned to the
normal level (no significant difference from the control).

The soluble sugar content in P, perfoliatus showed a similar
trend to that of soluble protein content (Fig. 3). The maximum
value of soluble sugar was also observed at 0.1 mg 1", beyond
which the content began to exhibit a concentration-dependent
decrease as the LAS concentration increased up to 50 mg 1.
In contrast with the pattern seen in soluble protein, the decline
of soluble sugar is sharper, and a significant decrease occurred
at 50 mg I"' compared to the control.

LAS concentration (mg 1™)

mean of three replicates + SD. ANOVA is significant at P <0.05. Bars
with different letters are significantly different between treatments
(P<0.05, LSD test)

Effect of LAS on the culture media

The effect of LAS on the pH of the culture media is shown in
Fig. 4(a). The pH value in the culture media decreased with
increasing LAS concentration (P <0.05). A significant de-
cline in comparison with the control was noticed at the
10 mg I concentration, beyond which pH slowly declined.

The DO of the culture media decreased gradually as the
LAS concentration increased (Fig. 4(b)). No significant ef-
fects on the DO were observed before the concentration of
LAS reached 10.0 mg 1_1, beyond which the DO decreased
markedly. At 20 mg "' LAS, a significant decline occurred in
comparison with the control.

Discussion
During cell metabolism, some organelles such as chloroplasts,
mitochondria, and peroxisomes can generate reactive oxygen

species (ROS), such as superoxide (O, ), hydrogen peroxide
(H,0,), and hydroxyl radicals (*OH) that are highly reactive
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Fig. 2 Effects of LAS on soluble protein content in the leaves of
P. perfoliatus. All values are the mean of three replicates + SD.
ANOVA is significant at P<0.05. Bars with different letters are
significantly different between treatments (P < 0.05, LSD test)

and, without any protective mechanism, can cause damage to
cell structure and function (Salin 1991). Under normal physio-
logical conditions, there exists a dynamic balance between the
ROS producing and scavenging (Alscher et al. 1997). H,0, is
an ROS that is relatively more stable than O, and -OH. Under
normal circumstances, the H,O, produced during metabolism
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Fig. 3 Effects of LAS on soluble sugar content in the leaves of
P. perfoliatus. All values are the mean of three replicates + SD.
ANOVA is significant at P <0.05. Bars with different letters are
significantly different between treatments (P < 0.05, LSD test)
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is balanced by the antioxidant system to maintain the homeo-
stasis of H,O, (Yamasaki et al. 1997). Among many antioxi-
dant enzymes, the enzyme SOD transforms the superoxidative
radical (O, ") to H,O, and oxygen, CAT oxidizes H,O, to gen-
erate H,O and O,, and POD catalyzes the decomposition of
H,0, through the oxidation of phenolic compounds (Bowler
etal. 2003; Wu et al. 2013). In our study, the content of H,O, in
plants significantly increased when exposed to 0.1 mg ™' LAS.
However, the results of the antioxidant enzymes demonstrate
that the SOD, CAT, and POD activities showed no significant
change at 0.1 mg "' LAS, which means that the antioxidant
system has not been activated yet. Therefore, the sharp increase
of H,0, at 0.1 mg "' LAS may only be due to the increased
production of ROS under LAS stress. The excess H,O, can
generate highly reactive -OH through the Haber-Weiss reaction.
High concentrations of HO, and -OH are signals that induce
the activation of the plant antioxidant enzyme system (Sandalio
et al. 2001). Therefore, the increased activities of SOD, CAT,
and POD at lower LAS levels (1.0-10 mg ") can be explained
by the activation of antioxidant enzyme system induced by
ROS. In addition, the following decline of SOD and CAT ac-
tivities at higher doses of LAS (> 10 mg 1”") might indicate that
enzyme synthesis decreased or that the assembly of its subunits
was altered, suggesting inactivation of the enzymes (Verma and
Dubey 2003). The trend of CAT activity under different LAS
concentrations is highly consistent with that of SOD. Both ac-
tivities increased at lower doses of LAS (1.0-10 mg I'") and
decreased at higher doses of LAS (> 10 mg "), which indicates
that 10 mg 1" may be the effective concentration at which to
study the response of antioxidant enzymes in P. perfoliatus to
LAS. Our results demonstrated that the activity of POD exhib-
ited a different trend compared to that of SOD and CAT. After
an increase at lower doses of LAS (0.1-10 mg 1", the POD
activity continued to increase and maintained a high level at
higher doses of LAS (10-20 mg ). When the concentration
of LAS reached 10 mg 171, the inactivation of SOD and
CAT exacerbated ROS accumulating, which adversely affects
plant cells. At higher concentrations (10-50 mg 1™") of LAS,
excess ROS was decomposed by POD and the H,O, content
in plant cell maintained at normal levels. The decline of
POD activity at 50 mg "' LAS is possibly because of the
enzyme damage by ROS. POD activity fell far less dramat-
ically than did the SOD and CAT activities, and it remained
a comparatively higher level at 50 mg I"' LAS, suggesting
that POD is the major protective enzyme of P. perfoliatus
under the stress of LAS. It is reported that Pistia stratiotes
L., Lemna paucicostata L., Azolla imbricate, and C. vulgaris
also have POD as their protective enzyme when exposed to
LAS, except for H. dubia (Liu et al. 2004; Wu et al. 2010;
Liu and Wu 2018). This difference may be attributed to the
differences between species.

ROS produced by plants can oxidize biofilms and change
the fluidity and permeability of cell membranes. The content
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of MDA indicates the level of membrane lipid peroxidation of
plant cells. At low LAS concentrations (0.1 mg1™"), the plant’s
antioxidant system was not activated, and the stress effect of
LAS on plants leads to an increase in membrane lipid perox-
idation. When the treatment concentration increased from 1 to
10 mg 1", the antioxidant system was activated, and the de-
gree of membrane lipid peroxidation increased significantly at
10 mg 1", Therefore, LAS still caused a certain degree of
damage to the plant membrane system at 10 mg I”' LAS.

It is reported that different aquatic plants show different an-
tioxidant responses to LAS stress. Wang et al. (2012) found that
the MDA content in L. minor showed a significant increase at
20 mg 1" LAS, and the glutathione content of L. minor is
significantly decreased when treated with higher doses of
LAS (<20 mg I'"). By analyzing the activities of SOD, CAT,
and POD in four aquatic plants, Liu et al. (2004) concluded that
10 mg I LAS would lead to a serious injury effect or death to
P, stratiotes, L. paucicostata, A. imbricate, and Spirogyra sp.
(Liu et al. 2004). In addition, Wu et al. (2010) also found that
the activities of SOD, CAT, and POD in H. dubia declined at
LAS doses greater than 10 mg I"". Liu and Wu (2018) studied
the antioxidant response in C. vulgaris exposed to less than
5mg 1" LAS and concluded that 5 mg I"' LAS causes slight
but not several oxidative damage to C. vulgaris.

As shown in Table 2, LAS at a concentration of 0.1 mg !
promoted pigment degradation in P, perfoliatus, and this coin-
cides with the results in other aquatic macrophytes, e.g.,
C. vulgaris (Liu and Wu 2018). The loss of chlorophyll content
could be due to LAS acting directly on photosynthesis and
blocking chlorophyll synthesis (Kralova et al. 1992; Merta
and Stenius 1999). LAS concentrations of 1-10 mg "' may
disturb the chlorophyll carriers in P. perfoliatus cells, as has

been observed in Spirogyra sp. (Liu et al. 2004). Carotenoids
are the most essential scavengers of singlet oxygen and are
capable of protecting chlorophyll from decomposition. The im-
pairment of carotenoids and inactivation of antioxidant en-
zymes further promoted the degradation of chlorophyll in
P, perfoliatus at 20 and 50 mg I"' LAS. This damage to plant
pigments was also expressed visually: chlorosis of leaves oc-
curred at 20 mg 1! and 50 mg I, and some of the leaves
completely whitened and perished at 50 mg 17", Liu et al.
(2004) also found that the chloroplasts in P. stratiotes were
seriously injured when treated with 50 mg 1! LAS. The differ-
ential decomposition rates of Chl a and b caused a decline in the
Chl a/b ratio. The faster degradation of Chl a could be because
Chl b is more photoresistant than Chl a (Waloszek and
Stanistaw 1994; Prasad et al. 2001). The sharp decline of the
Chl a/b ratio at 50 mg 1" also indicates that LAS significantly
impairs plant photosynthesis capacity at this concentration. In
the related studies to date, many species of macrophytes, except
for H. dubia, have shown chloroplast damage and photosyn-
thesis inhibition under the stress of more than 10 mg I"' LAS
(Liu et al. 2001; Wu et al. 2010; Wang et al. 2012; Liu and Wu
2018). This difference may be partly due to the special mor-
phological features of H. dubia. Different from submerged
plant, the floating plant H. dubia erects its petiole and leaf into
the atmosphere resulting in less LAS transfer from its roots to
leaves (Wu et al. 2010).

Under normal circumstances, submerged plants take up dis-
solved carbon dioxide from the water, which initiates the trans-
formation of carbonic acid into CO, and increases water pH by
shifting the bicarbonate buffer system towards bicarbonate and
carbonate (Brogan and Relyea 2014). However, as photosyn-
thesis was weakened in our study, the content of CO, increased
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which led to the accumulation of H* in the culture media and
thus a decrease in pH (Fig. 4(a)). In our experiment, the change
of culture media pH is correlated with chlorophyll content. DO
in the culture media did not decrease notably at lower doses of
LAS (<10 mg 1'"). Two factors may contribute to the DO
decline at 20 mg 1" First, the reduction of photosynthesis
caused by the chlorophyll content decline is responsible for
decrease in DO. Second, the plant cells were damaged to some
extent at this relatively high LAS concentration (20 mg I "), and
decomposition of dead cells requires more oxygen.

In the present study, the contents of soluble protein and
soluble sugar both increased at lower LAS concentration
(0.1 mg 1"), indicating that an LAS concentration of
0.1 mg 1" caused a certain degree of damage to the plant,
which is inconsistent with the results of MDA and H,O, con-
tent. As the most important material basis for the structure and
function of organisms and as important osmoregulators in
plants, soluble protein and soluble sugar exhibited a similar
trend with the plant fresh weight and dry weight at higher LAS
concentration (10.0-50.0 mg 1"). The increasing LAS doses
resulted in the apparent decrease in plant growth, soluble sug-
ar, and soluble protein content. Since the antioxidant enzyme
system was damaged at this moment, the decrease indicates
that the plant is irreversibly damaged at this concentration, and
the osmotic adjustment ability is destroyed.

Combining all the physiological and growth parameters and
cultural media indexes, we can explain the experiment results in
the following: LAS causes minor and reversibly oxidative dam-
age to the plant at lower doses (< 1.0 mg ") to which, the plant
exhibits initial damage symptoms, but the enzyme protection
system is not activated. When exposed to 1.0-10.0 mg "' LAS,
increased free radical concentrations activate the plant’s stress
resistance system, much ROS have been scavenged and plant
cell remain stable under the protection of the antioxidant sys-
tem. At 10.0-20.0 mg I ' LAS, the antioxidant enzyme system
is fully functional, but excess ROS causes damage to cells, and
the antioxidant system, photosynthesis capabilities, and osmot-
ic adjustment of P. perfoliatus are severely injured. When ex-
posed to higher concentrations of LAS (20.0-50.0 mg 1", the
degree of stress completely exceeds the range that the plant can
withstand, and the photosynthesis system and osmotic adjust-
ment system of the plant are destroyed. In addition, the signif-
icant decline of plant dry weight and fresh weight indicates the
stagnation of plant growth and death of tissues. In summary,
these findings provide evidence that LAS was phytotoxic for
P, perfoliatus, and 10 mg I"' LAS can cause apparent physio-
logical injury symptoms to P. perfoliatus.

In recent years, several newly established industrial waste-
water discharge standards in China have reduced the allow-
able emission concentration of LAS to 5 mg 1! (GB18918-
2002; GB20426-2006). Nevertheless, the allowable emission
concentration remains 10 mg I in the integrated wastewater
discharge standard (GB 8978-1996). Our study has
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demonstrated that LAS at a concentration of 10 mg I"' can
cause serious damage to P. perfoliatus. Wu et al. (2010),
Liu et al. (2004), and Wang et al. (2012) also concluded that
beyond 10 mg 1!, LAS could cause severe damage to other
aquatic plants. In addition, the ability of LAS to promote the
dissolution of other contaminants increases its potential dam-
aging (Forgacs et al. 2002; Wang et al. 2012). Therefore, re-
ducing LAS emissions is important for the protection of aquat-
ic plants and aquatic environment.

Conclusions

Based on all the experimental data in this study, it can be con-
cluded that (1) LAS is phytotoxic to P. perfoliatus, and the tox-
icity is dose-dependent. (2) The antioxidant enzyme (SOD, POD,
and CAT) systems play an important role in protecting
P, perfoliatus from LAS. POD is the major protective enzyme
of P. perfoliatus when LAS concentration is high. (3) At
10 mg I"', LAS caused serious physiological damage to
P, perofoliatus.
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