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ABSTRACT

INTRODUCTION

Urbanization and industrialization are considered astwo vi-
tal factors contributing to increasing pollution (Sm &
Balamurugan 1991, Harvey et al. 2002, Wang et al. 2008,
Dhote & Dixit 2009, Zhang et al. 2011). Wastes resulting
from urbanization and industrialization often contain con-
taminants, such as heavy metalsand organic chemical s, which
are typically hazardous to environment (Sengupta &
Venkatachalam 1994, Kucukmehmetoglu & Geymen 2008,
Suet d. 2010, Cumar & Nagaraja2011). Water bodiesaround
urban areas are often acting asimportant receivers of many
pollutants (Kucukmehmetoglu & Geymen 2008, Dhote &
Dixit 2009). Therefore, increasing studies have paid great
attention on the ecological effectsof pollutants onwater eco-
systemsin recent years (Teisseireet al. 1998, Mitsou et al.
2006, Olette et a. 2008, Dhote & Dixit 2009, Gorzerino et
al. 2009). Because of their important rolesin monitoring and
removal of pollutants, plantsare attracting a growing number
of researchers’ intereds.

Aniline is a main industrial chemical for producing
numerous products, such as pigments and herbicides (EPA
1994). It isalso commonly used asaraw materia for rubber
industry (EPA 1994). In both the devel oping and devel oped
worldsanilineisavery important industrial chemical, both
historically and presently (Uter et al. 2007). For instance, La
(2010) reported that about 1,735,000 tonsof aniline produced
every year in China. In United States, the estimated total
producti on capacity of anilinewas 1,380 million poundsonly
in 1992 (Mannsville 1992). Aniline rel ease happens easily
in the production of polymers, pesticides, pharmaceuticals

The ecotoxicological effects of aniline on Lemna minor have been evaluated based on both morphological
and physiological responses in this paper. The results showed a significant inhibition to frond number and
area, growth index, and biomass of L. minor. The contents of both chlorophyll a and b went down significantly
after exposure to aniline. Aniline shows an acute toxic effect on the vegetative growth of L. minor and the
effect is correlated with its concentration. Aniline might impact the growth of L. minor through destroying its
photosynthesis. The activities of CAT, POD and SOD shown different responses to aniline at different times,
but higher concentration of aniline and persistence would be more harmful to L. minor according to the
changes of the activities of antioxidant enzymes. L. minor could be used as an indicator to monitor the
existence of aniline in water bodies.

and dyes (EPA 1985). It is reported that about 1.6 million
pounds was released to environments in 1992 and 16
thousand pounds of them was released directly to surface
water (TRI92 1994). When it is released into our
surroundings, it could lead to toxic symptoms such as
cyanosis, dyspnea, fatigue to human beings and also some
adverse effects appeared in rats and other animals (EPA
1994). However, little is known about its environmental
influences, especially its influences on aquatic ecosystem
(Ammann & Terry 1985). Although some studieshave shown
that aniline shows great toxicity to animals (EPA 1994,
Bhunia et al. 2003), it is not enough for us to completely
understand its environmental effects.

Asamodel aguatic plant, Lemna minor hasbeen widely
used to test toxicity of contaminantsfor itssmall size, struc-
tural simplicity, rapid growth, easy cultivation and wide-
spread occurrence (Wang & Williams 1990, Wang 1991,
Moody & Miller 2005). In this paper, the effect of aniline
on the vegetative growth and physiological responses of L.
minor were investigated.

MATERIALS AND METHODS

Plant material: L. minor L., an aguatic floating plant, has
been used to test the toxic effect of aniline on aguatic plants
inthisexperiment. It iswidely distributedin still or dightly
flowing waters except in Arctic and Antarctic regions
(Landolt 1986), and it is also among the most standardized
test organismsin ecotoxicol ogical assessment (OECD 2002,
SO 2004, Naumann et al. 2007, Radiae et al. 2010). Inthis
study, L. minor was collected from a pond in the outskirts of
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Y angzhou city of Jangsu Province, Chinaand cultivated for
accommodation in our greenhouse (the temperature was
24+2°C, the light was provided by metal halide bulbs for
14h/d) for aweek before treatment by aniline.

Toxicity test: The toxicity testing method developed by
Organization for Economic Cooperation and Devel opment
(OECD 2002) was adopted after little modification. All
plants were cultivated separately in plastic containers (10
cmhigh, 20 cmin diameter) containing 1000 mL of Hoagland
medium with different aniline concentration diluted in the
nutrient medium. In each container, ten plants (30 fronds)
with similar sizes (p>0.05) were carefully placed. And an-
other 30 fronds were kept to determine their fresh and dry
weights. The modified Hoagland solution (Table 1) was
added periodically into the containersduring the whol e ex-
periment. Aniline concentrations selected for this study
ranged from 0.1 to 1.0 g/L according to the pre-treatment
experiment results. The concentration gradients of aniline
were prepared as follows: 0.0 g/L (CL), 0.1 g/L (G1), 0.2
g/L (G2),0.4g/L (G3),0.69/L (G4),0.8g/L (G5),1.0g/L
(G6). The dose-response tests conditions were the same dur-
ing the experiment. In each group, fifteen and six replicates
weredes gned for evaluating morphological and physiologi-
cal responses of L. minor to aniline, respectively.

Deter mination of frond number, leaf area and biomass:
The frond number of L. minor in each groups was recorded
every day from beginning (day 0) to the end of the experi-
ment (day 7). The fresh and dry weights of L. minor at the
beginning of the experiment were determined by the thirty
individua suntreated by aniline. Meanwhile, frond areawas
measured (n=70) only on day 0 and 7 respectively by LI-
3000C Portable Area Meter (L1-3000C Transparent Belt
Conveyer Accessory) from LI-COR, Inc.

During the experiment, other changes of morphological
characteristics, such asdecolour of fronds, root fracture, and
new unmatured fronds produced from mother fronds were
also recorded.

Deter mination of photosynthetic pigments: Approxi-
mately 50 mg of fresh frond material in each group at differ-
ent times was stored in fridge with -70°C for determining
chlorophyll and carotenoid contents of L. minor after the
treatment by aniline. The method used by Lichtenthaler
(1987) wasapplied to measure and cal cul ate the chlorophyl|
and carotenoid concentrations. The iced material was first
homogenized in 3 mL 80% (v/v) buffered acetone (800 mL
acetone, 195 mL water, 5mL ammonia (25% w/v) and then
centrifuged at 4000rmp for 15 min. Absorbance was meas-
ured in a spectrophotometer at 663 nm, 646 nm, and 470
nm.

Determination of antioxidant enzyme activities:

GuangjunWen et al.

Approximately 100 mg of fresh frondswas homogenized in
5 mL cold sodium phosphate buffer (0.1 M, pH 7.8, within
1% polyvinyl pyrrolidone) to obtain CAT enzyme extract.
Then the homogenate was centrifuged at 12000rpm (4°C)
for 15 min. The supernatant was used asthe enzyme extract
which was saved for analysis. All the work for preparation
of enzyme extract was carried out at 4°C according to Zou
(2000). POD and SOD enzyme extracts were the same asthe
CAT extract except for the sodium phosphate buffer (0.05
M, pH 7.0, within 1% polyvinyl pyrrolidone).

POD activity was determined spectrophotometrically by
measuring the increasein absorbance at 470 nm after 20 min
incubation at room temperature. The reaction mixture con-
tained sodium phosphate buffer (50 mM, pH 7.0, 2mL ), H,0,
(10mM, 0.8 mL), guaiacol (1%, v/v, 0.8 mL) and enzyme
extract (0.2mL) (Razinger et al. 2007). The reaction started
by adding H,O,.

CAT activity was evaluated spectrophotometrically by
measuring the consumption of H,O, at 240 nm (Aebi 1984).
Where the testing medium contained in final volume of so-
dium phosphate buffer (200 mM, pH 7.8, 1.5mL), H,O, (100
mM, 0.1 mL), and enzyme extract (0.2 mL) in afina vol-
umeof 3mL.

SOD was determined according to Zou (2000). SOD ac-
tivity was measured spectrophotometrically by measuring
theincrease in absorbance at 560 nm after exposure of light
25 minincubation at 30°C. The reaction mixture contained
sodium phosphate buffer (50 mM, pH 7.0, 1.5 mL), Met
(130mM ,0.3mL), NBT (750 uM, 0.3 mL), EDTA-Na,
(100uM, 0.3 mL), riboflavin (20uM, 0.3mL) distilled water
(0.5mL) and enzyme extract (0.1 mL).

Deter mination of M DA activity: MDA activity was deter-
mined to indicatethelevel of lipid peroxidation of frondsas
described by Zhao (2000). Enzyme extract (2 mL) and
thiobarbituric acid (0.5%, v/v, 2mL) wereboiled for 15min
andthen centrifuged at 4000 rpm for 15 min. The supernatant
wasmeasured spectrophotometrically at wavelength of 532
nm, 600 nm and 450 nm.

Dataanalyss: Growth index (Gl) was cal cul ated asfollows
(Khellaf & Zerdaoui 2009):

biomass(t=7days)

biomass(t=0days)

Comparison between control and treatmentswas statis-

tically analysed by one-way ANOV A using SPSS 17.0 pack-
ages. Thedifferencesweresatistically sgnificant at p< 0.05.

RESULTS

Growth index=

Theeffect of aniline on the frondsof L. minor: Thefrond
number of L. minor, whether in control or in treatment
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Fig. 1: Influence of aniline on frond number of Lemna minor L. during
the experiment (n = 15, mean + SE).
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Fig. 2: The changes of the ratios of yellow frond number/the total frond
number with treatment time.
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Fig. 3: The regression between the ratio of yellow frond number/the total
frond number and aniline concentration.

groups, tended to increase steadily during the experiment
(Fig. 1). However, the increase of the frond numbersin the
treatment groupswasinhibited significantly compared with
control at the end of the experiment (df =98, 6, F = 181.56,
p < 0.001). There were also significant differences of the
frond numbers among the treatment groups at the end of the
experiment (df = 89, 5, F = 90.75, p < 0.001). This result
suggested that the higher the concentration of aniline was,
the greater itsinhabitation on the frond number of L. minor
would be.

Aniline could accelerate the fronds of L. minor turning
yellow. At the end of the experiment, there was significant
differenceinthe ratios of the yellow frond number/the total
frond number among different groups(F = 73.973, p <0.001).
Apart from G1, the ratios in the other experiment groups
were significantly greater than that in control (Fig. 2). The
effect of aniline on the frondstuning yellow was correl ated
significantly with its concentration (x) (y = 0.567x+0.106,
R2=0.8015, p=0.006) (Fig. 3).

There wasasignificant check to the growth of frond area
during the experiment. As shown in Fig. 4, the frond areas
in the treatment groups decreased significantly compared
with control, and there was a significant negative linear re-
| ati onship between the frond area (y) and aniline concentra-
tion (x) at the end of the experiment (y = -4.557x+9.831, R?
=0.8788, p=0.0018).

Theeffect of aniline on biomassaccumulation and growth
index of L. minor: Compared with control, the dry weight
of L. minor in each experiment group decreased significantly
(p < 0.001). Additionally, there was a significant negative
correlation between the biomass and the aniline concentra-
tion (y =-0.0058x+0.0064, R?= 0.6740, p = 0.0236).

Inall experiment groups, growth index wassignificantly
smaller than that in control (Fig. 5). Theinhibitory effect of
aniline on growth index of L. minor was negatively corre-
latedto itsconcentration (y = -3.0573x+3.1866, R?= 0.6147,
p=0.0369).

Effects of aniline on chlorophyll a and b: After exposure
to aniline for 24 hours, the contents of both chlorophyll a
and b had no differencein G1 and G2, but went down sig-
nificantly in group G3, G4, G5 and G6 compared with con-
trol (Fig. 6). It suggested that aniline had an acute toxic ef-
fect on chlorophyll a and b contentsin L. minor when its
concentration was equal to or above 0.4 g/L .

Effectsof anilineon CAT, POD and SOD: Table 2 showed
the results of activitiesof CAT, POD and SOD in L. minor
after exposure to aniline for 24 h, 72 h, and 120 h. The ac-
tivities of three anti-oxidative enzymes had different re-
sponsesto aniline at different times.
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Table 1: The composition of modified Hoagland medium.

GuangjunWen et al.

Substance Concentration (mg/L) Substance Concentration (mg/L)
KNO, 505.5 H,BO, 2.68
Ca(NO,), 816.025 CusO,5H,0 0.08

MgSO, 567.341 ZnsO,-7H,0 0.22

KH,PO, 136.09 MnCl,-4H,0 181

K,SO, 174.25 H,Mo04 0.093
Na,EDTA 745 FeSO,-7H,0 557

Table 2: The activities of CAT, POD and SOD in L. minor at different times after treated with aniline (n = 6, mean + SE, *p < 0.05 and **p < 0.01

compared with control).

CAT (U gFW-t mint) POD (U mgFW-t min't) SOD (U gFW-tmint)
24 72 120 24 72 120 24 72 120
Control  156.6+10.0 193.5+12.8 327.7£7.0 21.6+x1.3 15.5+0.9 13.9+1.1 316.4+50.6 204.1+11.3 510.8+21.9
Gl 151.6+10.4 284.1+14.0** 334.2+36.6 24.0+1.6 14.9+0.5 17.9+1.1* 427.6+38.1 251.3+16.0 687.2+69.9*
G2 143.2+6.7 215.0£8.0 322.7+15.0 23.2+15 18.1+0.8* 19.8+1.2** 400.1+43.7 223.7+10.5 558.9+42.6
G3 145.8+8.1 198.5+10.2 328.4+10.1 24.3+1.6 19.2+1.0** 22.8+15** 33544548 419.1+73.4** 646.2+32.1
G4 137.8£6.5 190.5+16.0 305.9+8.8 21.1+0.8 16.0+0.6 17.8+1.0* 323.3+45.7 389.3+61.9** 688.5+101.3*
G5 140.8+12.4 158.1+17.8 330.7+20.1 18.7+1.1 12.2+0.5%* 22.0+2.0** 160.5+11.9* 497.7+16.2** 581.9+33.3
G6 113.0£9.4** 132.5¢5.6** 271.0+£14.0** 16.3+0.6** 229+14** 13.0+0.5 82.7£26.0** 444.9+64.3** 441.1+40.7

After treatment of 24 hwith aniline, only the activity of
CAT in G6 wassignificantly lower than that in control (df =
5,t=4.642, p = 0.006), but no differences were observed
between that in other experiment groups and the control.
Similar resultswere al so observed after exposure to aniline
at 72hand 120 h except Gl at 72 h (df =5,t=-8.713, p=
0.0003) (Table?2). Although the activitiesof CAT in experi-
ment groups showed a similar tendency with control during
the treatment, the activity of CAT would be sgnificantly in-
hibited when the concentration of aniline3 1.0g/L (Table?2).

The variation of the activities of POD during the treat-
ment under aniline was more complex compared with CAT
(Table 2). After treated for 24 h, 72 h and 120 h, the activi-
ties of POD in control decreased steadily, while that in the
experiment groups experienced a process of descending and
then ascending except G6. The activity of POD after treated
for 24 hwassgnificantly lower than that in control and sig-
nificantly higher at 72 h. After 120 h, there was no differ-
ence of the activities of POD between G6 and control (Table
2). Compared with control, the activitiesof POD at 120hin
the experiment groups expect G6 were significantly greater.
The results suggested that aniline would increase the POD
activitiesof L. minor when its concentration was under 1.0
g/L, whileit would inhibit the POD activitieswhen itscon-
centration was3 1.0g/L and exposing timewas over 120 h.

After exposed to aniline for 24 hours, the activities of
SOD in G5 and G6 were significantly lower thanthat in con-
trol (Table 2). After treated for 72 h by aniline, theactivities
of SOD in G3, G4, G5 and G6 weresgnificantly higher than

that in control, but only two groups (G1 and G4) were sig-
nificantly bigger than that in control after 120 h.

Effectsof anilineon M DA: Compared with the control, the
MDA content of L. minor in each experiment group after 3
and 7 daysdecreased significantly (p<0.001)(Fig. 7). Addi-
tionally, there was a significantly positive correlation be-
tween the MDA content and the aniline concentration (day
3.y = 8.2509x+5.8000, R?= 0.7317, p = 0.0141; day 7: y=
4.1374x+10.8434, R*=0.7723, p=0.0092).

DISCUSSION AND CONCLUSION

The effects of aniline on vegetative growth of L. minor:
Although mortality of organisms caused by contaminantsis
paid much attention in arange of researches (Umeki 2002,
Maddocks et a. 2009, Wu et al. 2011, Goodrich & Jacobi
2012), there are also avariety of other consequences rather
than mortality (Ammann & Terry 1985), such asinhibition
of vegetative growth. For plantswhichrely on asexua propa
gationtoincrease their offspring numbers, inhibition of veg-
etative growth often impliesthat their propagationto bein-
hibited. In our study, although mortality of L. minor lead by
anilineisnot obvious, aniline showsasignificant inhibition
to frond number and area, growth index and biomass of L.
minor. There was a significantly negative relationship be-
tween the dry weight of L. minor and the aniline concentra-
tion. In addition, visible damagesin L. minor such aschlo-
rosis, necrosis and frond disconnection were al so observed
at or above the concentration of aniline (0.1g/L) after 72
hours. Aniline could also accelerate the fronds of L. minor
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turning yellow. After exposure to aniline for 3 days, yellow
frondswere appearedinall trestment groups, and the ratios of
theydlow frond number/thetotal frond number increased with
the aniline concentration and thetreatment time. The contents
of both chlorophyll a and b went down significantly in treat-
ment groups G3, G4, G5 and G6 compared with control (Fig.
6) after exposure to aniline for 24 hours. Aniline shows an
acute toxic effect on the vegetative growth of L. minor and
theeffect is correl ated with itsconcentration. Thesimilar re-
sultshave been reported by Ammann & Terry (1985) that cell
growth of Chlorella vulgaris declined significantly when it
wasexposed to concentrationsof aniline above 183.9 ppm.

Many researches reported that persistent organic pollut-
ants and heavy metalsinfluenced the vegetative growth of
speciesfrom the family of Lemnaceae (Teisseire et al. 1998,
Mkandawire & Dudel 2007, Khellaf & Zerdaoui 2010, Kim
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Fig. 5: The growth index of different experimental groups at the

end of the experiment (day 7) (n = 15, mean + SE,
**p < 0.01 compared with control).
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Fig. 7: Effects of aniline on MDA content in Lemna minor on
day 3and 7 (n = 6, mean + SE, 6 repetition, *p < 0.05
and **p < 0.01 compared with control).

et a. 2010). Mitsou et al. (2006) discovered that duckweed
could degrade propanil to 3,4-DCA or 3,4-dichloroa-
cetanilide, the latter ismoretoxic to L. minor in contrast to
propanil and causes the decrease of the growth rate in L.
minor. De Prado et al. (2000) demonstrated that atrazine
could reduce the fresh weight of plants. Both propanil and
isoproturon inhibited the photosynthetic el ectron transport
of Photosystem I (PS-11) in chloroplasts (Devineet al . 1993,
Bottcher & Schroll 2007). Plants protein D1 (akey polypep-
tide of the PS-11 reactive centre) could be damaged by expo-
sureto toxic pollutants, which would disrupt photosynthe-
dsand limit growth of plants(Fuerst & Norman 1991). Based
on our experimental results, we could presume that aniline
might destroy photosynthetic pigments, especially chloro-
phyll aand b at first and then inhibit its photosynthesis. In-
hibited photosynthesis would further impact cell division

Nature Environment and Pollution Technology -+ Vol. 12, No. 2, 2013
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and new frond formation. Frankart et al. (2003) found that
flazasulfuron actsindirectly on photosynthessand asanin-
hibitor of protein synthesisit may resultin adisorder inthe
assembly of chlorophyll-protein complexes, which con-
firmed our hypothesis. Meanwhile, the decrease of pigment
content and the increase of MDA content occurred on day 1
and day 3/7, respectively. Chlorophyll destruction due to
the lipid peroxidation (Heath & Packer 1968) and MDA is
the decomposition product of polyunsaturated fatty acidsin
biomembranes. Dhindsaet al. (1981) concluded that the de-
cline of chlorophyll content was because of the lipid
peroxidation in chloroplast membranes and similar results
were observed by Hou et al. (2007).

The physiologic responses of L. minor to aniline: Apart
from photosynthetic pigments, antioxidant enzymes of L.
minor showed an obviousvariation after exposureto aniline
in our experiment. Antioxidant enzymes of plants play an
important rol e in scavenging the excessreactive oxygen spe-
cies(ROS) which were accumul ated during plantsare under
arange of environmental stressconditions(e.g., heavy met-
als, organic pollutants, cold, water deficit, etc.) (Mittler
2002). CAT, localized in glyoxysomes and peroxisomes,
scavengesmogt of the hydrogen peroxide (Smith et al. 2009).
Itisimportant to keep thebalanceof H,O, level incell and as
specia enzymesto catalyseH, O, into water and oxygen. POD
presentsin chloroplastic (sroma and thylakoi d-bound), per-
oxisomal, cytoplasmic and mitochondria inter-membrane
spaceand belongsto enzymesinvol ved in regul ation of growth
and H,O, level, development and senescence processes of
plants, defence mechanisms, etc. (Cosio & Dunand 2009,
Maksmov et al. 2011). SOD is ubiquitousin all aerobic or-
ganisms and in al sub-cellular compartments (chloroplast,
mitochondria, peroxisomes, cytosol, etc.), and proneto ROS
medi ated oxidative stress, namely quench one O, becoming
H.,O, and another oxidized to O, (Gill & Tuteja2010).

In our experiment, the activities of three anti-oxidative
enzymes showed different responsesto aniline at different
times (Table 2). Only when the concentration of aniline
31.0g/L, was the activity of CAT significantly inhibited.
Aniline could increase POD activities of L. minor at |ower
aniline concentration (<1.0g/l) but inhibit them at higher
concentrations (3 1.0g/L). This is one of the typical
characteristics for plants response to stressed factors
(Teisseireet al. 1998, Hou et al. 2007). The changes of SOD
activitieswere closely correlated with the concentration of
aniline and exposure time, but SOD in almost all treatment
groupswasinhibited significantly. It iscommonly accepted
that plantswill pass through different physiological states
from resistance to exhaustion when they are exposed to a
long-term stress (Lichtenthaler 1996). The activities of
anti oxidant enzymesare often closely related to the tolerance

GuangjunWen et al.

capabilities of aquatic macrophytes (Roy et a. 1992). All
these results suggested that higher concentration of aniline
and persi stence would be more harmful to L. minor.

Aromatic compounds, such as aniline and isoproturon,
are hard to be degraded by organisms (Bottcher & Schroll
2007). For example, after exposure to 10 mg/L aniline for
60 hours, the degradation rates of sterile fronds and nature
fronds was about 20% (8 mg/L in nutrient medium) and
100% (0 mg/L in nutrient medium), respectively (Hoang et
al. 2010). Hoang et al. (2010) and Toyamaet a. (2006) dis-
covered that Spirodela polyrrhiza could accumulate some
bacteria, organic compounds and secrets enzymes (peroxi-
dase and laccase) to accel erate removal of recalcitrant com-
pounds in the tissue of roots. Sensitivity to a pollutant is
often positively correlated to plant root systems (Lewis
1995). These results mean that roots of S. polyrrhiza play an
important role in absorbing and depredating some pollut-
antsin water bodies. However, almost all roots of L. minor
detached from fronds after exposure to aniline over 72 hours
in our experiment. It indicatesthat L. minor islesseffective
in the removal of aniline. Many morphological parameters
of L. minor are sensitive to aniline. Asawidely distributed
aguatic plant, it could be used asan indicator to monitor the
existence of aniline in water bodies.
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