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Abstract; To probe the influence and the adverse-resistance
characteristics of wetland plants in presence of silver
nanoparticles (AgNPs) , the changes in the physiological and
biochemical characteristics ( including the superoxide
dismutase ( SOD ) activity, catalase ( CAT ) activity,
peroxidase ( POD ) activity, soluble protein content, and
chlorophyll content) of Typha orientalis exposed to different
concentrations of AgNPs solutions (0, 0.1, 1, 20 and 40
mg/L) were explored. Meantime, the accumulation of silver
content in these plants was revealed. The results show that
under low concentrations of AgNPs, the SOD and POD
activities in the leaves of Typha orientalis are strengthened to
different degrees. However, high concentrations of AgNPs
inhibit the activities of SOD and POD. Under the stress of
different concentrations of AgNPs, the CAT activities are
inhibited initially and later recovered to some extent. Under
the stress of low concentrations of AgNPs, the soluble protein
content in the of Typha
significantly,, but decreases more significantly with increasing
concentrations of AgNPs. Low concentrations of AgNPs
promote chlorophyll synthesis of Typha
orientalis, but the chlorophyll content subsequently falls to
pre-stress levels. In contrast, high concentrations of AgNPs
cause a certain inhibition to generate chlorophyll. Meanwhile,
the results show that the silver concentrations of plant tissues
increase with the exposure of concentrations of AgNPs and
they have a positive relationship with the exposure of
concentrations of AgNPs.
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ilver nanoparticles ( AgNPs) have become one of the
most widely used and quickly developed nanomateri-
als due to their high surfactivity, surface energy and cata-
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Iytic performance. Globally, the total mass of the con-
sumer products containing silver nanoparticles is approxi-
mately 320 t every year''', which can be used in a wide
range of applications, from consumer products ( clothing,
textiles and hygiene products, etc. ) to disinfecting medi-
cal devices, home appliances, and water treatment” .
With the increasing use of nanosilver products, the possi-
bility of AgNPs released into the environment is also in-
creasing. Previous research has indicated that AgNPs may
enter the environment through sewage discharge and sur-
face runoff "', As a conventional wastewater treatment
ecological system, the constructed wetlands ( CWs) are
also facing AgNPs pollution”’. In addition, the wetland
plants are one of the most essential components in CWs,
which have several properties related to the treatment
process'®’. Many studies showed that wetland plants can
promote the removal efficiency of pollutants such as
chemical oxygen demand ( COD), total nitrogen ( TN)
and total phosphorus ( TP)'7'. AgNPs are one of the
most toxic metallic nano particles to aquatic organ-
#97 Bao et al. """’ found that AgNPs can enter plant
tissues and tend to accumulate predominantly in the ap-
oplast of root tissues whereby a minor portion was trans-
ported to shoot tissues. Hence, it is necessary to evaluate
the risk of toxic effects of AgNPs on the wetland plants.

The effects of AgNPs have been widely studied in
many aspects, such as microorganisms, mammalian cells
and plants'" ™. In the terms of plants, there was some
research about the toxic effects on crops, vegetables and
forage grass, etc. *™ and the exposure of AgNPs can
cause the gene damage, lower germination of seeds, the
decrease of root elongation and reduction of bio-
mass''™>'"7' El-Temsah and Joner'"' treated ryegrass
seed with 10 mg/L AgNPs and observed a 20% decrease
in their germination. Meantime, other studies found that
AgNPs affected the physiological and biochemical indices
of plants such as superoxide dismutase (SOD) activity,
catalase ( CAT) activity, peroxidase ( POD) activity,
soluble protein content and chlorophyll content. When the
plants suffered the stress, such as from heavy metals, the
plant’s cell accumulated reactive oxygen species ( ROS)

isms

such as hydroxyl radicals (OH - ) and hydrogen peroxide
(H,0,). It can lead to the increase in lipid peroxidation
and protein, resulting in biological macromolecule (i. e.
nucleic acid and enzyme) damage, which seriously inter-
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fere with the normal metabolism of plants'®’. AgNPs-
contaminated plants initiate enzymatic and non-enzymatic
protection systems to clear and remove the ROS, reducing
or eliminating the damage within limits. Antioxidant en-
zymes (including SOD, POD and CAT) are the main re-
moval systems of ROS in plants, which can reflect the
adverse-resistance characteristics of plants™’. In addi-
tion, soluble protein content is the most intuitive indicator
of resistance genes and chlorophyll content can directly
affect the intensity of photosynthesis and the rate of mate-
rial synthesis"”'’. Nair and Chung'"’ studied the physio-
logical and biochemical characteristics of mung beans
treated with AgNPs, indicating that total chlorophyll
showed a significant decrease at 50 mg/L AgNPs,
proline content showed a significant increase at 20 to 50
mg/L AgNPs. When studying the physiological and bio-
chemical characteristics of Chinese cabbage, Baskar et
al. " found that AgNPs showed an inhibiting effect on
the cabbage at 100 mg/L of AgNPs, and significantly re-
duced the root length, stem growth and fresh weight
when treated with 500 mg/L of AgNPs. At the same
time, reactive oxygen species ( ROS), the propanediol
(MDA) content and proline content increased, and chlo-
rophyll decreased at concentrations of 500 mg/L AgNPs.

Few studies have been reported on the effect of AgNPs

and

on wetland plants, which are inevitably affected by Ag-
NPs. Yin et al. ">’ found that 40 mg/L gum arabic coated
AgNPs significantly reduced the germination of three
kinds of wetland plants which are Scirpus cyperinus, Jun-
cus effuses and Phytolacca americana. Furthermore, even
the research on the physiological and biochemical indices
of wetland plants affected by AgNPs is rarely seen. On
average, most concentrations of AgNPs tested in these
studies were above 1 mg/L, which were regarded as high
] it is necessary to monitor
the changes in the physiological and biochemical charac-
teristics of the wetland plants to probe the adverse-resist-
ance characteristics of wetland plants in the presence of
different concentrations of AgNPs which were divided into

concentrations **’ . Therefore,

low concentrations (0, 0.1,1 mg/L) and high concentra-
tions (20, 40 mg/L). In the meantime, it is of great sig-
nificance to reveal the accumulation of silver content in
plants under different concentrations of nanosilver stress.
Typha orientalis is the macro-emergent aquatic plant
which is the most common wetland plant and is frequently
used in constructed wetland and ecological floating
beds >’ it has a good removal capacity for
COD, total nitrogen and total phosphorus in water and it
is a potential feedstock for sustainable bioenergy produc-
%' Hence, Typha orientalis was chosen to be a test
plant in this study.

. Meanwhile,

tion"”
Furthermore, all the test plants were
cultivated in a hydroponic system. Compared with the
the hy-
droponic system has a single and controllable relative in-

complex environment of the soil culture system,

fluencing factor, which can more directly reflect the im-
pact of nanosilver on the stress resistance of wetland
plants.

The objectives of the present study are to investigate
the changes in the physiological and biochemical charac-
teristics of the wetland plants to probe their adverse-resist-
ance characteristics in the presence of different concentra-
tions of AgNPs. Furthermore, the silver concentrations of
different plant tissues of Typha orientalis are revealed as
well.

1 Materials and Methods

1.1 Nanomaterials

The monomer solution of silver nanoparticles ( pur-
chased from Shanghai Huzheng Nano Technology Co. ,
LTD, Shanghai, China) used in this study has the fol-
lowing characteristics; The purity is greater than
99.99% , the average particle size is 15 nm and the solid
content (Ag) is2x10°
is a type of water-based silver-colloidal dispersion ob-
tained by coating Ag particles with polyvinylpyrrolidone
(PVP) using a physical chemistry method. The monomer
solution of silver nanoparticles was observed by a trans-
mission electron microscope (TEM). As shown in Fig.
1, the particles are finely dispersed and uniform, with the

?. The monomer AgNPs solution

diameters from 10 to 40 nm. The statistical information
of the particle size is (24.31 £9.72) nm.
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Fig.1 The TEM photograph of the nanometer silver solution
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1.2 Test plants

As a typical wetland plant, Typha orientalis was select-
ed to serve as the test plant for AgNPs stress. The test
plants Typha orientalis were purchased from a wetland in
Shuyang, Jiangsu Province, China. All test plants were
cultivated in an identical environment with identical con-
centrations of nutrients,
land medium ( calcium nitrate 945 mg/L, potassium ni-
trate 607 mg/L, ammonium phosphate 115 mg/L, mag-
nesium sulfate 493 mg/L, iron salt solution 2.5 mL, and
trace elements solution 5 mL). Only healthy and uniform
plants were selected for the test.

which were diluted from Hoag-

1.3 Experimental design and methods

Different concentrations of AgNPs solutions ( The ini-
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tial concentrations were 0.1, 1, 20 and 40 mg/L) and
pure water (control) were prepared. Uniformly growing
plants were selected, washed by distilled water, and cul-
tivated in AgNPs solutions of the different concentrations
described above. Three uniform plants were cultivated in
each concentration and their roots submerged in the solu-
tions. Since the beginning of the experiment, the func-
tional leaves ( mature and healthy leaves) of three uni-
form plants at each concentration were sampled with a
leaf sampler ( sampling diameter; 5 mm) in the morning
between 8 :30 and 930 every 7 d or 14 d and the vertical
distance from each sampling point to the top of each plant
stem was about 20 mm.

To measure SOD activity, POD activity, and CAT ac-
tivity, 0.2 g of leaf blade was taken from each sample
which was sampled from the functional leaf of each plant,
added to the precooling enzyme extract, and fully ground
under the ice bath. Then, the supernatant of the mixture
was taken after refrigerated centrifugation (12 000 r/min,
20 min). To measure the soluble protein content, 0.1 g
of leaf blade from each plant was weighed and then
ground into homogenate with 5 mL distilled water. After
that, the supernatant of the mixture was taken after refrig-
erated centrifugation (3 000 r/min, 10 min). To meas-
ure chlorophyll content, 0. 1 g of fresh broken sample
were collected to extract chlorophyll from 80% acetone.
After 28 d, all indices were examined every 14 d until the
57th day. The temperatures during the experiments were 24
to 32 C during the day and 15 to 28 ‘C during the night.

In addition, the SOD activities were measured using the
NBT photochemical reduction method”’. The POD ac-
tivities were measured using a guaiacol method' ™’ | while
the CAT activities were measured using a spectrophoto-
The soluble proteins were measured
through Coomassie brilliant blue staining™ |, and the
chlorophyll content was measured using spectrophotomet-
ric methods"*" .

At the end of the test, to determine the silver concen-
trations of different plant parts, the pretreatment of root
tissues and shoot tissues were implemented, respectively,
according to the previous description’. Then, the silver
concentrations were measured according to the US Envi-
ronmental Protection Agency (EPA) 200.8 by the ICP-
AES (ICAP6300, Thermo Fisher Scientific, MA, USA).

metric method'”?.

1.4 Data analysis

To explore the changes in the physiological and bio-
chemical characteristics ( including the superoxide dis-
mutase (SOD) activity, catalase (CAT) activity, perox-
idase (POD) activity, soluble protein content, and chlo-
rophyll content) , change rates were adopted in this stud-
y. The change rate is calculated as the difference between
the value of physiological and biochemical characteristics
on the following days (7th, 14th, 21st, 28th, 42nd,

56th) and the value at the beginning of the experiment
(1st), then divided by the value on the first day. The
translocation factor evaluates the ability of plants to trans-
port the AgNPs from underground to the ground and is
calculated according to the formula which is given by
Nouri et al™'.

where F, represents the translocation factor; M, is the
metal concentration in the shoot tissues; and M, is the
metal concentration in the root tissues.

Origin software was used to chart the experimental da-
ta. SPSS 19.0 software was used for the statistical analy-
ses. All values were expressed as mean of three parallel
samples and standard deviation (n=3).

2 Experimental Results

2.1 Changes of the SOD activity at different concen-
trations of AgNPs

As shown in Fig.2, the SOD activities of Typha orien-
talis showed different change trends at different concentra-
tions of AgNPs. When Typha orientalis were cultivated in
pure water, SOD activity had a modest decrease. Under
0.1 mg/L AgNPs stress, the SOD activity showed a sig-
nificant increasing trend during 56 d, increasing by 34.8%
compared with that before exposure of AgNPs. It indicated
that adding low concentrations of AgNPs (0.1 mg/L) in-
duced SOD activity. While exposure at 1 mg/L AgNPs,
SOD activity initially increased and then gradually de-
creased to its initial values on the 56th day. The fluctua-
tion caused by 1 mg/L AgNPs might be because the an-
tioxidant enzyme systems of wetland plants provided de-
fense against the oxidative stress of AgNPs, and finally
their free radical scavenging system recovered. However,
under stress caused by high concentrations of AgNPs (20
and 40 mg/L), the SOD activity showed significant and
persistent decreases, decreased by 38.4% and 55.5% , re-
spectively, during 56 d. Therefore, high concentrations of
AgNPs can cause significant oxidative stress to Typha ori-
entalis and decrease the activity of SOD markedly.

60 Concentration/(mg + L7):

mm Control; =220
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Fig.2 Change rates of SOD activity at different concentrations
of AgNPs
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2.2 Changes of the CAT activity at different concen-
trations of AgNPs

The CAT activity of Typha orientalis of control group
(0 mg/L AgNPs) showed a decline trend and eventually
reduced by 10.9% on the 56th day ( see Fig.3). Howev-
er, under the stress of different concentrations of AgNPs,
the CAT activity of Typha orientalis showed similar fluc-
tuation trends. The activity of CAT showed a slight de-
cline in the initial stage, followed by a gradual increase
trend after 14 d. Meantime, the CAT activity of added
AgNPs groups was significantly higher than that of the
control group on the 28th day and the 42nd day. The en-

zyme CAT had higher activity in the later stage, which
]

b
thus it can protect cells from oxidative damage due to the
stress of AgNPs'™".

has the ability to catalyze H,O, to water and oxygen"™*
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Fig.3 Change rates of CAT activity at different concentrations
of AgNPs

2.3 Changes of the POD activity at different concen-
trations of AgNPs

As shown in Fig. 4, under stress by different concentra-
tions of AgNPs, the POD activity showed a similar trend
to the SOD activity. When cultivated in the hydroponic
system, the POD activity stayed relatively steady, with
change rates fluctuating between +20% . Under the stress
of 0.1 and 1 mg/L AgNPs, the POD activity firstly in-
creased by approximately 140% on the 21st day and the
28th day, and then gradually decreased to their original
levels, which increased by 6. 6% and 21. 6% compared
with the initial values ( without AgNPs) , respectively.
As the important oxidoreductase in the plant, POD can
catalyze the redox reaction of H,O, with various organic
and inorganic hydrogen donors™’ | and then scavenge ex-
cess free radicals. The increase of the POD activity in the
middle stage indicated that the plant suffered oxidative
stress from AgNPs. After that, the plant produced more
POD to defend against stress. The POD activity decreased
in the later stage, because Typha orientalis protected itself
against oxidative stress caused by AgNPs through the syn-
ergy of antioxidases such as SOD, CAT and POD. Then,

the free radical scavenging system of the plant can return
to normal levels. However, at 20 mg/L AgNPs, the
POD activity had a slight increase in the early stage and
subsequently showed a decreasing trend, with a 36.7% de-
cline during 56 d. After adding 40 mg/L AgNPs, the POD
activity had a significant decrease compared with the con-
trol one, which is reduced by 55.7% on the 56th day.
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Fig.4 Change rates of the POD activity at different concentra-
tions of AgNPs

2.4 Changes of the soluble protein content at differ-
ent concentrations of AgNPs

When cultivated in the hydroponic system during the
experimental period, the soluble protein content main-
tained a stable state, with a fluctuation in the range of
+10% (see Fig.5). At the AgNPs stress of 0. 1 mg/L,
the soluble protein content increased significantly, reac-
hing to a maximum on the 21st day, with a 67. 0% in-
crease. However, when concentrations of AgNPs reached
1, 20, and 40 mg/L, the soluble protein content showed
a decreasing trend with time, reducing by 47.6% , 62.7%
and 61. 9% , respectively, on the 56th day. When ex-
posed to stress, the soluble protein content in the plant in-
creases and can scavenge active oxygen’', which can
decrease the cellular water potential and enhance its water-
retaining capacity to increase the stress tolerance of the
plant. Therefore, it is concluded that the stress caused by
low concentrations of AgNPs can induce the plant Typha
orientalis to synthesize new proteins to provide Typha

100r Concentration/(mg - L™):
80+ mm Control ; =220
mm(.1; =40
60 =l

Soluble protein content change rate/%

Fig.5 Change rates of the soluble protein content at different
concentrations of AgNPs
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orientalis with a certain degree of tolerance. However,
the soluble protein content obviously decreased when the
plants were exposed to high concentrations of AgNPs.

2.5 Changes of the chlorophyll content at different
concentrations of AgNPs

As shown in Fig. 6, under the stress caused by low
concentrations of AgNPs (0.1 and 1 mg/L) , the chloro-
phyll content obviously increased by 83. 58 %
146.38% ('max values) compared with that before expo-
sure of AgNPs in the initial stages, respectively. At the

and

end of the study, the chlorophyll content had no signifi-
cant difference with control group. When exposed to high
concentrations of AgNPs (20 and 40 mg/L), the total
chlorophyll content showed an obvious fluctuation and a
general decreasing tendency. The results indicated that
the low concentrations of AgNPs had no inhibition effects
on the synthesis of chlorophyll and could promote its pro-
duction. However, high concentrations of AgNPs inhibi-
ted the synthesis of chlorophyll.

© 160-
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Fig.6 Change rates of chlorophyll content at different concen-
trations of AgNPs

2.6 Silver concentrations of the plant tissues

After being cultured with different concentrations of
AgNPs for 56 d, the silver concentrations of root tissues
and shoot tissues were measured, as shown in Fig. 7. At
the end of the experiment, some of the dosing AgNPs en-
tered into the plant tissues, which was similar to the re-
sults of Bao et al'"”’. Fig.7 shows that the silver contents
of root tissues are 0.37, 0.59, 2.35 and 5.24 pg/g, re-
spectively. However, the silver contents of shoot tissues
are 0.12, 0.27, 0.87 and 0.98 wg/g, respectively. The
results suggested that the silver concentrations of plant tis-
sues increased with exposure to the concentrations of Ag-
NPs, which had a positive relationship. The plant tissues
exposed to silver concentrations at 0. 1 and 1 mg/L Ag-
NPs had no difference with each other. However, com-
pared with the culture systems at 0. 1 and 1 mg/L Ag-
NPs, silver accumulation in plant tissues exposed to high
concentrations of AgNPs (20 and 40 mg/L) had obvious
differences and AgNPs absorbed by root and shoot tissues
after exposure of 20 and 40 mg/L AgNPs were higher

than those by other systems. As shown in Fig. 7, more
silver accumulated in the root tissues compared with shoot
tissues, and only a minor portion of AgNPs was transpor-
ted to shoot tissues. Meantime, the translocation factors
were 0.34, 0.44, 0.37, 0. 19, respectively.

T

W Root tissues C
hoot tissues

N
T

%] W + n

Silver concentration/(ng * g™)

—_

<

AgNPs concentration/(mg + L)

Fig.7 Silver concentration of plant tissues at different concen-
trations of AgNPs during 56 d exposure ( Different letters show
significant differences (p < 0.05))

3 Discussions

This study showed the impact of different concentra-
tions of AgNPs on the physiological and biochemical
characteristics of test plants in the aquatic systems.

In this study, the low concentrations of AgNPs had a
role in promoting the increasing SOD and POD activities.
However, the high concentrations of AgNPs can signifi-
cantly inhibit the activity of SOD and POD of Typha ori-
entalis. The study by Thwala et al. ™’
AgNPs on the antioxidant system of duckweed ( Spirodela
punctuta) also showed higher inhibition on the SOD ac-
tivity with increasing concentrations of AgNPs and the

on the stress of

generation of ROS and H, O, increased after being ex-
posed to AgNPs for 14 d. The variations of CAT activity
were quite different from the enzymes SOD and POD.
From the 1st to the 21st, the CAT activity was evidently
suppressed at all exposure concentrations. However, after
28 d exposure to AgNPs, the CAT activity was signifi-
cantly higher than the control, and the increasing degree
was related to the concentrations of AgNPs. Baskar et
al. " reported different concentrations of AgNPs on the
physiological responses of Brassica rapa ssp. pekinensis,
and the addition of high concentrations of AgNPs promo-
ted the gene expressions of CAT and peroxidase and ROS
production. These results were similar to those of the
plants exposed to heavy metals™’.

Antioxidant enzymes ( including SOD, POD and
CAT) are the main removal systems of ROS in plants.
SOD can scavenge extra superoxide anion free radicals
(0,) and H,0, in cells*’ | and CAT is able to produce
H, O and H, O, catalytic O, "’ | and POD can reduce per-
oxide, which thereby reduce the damage caused by oxida-
tive stress on the plant. In this study, the low concentra-
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tions of AgNPs were in the limitation of damage for the
plant. As a result, SOD and POD activities were promo-
ted to remove systems of ROS in the plant caused by the
exposure of AgNPs. However, in this study, with the ex-
posure to 20 and 40 mg/L AgNPs in the aquatic systems,
the SOD and POD activities decreased. This is because in
a normal situation, antioxidant enzymes and ROS are of-
ten taken as a kind of balancing system but if the balance
is upset, the toxicity of AgNPs in plants is apparent and
this can lead to the complete inhibition of SOD and POD
activities. The reason may be that, on the one hand, the
exposure to high AgNPs can induce excess ROS produc-
tion of cells'”’ | which can cause the biological damage
of enzyme activities. On the other hand, Ag" released
from AgNPs can directly substitute the enzyme active cen-

) and

ter or combine with cysteine residues of enzymes
the oxidation of amino acid side chains, which induce
carbonyl groups on antioxidants'*’' | and thus inhibit SOD
activity.

However, the variation of CAT activity was quite dif-
ferent from those of the enzymes SOD and POD. In the
preliminary stage, CAT was inhibited slightly. It was
probable that enzyme CAT did not play a major role in
removing the ROS in antioxidant enzymes of Typha ori-
entalis. SOD and POD and non-enzymatic protection sys-
tems played a major role in removing the ROS. Then, in
the later stage, CAT activity was significantly higher than
in the control one, because with more Ag accumulation
inside the plants, the elevation of the CAT activity was
induced to scavenge excess H,O, due to the stress of Ag-
NPs. Nair et al. "/ found that upon exposure to AgNPs,
the expression of CAT gene was upregulated into the
plants of Chironomus riparius.

In this study, only 0.1 mg/L of AgNPs promoted the
increasing trend of the soluble protein content. Under ex-
posure to high concentrations of AgNPs, the soluble pro-
tein content was significantly lower than the control’s with-
in the experimental period. The results suggested that the
high AgNPs levels inhibited the ability of synthetic protein
in the test plants. The reason might be that the AgNPs or
Ag " released by AgNPs enter the plant tissues'” and in-
duce the production of ROS, destroying the cell and then
reducing the protein capacity. The significant reduction in
the chlorophyll content, as shown in this study, might be
a result of excess lipid peroxidation of chloroplast mem-
The previous study by
Jiang et al. * also showed an obvious reduction in the
chlorophyll content of Spirodela polyrhiza. Oukarroum et
al. "’ found that under exposure of 10 mg/L AgNPs, the
chlorophyll content significantly decreased, which was
similar to the current results. As reported by Nair and
Chung'”’ and Qian et al. ' the chlorophyll content de-

creased significantly when the plant suffered the stress of
[49]

. . 45]
branes due to oxidative stress™®’.

AgNPs, showing chlorotic leaves

In this study, the results of ICP-AES revealed that the
accumulation of silver content in Typha orientalis was in-
creased with the increasing concentrations of AgNPs. The
results of the present study coincided with the previous
studies which revealed the silver content of Arabidopsis

] " The silver concentration in

plants'®’ and B. juncea
the plant treated with 40 mg/L AgNPs was eight times as
high as that treated with 1 mg/L AgNPs, which might be
responsible for strongly affecting the plant antioxidant en-
zymes (such as SOD, CAT, etc. ) by promoting the pro-

duction of ROS.
4 Conclusions

1) Typha orientalis plants suffered significant inhibi-
tion under high concentrations of AgNPs, which was as-
sociated with the variation of physiological and biochemi-
cal characteristics such as decreased activity of antioxidant
enzymes and the low level of soluble protein and chloro-
phyll biosynthesis.

2) Under low concentrations of AgNPs, Typha oriental-
is showed a certain degree of resistance to AgNPs stress
with normal physiological and biochemical characteristics.

3) The silver concentrations of plant tissues increased
with the exposure to concentrations of AgNPs, which had
a positive relationship.
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