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Abstract

To investigate the effects of antibiotics on nitrogen removal and uptake by wetland plants, four typical macrophyte species,
Cyperus alternifolius L., Typha angustifolia L., Lythrum salicaria L., and Acorus calamus L., were grown in hydroponic
cultivation systems and fed wastewater polluted with 10 ug L™ Ofloxacin (OFL) and Tetracycline (TET). Biomass production,
nitrogen mass concentration, chlorophyll content, root exudates, and nitrogen removal efficiency of hydroponic cultivation were
investigated. The results indicated that in all hydroponic systems, NH, N was entirely removed from the hydroponic substrate
within 1 day and plant nitrogen accumulation was the main role of the removed NO; . OFL and TET stimulated the accumulation
of'biomass and nitrogen of A. calamus but significantly inhibited the NO; —N removal ability of L. salicaria (98.6 to 76.2%) and
T augustifolia (84.3 to 40.2%). This indicates that A. calamus may be a good choice for nitrogen uptake in wetlands contam-
inated with antibiotics. OFL and TET improved the concentrations of total organic carbon (TOC), total nitrogen (TN), organic
acid, and soluble sugars in root exudates, especially for oxalic acid. Considering the significant correlation between TOC of root
exudates and nitrogen removal efficiency, the TOC of root exudates may be an important index for choosing macrophytes to

maintain nitrogen removal ability in wetlands contaminated with antibiotics.
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Introduction

Eutrophication caused by nitrogen runoff from agricultural
systems is a serious worldwide environmental problem
(Vymazal 2010) that produces an abundance of micro-
polluted surface water, with relatively low concentrations of
nitrogen and carbon pollutants (typically <10 mg L")
(Huang et al. 2012; Wu et al. 2017). As an efficient and
low-cost treatment facility, wetlands have been constructed
to remove various environmental pollutants, especially nitro-
gen (Liu et al. 2009; Huang et al. 2012; Wu et al. 2017).
Uptake of nitrogen by plants is one of the main mechanisms
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of nitrogen removal in wetlands (Lin et al. 2002), and macro-
phytes show large differences in the capacity for pollutant
removal depending on the species, size, age, climatic condi-
tions, type of wastewater, and other environmental conditions
(Tanner 2001; Vymazal 2007; Borin and Salvato 2012). A
previous study has shown that plants can remove 4-90% of
total nitrogen (TN) in wetlands (Wu et al. 2017). Wang et al.
reported that the TN removed by 22 plant species, such as
Dypha latifolia L. and Cyperus alternifolius L., contributed
9.66% to total nutrient removal in a free-water surface wetland
(2010). In addition, 65% total kay type nitrogen (TKN) was
removed by 7. latifolia L. in a sub-surface horizontal flow
constructed wetland (Chung et al. 2008).

Antibiotics are emerging environmental pollutants in
aquatic environments that have spread widely throughout sur-
face waters in the world (Liu et al. 2013a, b; Wang et al. 2014;
Huang et al. 2015; Song etal. 2017; Wang etal. 2017; He et al.
2018). The effects of antibiotics on plant growth have been
well-studied in regard to the physiological toxicity of antibi-
otics on cell walls, proteins, nucleic acids, metabolic path-
ways, and bacterial membrane structures (Naamala et al.
2016). Wetland plants have varied tolerance levels to
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antibiotics. Chen et al. studied the response and tolerance of
10 clonal wetland plants grown in soil spiked with 10 mg kg™
of sulfadiazine and found that Panicum paludosum and
Cyperus malaccensis var. brevifolius showed the least reduc-
tion of growth parameters, such as plant shoots, total biomass,
root number, and chlorophyll content, whereas the growth of
both Alocasia macrorrhiza and Saururus chinensis was se-
verely inhibited (2016). Root-mediated exudates, major
sources of organic carbon released by plant roots, are common
plant responses to biotic and abiotic stressors such as antibi-
otic contaminants (Weir et al. 2006; Badri and Vivanco 2009).
The toxic effect of plants grown under different concentrations
of various antibiotics also varies. Results from another study
illustrated that under hydroponic conditions, high ciprofloxa-
cin, oxytetracycline, and sulfamethazine concentrations (>

10 ug L") had a toxic effect on root activity and leaf chloro-
phyll of Phragmites australis, while hormesis occurred at low
concentrations of the antibiotics (0.1-1 pg LY (Liu et al.
2013b). Although an abundance of researches have focused
on the toxicity of antibiotics on plant growth, studies on the
effects of antibiotics on nitrogen accumulation of wetland
plants are rare. This could inevitably impact the nitrogen re-
moval in constructed wetlands.

This study focused on the removal and plant accumulation
of nitrogen in a hydroponic cultivation system with four com-
mon wetland plants, Cyperus alternifolius L., Typha
angustifolia L., Lythrum salicaria L., and Acorus calamus
L.(Deng et al. 2004; Leto et al. 2013). We also investigated
how plant exudates (organic acids and soluble sugars) respond
to antibiotics, which, in turn, affects plant nitrogen accumula-
tion. Hydroponic conditions prevent the potential adsorption
of antibiotics into soil or substrate particles, which would re-
sult in lower concentrations of exposure and a changed phy-
totoxicity (Hillis et al. 2011). Further, because multiple
coexisting antibiotics have been detected in surface water,
the solution included a mixture of the antibiotics Ofloxacin
(OFL) and Tetracycline (TET). In this study, OFL and TET
were selected as the test antibiotics because of their wide us-
age in livestock production and high detection frequency in
aquatic environments (Liu et al. 2016; Zhao et al. 2016). Our
results have implications for selecting wetland plants with
efficient nitrogen removal for constructed wetlands contami-
nated with antibiotics.

Materials and methods

Plant materials

The four wetland plant species used in this study,
C. alternifolius (Cy), T. angustifolia (Ty), L. salicaria (Ly),

and A. calamus (Ac), were obtained from a plant cultivation
base in Jiangsu Province, China. The plants were rinsed with
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distilled water, and soil was carefully washed from the roots.
The plants were divided into homogenous groups and culti-
vated for 15 days in Hoagland culture solution (Wu et al.
2016) in a greenhouse.

Experimental setup

A hydroponic cultivation system (2 L, 13.8 cm @, 19.5 cm
H, glass vessels) with 1 L of nutrient solution was used.
The exteriors of the glass vessels were covered with alumi-
num foil to avoid photodegradation of antibiotics. Six to 10
similar-sized plants of each species were selected and dis-
tributed at random between the treatments. On the day of
planting, the fresh mass of each plant species was deter-
mined; the average fresh weight was 59.4+5.1 g, 52.5+
1.9 g, 69.8+3.4 g, and 55.9+£2.9 g (mean + SD) for Cy,
Ac, Ty, and Ly, respectively.

The experiment was designed as 4 x 2 factorial with four
species and two concentrations of antibiotics (the concentra-
tions of OFL and TET were 0 g L™ in control groups and
10 ug L™ in test groups). Throughout the study, the experi-
mental systems were irrigated with 1 L modified Hoagland’s
nutrient solution, and the pH was adjusted to 7.0. The nutrient
solutions were replaced every 6 days. The modified
Hoagland’s nutrient solution was prepared with tap water,
KH,PO4, (NH4),SO4, and KNOj, as well as 2.94 +
0.13mg L ' NH,/N, 8.14+029 mg L ' NO; N, 11.08 +
0.59mgL ' TN, and 0.78 +0.12 mg L' PO,* —P to simulate
the nutrient composition of micro-polluted water. Each treat-
ment had four replicates. Plants were kept under greenhouse
conditions (25 °C and 12:12 h light to dark) for 24 days.

Sampling

Water samples were collected every 6 days and analyzed for
NH,4*" and NO3™ using a flow injection analysis instrument
(QC8500, Hach, USA). The total fresh plant mass was mea-
sured every 6 days, and maximum root length and maximum
leaf length were measured at days 0 and 24. Exudate analysis,
chlorophyll content, and nitrogen elemental analysis were
conducted at the end of the experiment. After the experiment,
the plants were oven-dried at 60 °C to a constant weight and
homogenized to a fine powder. Nitrogen elemental analysis
was conducted to obtain nitrogen mass concentration. In this
study, nitrogen accumulation was calculated by multiplying
the dry biomass production (Table 2) with the plant nitrogen
concentration.

Chlorophyll concentrations (Chl a, Chl b, and total Chl) of
plants were measured according to Huang et al. (2004). First,
cutting plant leaves (0.1 g/three parallel individuals in each
container) into 0.5 cm segments and incubating them in 80%
(v/v) aqueous acetone for 48 h in the dark. Second, measuring
the absorbance of the solutions at 663 and 645 nm, and the
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chlorophyll contents (mg ml™") were calculated using the fol-
lowing equations:

[Chla] = [12.7 x A663]-[2.69 x A645]
[Chlb] = [22.9 x A645][4.68 x A663]
[Total Chl] = [8.02 x A663] + [20.2 x A645]

Exudate analysis

As Wu et al. reported for the exudate analysis, at the beginning
of the experiment, the resin column was placed in hydroponic
cultivation systems to persistently adsorb the organic matter
discharged by the roots (see in Fig. 1) (2017). After 24 days,
the resin column was eluted with water and methanol, and
then the methanol was removed by evaporation to concentrate
the organic matter of root exudates. Finally, the exudates were
analyzed by high-performance liquid chromatography
(HPLC) (Table 1, Waters, USA) and total organic carbon
(TOC, Analytik Jena Multi 3100, Germany). All fractions
were stored in a freezer at —20 °C.

Some common organic acids and sugars in root exudates
were targeted for analysis: oxalic acid, tartaric acid, malonic
acid, citric acid, succinic acid, glucose, sucrose, fructose, xy-
lose, and arabinose. A detailed description of the HPLC pro-
cedures and the analytical materials are thoroughly described
in Table 1 (Wu et al. 2017).

Statistical analysis

For nitrogen removal, chlorophyll, and plant growth parame-
ters, significant differences among samples were evaluated
through a parametric one-way analysis of variance
(ANOVA). Significant (p <0.05) differences were detected
by a multiple Tukey comparison test. Pearson correlation anal-
yses were used to evaluate the relationships between the ni-
trogen mass balance and nitrogen removal efficiency.
Statistical analyses were performed using the commercial
software SPSS version 19.0 (SPSS, Inc., Chicago, IL, USA).

Teflon stopper

I —— XRD-4 Resin

Aquatic
plant

Emulsion tube

Nutrient
solution

Eii Peristaltic pump

Fig. 1 Schematic diagram of the experimental setup

Results
Plant growth

In control groups, the species showed different growth char-
acteristics. Ly had the greatest fresh biomass production,
followed by Ty, Ac, and Cy. The individual physiological
differences of plants significantly affected the growth location
of the fresh mass. For example, in antibiotic and control
groups, Ty and Ac both developed longer leaves than Cy
and Ly. During the experiment, antibiotics strongly inhibited
the biomass accumulation of Ty and Ly (Fig. 2), with a bio-
mass production of only 50.5% and 42.4%, respectively, com-
pared with control groups. However, the antibiotics had an
opposite effect on Cy and Ac. For Ac, after the first cultivation
cycle, the biomass of antibiotic groups exceeded that of con-
trol groups, but for Cy, the biomass of antibiotic groups was
always greater than the control. In terms of fresh biomass
production, Cy and Ac in antibiotic groups had 1.3 and 1.7
times greater biomass than that in control groups, respectively
(Table 2).

Effects of antibiotics on chlorophyll content

Plant total chlorophyll, chlorophyll a, chlorophyll b, and the
Chl a/Chl b ratio are shown in Fig. 3. At the end of the treat-
ment period, in the control group, the total Chl content of Cy,
Ac, Ty, and Ly were 28.2, 43.7, 14.2, and 40.6 mg mL ",
respectively. Ac had the greatest total content of chlorophyll,
chlorophyll a, and chlorophyll 4 and the lowest Chl a/Chl b
ratio. Antibiotics clearly stimulated plant Chl b and total chlo-
rophyll production, while the Chl a/Chl b ratio of the four
plant species was slightly decreased. The influence of antibi-
otics on Chl a was different in the different plant species. For
Cy and Ty, antibiotics definitely increased Chl a, but for Ac
and Ly, the effects were opposite. However, although antibi-
otics can affect the content of total chlorophyll, chlorophyll a,
and chlorophyll b, the effects were not significant (p > 0.05).

Nitrogen removal performance

In both control and antibiotic groups, NH4" in the solution was
almost completely removed from hydroponic substrate during
the 24-day experiment (98.8-99.1%; Fig. 4). The removal
process was fast; in the last 6 days of the hydroponic cycle,
NH," concentrations dropped from 2.94 to 0.103—
0.028 mg L ™" in 1 day (Fig. 5), indicating that plant species
and antibiotics had no influence on NH,* removal. A high
dissolved oxygen content was detected in the experimental
systems (3.85-6.25 mg L"), which was conducive to aerobic
nitrification of ammonium. Considering the mild pH (6.92—
7.11) of the culture medium, ammonia volatilization losses
cannot happen. Therefore, NH,* was thought to be removed
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Table 1 HPLC analysis conditions
Chromatographic column Mobilephase constituent ~ Mobile phase Sample  Detector
velocity size
Organic acid ~ HC-C18 (Analytical 4.6 x 250 mm, 25 mmol L' KH,PO, 0.6 mL min ' 20 uL UV detector (wavelength 210 nm)
HPLC 5-Micron, Agilent, America) (pH 2.4) and methanol

at ratio of 93:7
HPX-87H (Bio-Rad, USA) Ultrapure water

(column temperature 85 °C)

Soluble sugar
HPLC

Differential refraction detector
(temperature 40 °C)

0.6 mL min', 20 uL

mainly through nitrification and plant uptake, and the appear-
ance of NO, in the culture solutions also supported this
inference.

In control groups, systems planted with Ty and Ly had
higher removal rates of NO3; compared to systems planted
with Cy and Ac, and this may have been caused by their own
physiological characteristics. Antibiotics clearly influenced
the NO;™ removal from water in four systems except the one
planted with Cy. Under the antibiotic treatment, the NO;™ re-
moval rates were 40.2% and 76.2% for systems planted with
Ty and Ly, respectively, which is also significantly lower than
control groups (83.4% and 99.3%, respectively). In contrast,
the NO; removal efficiency of systems planted with Ac was
stimulated by antibiotics, increasing from 56.6 to 60.2%. The
concentration changes of NO;3 ™ after 6 days of cultivation was
also similar (Fig. 5), and the influence of antibiotics worked
from the beginning to the end. Due to the major proportion of
NO; in TN, the trend of TN was similar with NO5; . Above
all, systems planted with any of the four different plant species
all had high NH," removal efficiencies that were not affected
by 10 ug L' OFL and TET. However, the NO; ™~ removal rates
were significantly inhibited by antibiotics in Ty and Ly sys-
tems, whereas NO; removal rates were slightly stimulated for
Ac systems.

Plant uptake of nitrogen
Figure 7 shows that the nitrogen mass concentration of four

plant species changed from 2.0 to 3.8%, and the nitrogen mass
concentration (percent by dry weight) was in the following

order Cy < Ac < Ty < Ly. Antibiotics slightly increased the ni-
trogen concentration of the four plant species, except in Ly, in
which the nitrogen concentration dropped from 3.77 to 3.44 in
treatments with OFL and TET. Over the 24-day experimental
period, in antibiotic groups, plant nitrogen accumulation was
Ac>Ly>Ty>Cy (Fig. 6). Similar to NO; removal from
water, for nitrogen accumulation, antibiotics caused a signifi-
cant inhibitory effect on Ty and Ly and a promoting effect on
Ac, which has the highest nitrogen accumulation in the anti-
biotic treatments.

Mass balance of nitrogen

Although plant uptake and the remaining culture solution
were two important parts of nitrogen fates in hydroponic
systems, there were other processes involved, for example,
microbial metabolism and plant root adsorption. In culture
solutions, plant root surfaces are negatively charged, for
which some nutrients can be absorbed to root surface
(Liu et al. 2016), but these nutrient ions still do not cross
cell membrane, therefore plant root adsorption cannot be
classified as plant accumulation. These unknown processes
contributed 0.6-36.0% of the TN fate in all systems. In
general, different percentages (from 23.5-81.3%) of plant
nitrogen uptake were found in control groups (Fig. 7). The
highest plant uptake percentage (81.3%) was observed for
the Ly system in control groups, followed by the Ty system
of control groups. The percentage of plant uptake in the Ac
and Cy system was relatively low (29.4% and 26.8%).
However, in the antibiotics group, the plant uptake

Fig. 2 Average fresh weight of 90 = Cyc
four plant species under two 85 |--@- Cy-ACs T L S S— :
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control groups and antibiotic o 80w Ty-ACs B 65+
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T angustifolia, L. salicaria, and E 70 é """""""
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Table 2

plant species under two treatments after 24 days of the experiment

Average fresh biomass production, dry biomass production, and change in height, maximum root length, and maximum leaf length in four

Plants Treatments Fresh biomass Dry biomass Maximum root length Maximum leaf length
production (g) production (g) change (cm) change (cm)
Cyperus alternifolius Control 935+1.27 0.94+0.23 550+2.12 0.85+0.49
ACs 12.24+1.43 1.13+0.19 12.17+4.04 0.13+0.08
Typha angustifolia Control 12.49+391 1.34+0.31 4.67+1.61 16.00+1.00
ACs 6.31+047 0.43+0.06 13.00+2.90 26.00+3.90
Acorus calamus control 10.71+£1.59 0.79+0.16 0.25+0.12 29.00+2.70
ACs 18.32+1.65 1.33+0.29 2.33+0.26 24.33+3.51
Lythrum salicaria Control 21.68+1.89 2.64+033 8.85+1.85 1.00£0.10
ACs 9.19+2.75 0.47+0.05 9.07+2.21 1.00+0.70

Values are mean = SD (n =4), control means no antibiotic treatment, ACs means antibiotics treatment (10 pg L' OFL and 10 ug L' TET)

percentage of Ly and Ty groups decreased significantly
(81.3 to 51.0% and 67.1 to 20.5%, respectively). For the
other two systems, the presence of antibiotics promoted
plant uptake, especially for Ac (29.4 to 49.8%). These

results were in accordance with those described in
“Nitrogen removal performance” section and “Plant uptake
of nitrogen” section, indicating the different response of
the four plants to antibiotic treatment.
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Fig. 3 The content of Chl @, Chl b, total Chl, and Chl a/b ratio (a—d) in four plant species under two treatments after 24 days of the experiment (-c and -

ACs represent control groups and antibiotic groups, respectively)
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120
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100 ab

Removal rate (%)

Lo
&

WO

Fig. 4 Average (+ SD) removal rates of NH,;*, NO; ,, and TN in the
culture solutions of the four plant species (n=4) and two antibiotic
concentrations during the 24-day experiment (-c and -ACs represent
control groups and antibiotic groups, respectively. a and b indicates there
is a significant difference between these two treatments (p < 0.05))
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The release of organic compounds from roots is important for
nutrient mineralization (Sun et al. 2016). The concentrations
of organic acids and soluble sugars in root exudates were 41—
98% of TOC, and this demonstrated that root exudates were
mainly composed of organic acids and soluble sugars (Fig. 8).
In control groups, the exudate TOC concentrations in the four
plant species were extremely different; Ly had the highest
concentration (0.624 mg g ' day '; Fig. 8), which may be
because Ly had the highest biomass production. For TN in
root exudates, there were no significant differences found
among the four plant species. For all plants, antibiotics im-
proved the TOC concentration of root exudates, especially for
Ly and Ac. Among them, the TOC concentration of Ly in-
creased 1.67 times, which showed the most significant effect.
Moreover, antibiotics also slightly increased the TN concen-
tration of root exudates.
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Fig. 5 Average (+ SD) concentrations of NH,*, NO3~, and NO,~ in the culture solutions of the four plant species (n=4) and two antibiotic
concentrations during the last 6 days of the hydroponic cycle (control and ACs represent control groups and antibiotic groups, respectively)
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The exudate composition differed between the eight treat-
ment systems (Table 3). In each system, oxalic acid, succinic
acid, and arabinose were detected. Malonic acid, citric acid,
and glucose were only present in some systems, and tartaric
acid, sucrose, fructose, and xylose could not be detected in
any system. Among these organic matters, oxalic acid was
always detected in high concentrations. Antibiotics signifi-
cantly stimulated the concentrations of all detected organic
matter. For example, the oxalic acid concentration of Cy in-
creased from 0.313 to 1.221 mg g ' d!, which is approxi-
mately four times the former.

Discussion

Four wetland plant species varied in their tolerance to antibi-
otics, which might be related to their different capacity for anti-
biotic uptake and detoxification, but this has yet to be verified
(Chen et al. 2016). The OFL and TET antibiotics clearly
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Fig. 7 The percentage contribution of nitrogen removal in the form of
plant uptake, nitrogen remaining in the culture solution, and others at the
end of experiment (-c and -ACs represent control groups and antibiotic
groups, respectively; others represent microbial metabolism and plant
root adsorption)

&
L.

L

inhibited the biomass production of Ly and Ty, which is in
agreement with previous studies (Mikes and Trapp 2010;
Ahmed et al. 2015). For example, Michelini et al. reported that
the biomass of barley plants treated with 11,500 pg L™ sulfa-
dimethoxine and sulfamethazine showed a slight decrease com-
pared to controls (2013). A negative effect on lettuce growth and
reduced fresh weight was observed with 10 and 100 mg kg™
sulfathiazole (Caban et al. 2018). In contrast, the biomass of Cy
and Ac increased dramatically under OFL and TET stress,
which may be a hormesis effect. Similarly, Michelini et al. stated
that 10 mg kg sulfadiazine enhanced the plant growth of wil-
low and maize (2012), and Ma et al. also reported that oxytet-
racycline at <5 mg kg™ significantly increased the shoot bio-
mass of Sedum plumbizincicola and alfalfa (2016).

Plant biomass production could be attributed to its nutrients
assimilated from its environment, especially for nitrogen up-
take. In this study, the NH;*~N was almost entirely removed in
one day. Although most plants absorb NH,—N preferentially
over NO3 —N (Bloom et al. 1992; Rewald et al. 2016),

1.0 TOC
Ed OASS -
EE TN /
0.8+

mg g'1 d’

Fig. 8 Concentrations of TOC, organic acids, and soluble sugars
(expressed as OASS for short, and presented by the sum of their carbon
concentration) and TN of root exudates in the culture solutions from the
four plant species and two treatments (-¢ and -ACs represent control
groups and antibiotic groups, respectively)
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Table 3
antibiotic groups)

Concentrations of organic acids and soluble sugars in the culture solutions of four plant species and two antibiotic treatments (ACs indicates

Plants Treatment  Oxalic acid Succinic acid Malonic acid Citric acid Arabinose Glucose
(mgg'day") (mgg'day!) (mgg'day) (mgg'day) (mgglday') (mggday’)
Cyperus alternifolius ~ Control 0.313 0.008 0.003 - 0.055 -
ACs 1.221 0.026 0.011 - 0.144 -
Typha angustifolia Control 0.454 0.001 - - 0.102 -
ACs 1.028 0.015 0.009 - 0.151 -
Acorus calamus Control 0.687 0.010 0.010 - 0.071 0.049
ACs 1.331 0.012 0.009 - 0.153 0.070
Lythrum salicaria Control 0.501 0.084 0.056 0.033 0.185 0.043
ACs 0917 0.119 0.059 0.035 0.239 0.073

considering the fast removal rate and the aerobic condition in
systems, nitrification, and plant uptake were thought to be in-
volved in the removal of NH, —N. On the other hand, NO; N,
the main component of TN in this research, was removed over
the duration of the whole 6-day hydroponic cycle. The removal
efficiency of NO; —N in the hydroponic substrate was signifi-
cantly correlated with the nitrogen accumulation and nitrogen
uptake percentage of plants (»=0.958, p<0.05; r=0.871,
p <0.05, respectively), indicating that plant uptake might be
the main contribution of NO; —N removal.

Differences in nitrogen uptake could reflect the different
tolerances of plants toward antibiotics. Under antibiotic stress,
NOj; —N assimilation of Ly and Ty was clearly lower than in
the control. Unlike Ly and Ty, the nitrogen uptake of Ac and
Cy was stimulated by the addition of OFL and TET, which
could a hormesis effect. Researchers have demonstrated that
the root uptake of NO; —N, an active transport process, is
actually the balance between two concomitant opposite
fluxes, influx, and efflux, likely mediated by different carrier
proteins (McClure et al. 1990; Miller and Smith 1996).
Antibiotics were found to induce root electrolyte release, such
as K, possibly due to an impairment of membrane permeabil-
ity. This cellular leakage can lead to a lowering in root func-
tions, such as water transport and ion supply, thereby poten-
tially compromising plant productivity (Huang et al. 2005;
Michelini et al. 2013), which may help to explain the antibi-
otic’s inhibition of plant NO; —N uptake.

When exposed to a range of biotic and abiotic stressors at
the root zone, roots will discharge a different blend of
chemicals to protect against negative influences and encourage
positive interactions (Badri and Vivanco 2009). In this study,
the TOC of root exudates was significantly positively correlat-
ed with NO; —N and TN removal efficiency, respectively (=
0.786, p <0.05; r=0.789, p < 0.05), indicating that the TOC of
root exudates was related to nitrogen removal. The quantity and
quality of root exudates are influenced by external factors like
biotic and abiotic stressors (Badri and Vivanco 2009). The
TOC and oxalic acid in root exudates of the four plant species
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were all stimulated by OFL and TET. Some previous research
has reported that plants responded to stress situations, such as
antibiotics, by overproduction of reactive oxygen species
(ROS), which can set off a chain reaction leading to lipid per-
oxidation, ATP depletion, nucleic acid damage, and uncon-
trolled cell death (Cruz-Ortega et al. 2002; Zacchini and De
Agazio 2004; Gujarathi et al. 2005). Oxalic acid, an important
organic acid in root exudates, is a natural antioxidant that has
also been shown to inhibit lipid peroxidation (Kayashima
2002). Additionally, oxalic acid can block the generation of
ROS in susceptible plants and reduce oxidative damage gener-
ated in response to catechin (Weir et al. 2006).

In this study, the oxalic acid concentration and the percent-
ages in TOC (from 21.4-53.2% to 22.3-78.2%) were signif-
icantly improved by OFL and TET. It might be inferred that
the increasing discharge of oxalic acid is used for protecting
plant roots from ROS caused by antibiotics. Considering the
positive relationship between TOC and nitrogen removal ef-
ficiency, the protection of roots from ROS damage might fi-
nally help to maintain plant nitrogen assimilation to some
extent. Thus, the TOC of root exudates is not only a plant
physiological index, but it also constitutes an important index
for choosing macrophytes to maintain nitrogen removal effi-
ciency in constructed wetlands contaminated with antibiotics.

The described hydroponic system certified that antibiotics
have various effects on wetland plants; however, this system
also has limits. In real wastewater treatment, there are abun-
dant pollutants and antibiotics, which may interfere with
plants and affect nitrogen removal. Meanwhile, the matrix in
constructed wetlands may also influence the effect of antibi-
otics on plants, which needs further research.

Conclusions

This study investigated the nitrogen removal ability of four
macrophyte species cultivated in hydroponic systems simulat-
ing the presence of wastewater with 10 pg L' of the
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antibiotics OFL and TET. OFL and TET stimulated the bio-
mass and nitrogen accumulation of Ac and Cy but significant-
ly inhibited the NO; —N uptake in Ly and Ty, indicating that
Ac may be a more appropriate wetland species for the removal
of nitrogen in antibiotic contaminated wastewater.
Considering the significant correlation between the TOC of
root exudates and nitrogen removal efficiency, the TOC of
root exudates may be an important index for choosing macro-
phytes to maintain nitrogen removal efficiency in constructed
wetlands contaminated with antibiotics.
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