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Abstract

Antibiotic (Y ’sulfonamide, ) fluoroquinolone, }tetracycline and ) macrolide) contamination
in aquatic systems has remained a global concern in recent years. In this study, fourteen antibiotics,
sulfadiazine (SDZ), sulphapyridine (SPD), sulfacetamide (SCT), sulfamethoxazole (SMX),
sulfamethazine (SMZ), trimethoprim (TMP), ofloxacin (OFX), lomefloxacin (LFX), ciprofloxacin
(CFX), norfloxacin (NFX), oxytetracycline (OTC), tetracycline (TC), dehydroerythromycin (ETM-H20)
and roxithromycin (RTM), were analysed in zooplankton collected from the Yelang Lake Reservoir
between May 2016 and Mar. 2017. Our results demonstrated that the antibiotic TC (mean 95.80 ng
gh), OTC (mean 167.0 ng g"') and RTM (mean 151.80 ng g') concentrations were significantly higher
in zooplankton than the other antibiotics. TC, OTC and RTM accumulated intensively in zooplankton,
and the BAFs of OTC, RTM and TC were significantly higher, with mean BAF values of 78.43, 108.4
and 110.1, respectively. Antibiotic concentrations were strongly correlated with zooplankton
phytoplankton biomass, OTC, RTM and SMX concentrations in zooplankton were significantly positively
correlated with bacillariophyte biomass, and SDZ and SMZ concentrations in zooplankton were
significantly positively correlated with 7. brevifurcatus, T. mongolicus, and D. pulex biomass. SPD with
P. tunguidus, C. cornuta, TMP, ETM and OFX with P. tunguidus, C. cornuta, M. leuckarti,
C. vicinus vicinus, CFX with D. pulex, LFX with T. brevifurcatus, T. mongolicus, Bosmina longirostris,
and D. dubium were significantly positively correlated. These results show that bioaccumulation
or scavenging of antibiotics across trophic levels is a fundamental and complex component of antibiotic

cycling in aquatic environments.
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Introduction

The accelerating growth of wurban aquatic
environments in developing countries, combined with
poor control of wastewater and uncontrolled increases in
industrial and agricultural activities, have raised serious
concerns about pollutants such as heavy metals and
antibiotics [1, 2]. Heavy metals are natural constituents
of the environment; however, heavy metal pollution
in environments has been associated with various human
activities (e.g., agrochemical use, urban expansion,
and particularly petroleum extraction) [3, 4]. Most
heavy pollutants are transported by runoff to rivers and
finally deposited in water bodies with low hydrological
dynamics [5]. In addition, antibiotics are extensively
used in the treatment of infectious diseases in humans
and animals and are also incorporated into animal
feed to improve growth [6]. Antibiotics are a class of
secondary metabolites produced by microorganisms,
as well as chemically synthesized or semi-synthesized
analogous compounds, which can inhibit the growth
and survival of other microorganisms [7]. Antibiotics
are probably the most successful family of drugs to
treat microbial infections in humans and animals with
specific action on the target. However, antibiotics not
only affect the target population but also influence the
nontarget population with high toxicity impact [8].
Antibiotics have been detected in aquatic environments
such as lakes, rivers, water reservoirs, wastewater
influents and effluents, groundwater and even drinking
water even though drinking water is treated [9].
Antibiotics can enter the water and land environment
through various pathways, such as the discharge of
municipal sewage, the manufacturing industry, animal
husbandry, landfill leachates of antibiotic disposal, and
runoff from agricultural fields containing livestock
manure, aquaculture ponds, and urban centres [7].
The abuse of antibiotics has led to higher levels of
antibiotic residue, and this is evidence that drug-
resistant bacteria are evolving, facilitating infections
that are difficult to treat [10]. Evidence has shown that
the consumption and production of antibiotics in China
are the highest in the world [11]. Prescriptions including
antibiotics account for 70% and approximately 30% in
western countries, and annual per capita consumption
reaching 138 g is approximately 2 times the annual per
capita consumption of Europe and 10 times the annual
per capita consumption of the United States [12-13]. The
production of antibiotics in 2013 was up to 2.4810° t,
which had almost tripled since 2009, and the usage of
antibiotics in 2013 was up to 1.6210° t, with antibiotics
of 5.0 10* t/yr into the water and soil environment
[14]. Most antibiotics cannot be completely removed
by adsorption or metabolism, and a considerable
fraction are released into aquatic environments [15].
The concentrations and detection frequencies of
antibiotics in aquatic environments in China [16]
could lead to selective pressure on water bacteria and
induce the formation of antibiotic-resistant bacteria,

reducing the therapeutic potential of the antibiotics
against human and animal pathogens [16-17]. Therefore,
antibiotic residues in aquatic environments could pose
a potential threat to the environment and human health
[13].

Antibiotics, sulfonamides (SAs), fluoroquinolones
(FQs), tetracyclines (TCs) and macrolides (MCs) have
been detected at concentrations up to micrograms per
litre (ug'L™") in surface waters and nanograms per gram
(ng'g™) in sediments [18-20]. A previous study showed
that sulfonamides and fluoroquinolones are the main
contamination factors, with the concentrations of SAs
ranging from ND~940 ng L' and FQs ranging from
ND~713.6 ng L' in surface lakes [13]. TCs constitute
one of the most extensively used antibiotic classes
due to their low cost, ease of use and relatively minor
side effects [21]. TCs are also the most widely used
veterinary drugs and feed additives in the aquaculture
and livestock industries of China, with concentrations
of ND~87.9 ng L' and an average 43.2 ng L' in lakes
[13]. In China, TCs are produced and consumed on
a large scale; for example, the export of TCs was 1.34107 t
in 2008 [22], TCs were added at the subtherapeutic level
to animal feed to prevent infection and act as growth
promoters, and the usage of tetracycline reached 9413 t
in 1999 [23]. Evidence has shown that the concentrations
of erythromycin (ERM) and roxithromycin (ROM)
are relatively high among MCs, with maximum
concentrations of 624.8 ng L' and 218.3 ng L in Taihu
Lake. Exposure to MCs in the aquatic environment of
China is similar to the exposure in other surface water
bodies. MCs are widely used in concentrated doses to
animals and humans, for reasons such as respiratory
diseases, intestinal infections and mastitis [24].

In the past few decades, most reservoirs in Guizhou
have been involved in aquaculture. Antibiotics have
been widely used for disease prevention in fish,
shrimp and other aquatic products [25]. Obviously,
antibiotics widely used in cage culture are deposited
in reservoirs [26]. However, many studies have paid
attention to heavy metals in high-load water and
residual antibiotics in zooplankton. Therefore, the
present study will analyse the enrichment of compound
pollutants of antibiotics by zooplankton in the Yelang
Lake Reservoir, Guizhou Province, and combine this
enrichment with environmental physical and chemical
factors in water. Additionally, this study will reveal
the effect of eutrophication on polluting antibiotics in
zooplankton.

Materials and Methods
Study Area
The Yelang Lake Reservoir, Guizhou Province,
is located in Puding County, west of central Guizhou,

and belongs to the Sancha River drainage basin.
The Yelang Lake Reservoir originates from Weining
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County, Bijie, and enters the territory of Guizhou from
Yanjiao County, Liuzhi Special Zone, Liupanshui.
The county is divided into northern and southern
parts by this river from west to east, and the river
flows into Pingba County through the Lesna Bridge
in the northeast. The length of the river is 67.05 km.
The width varies from 35 m-75 m, and the water
surface area is 22.5 km? The drainage area in the
country is 1069.7645 km?, and the drainage area outside
the country is 4854.907 km?. The average annual flow
rate is 130.1 m?/s, and the low water flow is 72.86 m?/s.
The drainage area of Yelang Lake is 5871 km?,
accounting for 80.8% of the drainage area of the Sancha
River. The length of the river above the dam is 240
km, and the water surface area is 21.6 km?. The length
of the reservoir is 42 km. The widest part of the lake
is 2.5 km, and the narrowest part is 60 m. The total
water storage is 4.2108m?, and the normal water storage
is 377 x 10® m’. The Yelang Lake Reservoir has
the functions of aquaculture, drinking water, etc.
[27]. According to the geographical environmental
characteristics of the research area, a total of 6
sampling sections (Fig. 1) were set up in the Yelang
Lake Reservoir.

Water and Phytoplankton Collecting

Water and phytoplankton were gathered from
May 2016 to March 2017. Several indices, including pH
value, total nitrogen (TN), and total phosphorus (TP),
were described in a previously published study [28].
Dissolved oxygen (DO) and pH were measured when
each sample was collected using a 6600 multisensor
sonde (Yellow Springs Inc., Yellow Springs, OH,

USA). Approximately 500 mL of combined water
sample was used for the analysis of chemical oxygen
demand (COD,, ), total nitrogen (TN), nitrate (NO,-N),
nitrite (NO,-N), ammonia nitrogen (NH,-N), total
phosphorus (TP), and phosphate (PO,-P) according to
China’s national environmental quality standard for
surface water (GB 3838-2002). For example, TN and TP
concentrations in each sample were determined using
the alkaline potassium persulfate oxidation method
[29-30].

Water samples for antibiotics were taken from the
freezer and thawed. Duplicate aliquots of 10 ml of each
sample were transferred to two plastic tubes of 30 ml
each. To both aliquots, 10 pl of a mixture of internal
standard solution (500 pug/L) was added. To one aliquot,
100 pl of a mixture of all antibiotics (2.5 pg/L for
the sulfonamides and 10 pg/L for the tetracyclines,
quinolones and macrolides) was added. The samples
were mixed, and 4 ml of Mcllvain buffer (0.1 M citric
acid, 0.2 M phosphate buffer and Na2EDTA; pH 4)
was added. The samples were horizontally shaken
for 5 min at 120 rpm, followed by centrifugation at
4000 g for 10 min. Two hundred milligrams of Strata-X
(Phenomenex, USA) SPE columns were washed with
5 ml methanol (MeOH), followed by 5 ml Mcllvain
buffer. Thereafter, the sample extract was loaded onto
the column, followed by a washing step with 5 ml
purified water (Milli-Q, Merck, USA). Vacuum pressure
was applied to extract the liquid from the SPE columns.
Then, the columns were eluted with 5 ml of MeOH, and
the eluting liquid was collected in clean collection glass
tubes. The collection tubes were placed in a nitrogen
evaporator at 40°C to evaporate the MeOH. After
complete evaporation, the samples were redissolved
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Fig. 1. Sampling collected in Yelang Lake Reservoir of Guizhou Province, South China.
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in 100 pl of MeOH and vortexed for 5 s. Finally, 400 pl
of purified water was added and vortexed for another
5 s. The homogenized samples were transferred to LCs
vials with inserts. The vials were stored at —20°C until
further analysis using LC-MS/MS [31].

Plankton samples were collected from surface waters
at each sampling site and analysed for phytoplankton
community composition, abundance and biomass.
Each phytoplankton sample was preserved with the
addition of Lugol’s iodine, allowed to settle for 48 h and
concentrated to a final volume of 30 mL. Cell density
was measured using a Sedgwick-Rafter counting
chamber with counts at magnifications between
~200 A and ~400 A. Species were identified as
described by Hu et al. [32]. Total algal biovolumes for
each species were calculated from the number of cells
and measured cell sizes. Biomass was determined
by converting the cell shapes into volumes and then
converting to biomass assuming that 1 mm® was
equivalent to 1 mg fresh weight biomass [33, 34]. The
collection and treatment of antibiotics in water were
performed according to a previously published study
[28].

Zooplankton Collection, Antibiotics Analyses

Zooplankton collection and its biomass amount
were calculated and described in a previous study
[30]. Zooplankton were collected from multiple tows
using a nylon mesh net from 0.5 m above the bottom
to the surface at each sampling site [28]. Each tow
was put into a 20-L sample bottle; subsequent tows
at each site were repeated until the zooplankton
dry weight was estimated to be N3.0 g. To clean
the sample, the bottle was static for 20 min to concentrate
and remove particulate matter from the bottom of
the jars. Zooplankton and phytoplankton in the
suspended water were transferred to another sample
bottle (20 L), and formaldehyde reagent was added.
The fixed (dead) zooplankton were then concentrated
at the bottom of the jar; the remaining suspended
phytoplankton and soluble organic matter in the
supernatant were removed. The zooplankton were
transferred into a 100-mL measuring cylinder and
thoroughly rinsed with Milli-Q water to remove
other impurities. Again, the zooplankton sample was
settled for 20 min, and the supernatant was removed.
This further removed dead phytoplankton and
other impurities. The zooplankton sample was then
transferred into sealed 50-m EP tubes and placed in an
ice box. Subsequently, the samples were frozen at —80°C
in polypropylene and polystyrol containers and stored
in a vacuum desiccator prior to analysis [28]. Copepoda,
cladocera and rotifera were distinguished based on
Wang [35], Jiang and Chu [36] and Shen and Song [37].
The determination of antibiotics from zooplankton and
the statistical methods were performed according to
a previous study [30]. Pharmaceuticals in the sediment
and biota samples were extracted by methanol/acetone

(1:1) using an ASE 350 pressurized liquid extraction
system (Dionex, Sunnyvale, USA), followed by
purification with an Oasis HLB cartridge. The target
pharmaceuticals were analysed using an Agilent 1290
ultrahigh-performance liquid chromatograph coupled
with an Agilent 6460 triple quadrupole MS (Agilent,
California, USA).

Statistical Methods

Statistical analyses of the data were performed
using SPSS 18.0 (PASW) and Origin 7.5 software.
Correlation coefficients (r values) and probabilities
(p values) were calculated for linear regressions
comparing variable interactions. F-values were used
to indicate the extent of differences between data for
samples from different sites. Differences were classified
as significant at the p<0.05 level. Bioaccumulation
factors (BAFs) were calculated using the equation BAF
(antibiotic concentration in zooplankton)/(antibiotic
concentration in water).

Results and Analysis
Physical and Chemical Characteristics

Physicochemical parameters, including dissolved
oxygen (DO), pH, chemical oxygen demand (COD,, ),
total nitrogen (TN), nitrate (NO,-N), nitrite (NO,-N),
ammonia nitrogen (NH,-N), total phosphorus (TP), and
phosphate (PO,-P), were measured in the Yelang Lake
Reservoir using samples collected from May 2016 to
Mar. 2017. The COD,, , NO,-N, NH,-N, TP, and PO,-P
concentrations were significant at different sites and at
different sampling times and are presented in Table 1.
There was a positive correlation between TP and PO,-P
(P<0.005, F = 137.1), and the TP content increased as
TN increased (P<0.005, F = 9.16). Dissolved oxygen
levels in the Yelang Lake Reservoir were consistently
higher, and there were no significant changes,
indicating that the water was well mixed throughout
the year, with mean levels of 7.04- 7.40 mg L. Yelang
Lake Reservoir was alkaline with a mean pH value
of 7.7. Total phosphorus (TP) concentrations ranged
from 0.002 to 0.11 mg L', with a mean of 0.02 mg L.
The Yelang Lake Reservoir was eutrophic according
to the Environment Canada trophic status assessment
criteria [38] when only TP concentrations were
considered, and PO,-P ranged from 0.001 mg L' to
0.07 mg L', with a mean of 0.01 mg L. The mean
TN concentration of 3.02 mg L™ in the present study
was greater than the limited value of 2.0 mg L' and
was proposed by the class V standard for surface
water environmental quality (GB3838-2002). The TN
concentrations were significant in diverse seasons.
NO,-N, NO,-N and NH,-N concentrations ranged from
0.30 to 1.59 mg L', 0.0 to 0.10 mg L' and 0.01 to
0.98 mg L', with means of 1.07 mg L, 0.023 mg L
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and 0.25 mg L, respectively. COD,, concentration Antibiotics concentrations are listed in Table 2.
ranged from 3.10 to 1090 mg L7, with a mean According to Table 2, the antibiotic concentrations
of 6.31 mg L' (Table 1). were trace amounts, and the higher concentration did

Table 1. Physical and chemical parameters in the in Yelang Lake Reservoir.

Times Sites TP PO,-P N NO,-N NH,-N NO,-N COD,,, DO I
mgL! | mgL!' | mgL! mg L' mg L mg L mg L mg L P
S1 0.003 0.001 3.02 0.94 0.39 0.01 6.8 8.38 7.8
S2 0.008 0.008 3.43 1.09 0.38 0.01 6.9 8.61 7.7
S3 0.013 0.009 3.12 0.73 0.35 0.02 6.3 8.67 7.4
May 2016
S4 0.013 0.008 2.94 0.94 0.37 0.01 8.2 8.94 7.3
S5 0.012 0.011 3.48 0.89 0.98 0.02 53 8.79 7.8
S6 0.017 0.011 3.11 0.82 0.72 0.01 6.9 8.47 7.9
S1 0.020 0.012 3.21 1.54 0.56 0.01 5.8 8.51 7.9
S2 0.004 0.001 3.08 1.09 0.36 0.01 6.6 6.94 7.6
S3 0.006 0.005 3.53 0.96 0.35 0.01 5.0 6.4 7.6
Jun. 2016
S4 0.008 0.007 3.69 1.05 0.48 0.01 6.1 6.91 7.9
Ss 0.011 0.007 3.23 0.81 0.35 0.02 6.5 8.12 7.7
S6 0.012 0.010 3.54 1.04 0.91 0.02 6.0 6.89 7.8
S1 0.021 0.011 3.58 0.99 0.65 0.02 5.2 7.12 7.9
S2 0.003 0.002 2.89 1.15 0.06 0.01 5.2 8.56 7.6
S3 0.002 0.004 2.06 1.12 0.04 0.01 8.4 8.38 7.6
Aug. 2016
S4 0.038 0.020 2.30 1.08 0.01 0.05 5.5 8.03 7.9
S5 0.003 0.002 1.95 0.87 0.14 0.01 5.6 8.49 7.8
S6 0.008 0.003 1.49 0.86 0.15 0.01 7.6 8.21 7.3
S1 0.015 0.009 1.64 1.08 0.14 0.01 6.6 8.17 7.4
S2 0.052 0.025 4.02 1.13 0.09 0.07 8.9 6.12 7.6
S3 0.075 0.028 3.76 1.10 0.05 0.07 4.1 6.08 7.6
Sept. 2016
S4 0.106 0.041 4.19 1.12 0.07 0.08 4.0 5.69 7.6
Ss 0.052 0.019 3.45 1.59 0.06 0.10 4.0 6.03 7.7
S6 0.092 0.070 2.98 0.30 0.02 0.01 3.1 6.34 7.4
S1 0.039 0.010 3.79 1.11 0.33 0.04 10.9 6.28 8.1
S2 0.037 0.008 3.57 1.06 0.28 0.04 7.2 6.22 7.9
S3 0.019 0.003 2.84 1.00 0.20 0.03 7.2 6.33 7.8
Nov. 2016
S4 0.030 0.001 2.95 0.99 0.26 0.03 6.9 6.16 7.8
S5 0.020 0.002 3.01 0.91 0.17 0.03 8.2 6.26 7.8
S6 0.017 0.007 4.33 1.04 0.23 0.03 8.0 6.0 8.0
S1 0.010 0.003 2.96 1.17 0.08 0.01 8.9 6.66 7.9
S2 0.011 0.004 2.69 1.22 0.04 0.01 5.8 9.78 7.8
S3 0.018 0.005 3.42 1.20 0.03 0.01 42 5.98 7.9
Dec. 2017
S4 0.020 0.007 3.04 0.94 0.04 0.01 9.3 7.46 7.9
S5 0.015 0.005 3.12 1.21 0.09 0.01 54 6.64 7.8
S6 0.015 0.005 2.72 1.18 0.03 0.01 6.9 5.76 7.8
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Table 1. Continued.
S1 0.019 0.007 2.95 1.41 0.05 0.01 7.1 7.29 7.8
S2 0.009 0.001 2.39 1.33 0.09 0.02 4.8 7.63 7.8
S3 0.005 0.003 2.64 1.03 0.11 0.02 32 8.21 7.7
Feb.2017
S4 0.006 0.004 2.39 1.21 0.07 0.03 3.7 7.51 7.9
S5 0.020 0.014 3.05 1.03 0.07 0.02 4.0 8.23 7.7
S6 0.015 0.011 3.22 1.05 0.08 0.03 5.3 8.11 7.8
S1 0.015 0.009 2.35 1.39 0.20 0.02 6.1 7.48 7.9
S2 0.015 0.011 2.84 1.30 0.22 0.02 6.6 7.31 7.7
S3 0.023 0.011 2.97 0.94 0.14 0.02 5.8 7.73 7.8
Mar.2017
S4 0.017 0.013 2.94 1.23 0.22 0.02 7.0 8.11 8.0
S5 0.021 0.008 2.52 1.12 0.98 0.02 8.2 7.43 8.0
S6 0.032 0.010 2.65 1.32 0.36 0.02 7.5 8.06 7.8
Min 0.002 0.001 1.49 0.30 0.01 0.01 3.10 5.69 7.3
Max 0.11 0.07 4.33 1.59 0.98 0.10 10.90 9.78 8.1
Average 0.02 0.01 3.02 1.08 0.25 0.02 6.31 7.41 7.7

not exceed 6.8 ng L. Mean antibiotic (sulfadiazine
(SDZ), sulfapyridine (SPD), sulfacetamide (SCT),
sulfamethoxazole (SMX), sulfamethazine (SMZ),
trimethoprim (TMP), lomefloxacin (LFX), ciprofloxacin
(CFX), norfloxacin (NFX), oxytetracycline (OTC),

tetracycline  (TC), dehydroerythromycin (ETM-
H,0), and roxithromycin (RTM) concentrations)
concentrations in the water were also distinctly

different across the 6 sites of the Yelang Lake reservoir
study area, and the mean SPD, SCT, SMX, TMP and
SMZ concentrations in the water were higher than the
concentrations of other antibiotics at all sampling sites.

Table 2. Antibiotics concentrations (ng L!) in Yelang Lake Reservoir.

Phytoplankton Biomass and Zooplankton
Communities

Fig. 2a) shows that the main phytoplankton in the
Yelang Lake Reservoir is Microcystis aeruginosa Kiitz.
(cyanobacteria); Pediastrum spp., Crucigenia spp.,
Scenedesmus spp. (Chlorophyceae); Coscinodiscus spp.,
Cyclotella spp. (sensu lato), Melosira spp. (including
Aulacoseira  spp.) (diatoms);  Peridiniopsis  spp.
(Dinophyceae); Cryptomonas spp. (Cryptophyceae);
Dinobryon spp. (Chrysophyceae); and Euglena spp.
(Euglenoidea) (Fig. 2a). The highest biomass was diatom,
and its proportion and average value were between
6.0 and 95.10% and 53.38%, respectively. Successively,
the second chief biomass was Dinophyceaen
(Peridiniopsis spp.), and its proportion and average

Sites SDZ SPD | SCT | SMX | SMZ | TMP | NFX | CFX | LFX | OFX | OTC | TC | ETM-H,0 | RTM
S1 2.5 1.4 2.0 24 1.9 33 142 | 1.7 (29|19 | 20| 13 24 1.8
S2 53 2.8 1.7 1.8 4.1 41 06 | 03 |03 | 12 ] 38| 28 1.8 2.1
S3 5.6 1.0 7.4 1.4 24 60 | 37|04 |13 ] 03] 21 |01 24 1.6
S4 1.6 2.8 8.5 9.3 2.2 37126 |26 |29 | 18 | 1.5 | 05 1.4 1.2
S5 0.7 6.8 2.1 9.5 6.1 31 | 38 | 1.5 |24 | 12| 22|03 1.2 1.3
S6 0.6 4.0 1.3 7.7 4.1 05122 (32| 18|25 ]| 12|02 1.4 0.4
Min 0.6 1 1.3 1.4 1.9 051106 |03 |03]03]12]01 1.2 0.4

Max 5.6 6.8 8.5 9.5 6.1 6 42 1 32|29 | 25| 38 | 28 24 2.1

Average 2.72 313 | 383 | 535 347 | 3451285 1.62 | 193 | 1.48 | 2.13 | 0.87 1.77 1.40
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Fig. 2. Phytoplankton a) and zooplankton, b) species biomass in Yelang Lake Reservoir (Guizhou Province, PR China) between May.

2016 and March 2017.

values were 0.11-99.99% and 30.11%, respectively. The
lower biomass was Chlorophytes and M. aeruginosa.
The average proportion of Cryptomonas spp.
(Cryptophyceae) was 12.45%, ranging from 0.02%-53.6%
during May 2016 and Mar. 2017. The other
phytoplankton changed greatly during the investigation
periods, and the average biomass levels were lower than
2.32% (Fig. 2a).

Sixteen zooplankton species were found in the Yelang
Lake Reservoir study area, including 4 Cladocera,
5 Copepoda, and 7 Rotifera (Table 3). Phyllodiaptomus
tunguidus (Shen & Tai, 1964), Thermocyclops
brevifurcatus (Harada, 1931), and Bosmina longirostris
(O.F. Miiller) were seen frequently during the study
period, and their average biomass concentrations
were 0.928 mg L™, 0.0871 mg L and 0.0062 mg L7,
respectively. Zooplankton community composition
and biomass changed between May 2016 and Mar.
2017. Rotifer biomass was consistently higher than the
biomass of other species, and the mean biomass was
1.488 mg L. P. tunguidus dominated the copepod
community, contributing between 12.90% and 79.01%
of the total zooplankton biomass, with a mean of 37.2%
(Fig. 2b).

Antibiotic Concentrations in Zooplankton

Antibiotics consisting of six SAs, four FQs, two
MLs and two TCs were included in this investigation.
Six SAs were sulfadiazine (SDZ), sulfapyridine
(SPD), sulfacetamide (SCT), sulfamethoxazole (SMX),
sulfamethazine (SMZ) and trimethoprim (TMP).
The four FQs were ofloxacin (OFX), lomefloxacin
(LFX), ciprofloxacin (CFX) and norfloxacin (NFX).
The two TCs were oxytetracycline (OTC)
and tetracycline (TC), and the two MLs were
dehydroerythromycin (ETM-H,O) and roxithromycin
(RTM). Antibiotic concentrations varied greatly in the
zooplankton at different sites, and the mean antibiotic
concentrations in order of abundance were SMX>S
CT=SMZ>SPD>TMP>SDZ>NFX>LFX>OTC>OF
X>ETM-H,0>CFX>RTM>TC (Table 4). Antibiotic
bioaccumulation factors (BAFs) were significantly
different in zooplankton. RTM, TC and OTC
bioaccumulation factors (BAFs) were significantly
higher than BAFs of SPD, SCT, SMX, SMZ and TMP
(Table 4). RTM, TC and OTC bioaccumulation factors
(BAFs) were significantly higher than SPD, SCT, SMX,
SMZ and TMP (Table 4). Furthermore, antibiotics
in the zooplankton varied among sample sites.
The mean bioaccumulation of NFX, OTC, TC and RTM
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Table 3. Dominant zooplankton species in Yelang Lake Reservoir.

Date

Dominant species and groups

May. 2016

Cladocera: Bosmina longirostris, Diaphanosoma dubium.
Copepoda: Phyllodiaptomus tunguidus Shen & Tai, 1964, Cyclops vicinus vicinus Uljanin, 1875, Thermocyclops
brevifurcatus (Harada, 1931), Themocyclops mongolicus Kiefer 1937.
Rotifera: Asplanchna priodonta, Keratella cochlearis, Filinia longiseta, Brachionus calyciflorua.

Jun. 2016

Cladocera: Bosmina longirostris, Diaphanosoma dubium.
Copepoda: Phyllodiaptomus tunguidus Shen & Tai, 1964, Thermocyclops brevifurcatus (Harada, 1931),
Themocyclops mongolicus Kiefer 1937.
Rotifera: Asplanchna priodonta, Keratella cochlearis, Filinia longiseta, Brachionus calyciflorua.

Aug. 2016

Cladocera: Bosmina longirostris, Diaphanosoma dubium.
Copepoda: Phyllodiaptomus tunguidus Shen & Tai, 1964, Cyclops vicinus vicinus Uljanin, 1875, Themocyclops
mongolicus Kiefer 1937, Thermocyclops brevifurcatus (Harada, 1931).
Rotifera: Asplanchna priodonta, Keratella cochlearis, Filinia longiseta, Brachionus calyciflorua.

Sept. 2016

Cladocera: Bosmina longirostris, Diaphanosoma dubium.
Copepoda: Phyllodiaptomus tunguidus Shen & Tai, 1964, Cyclops vicinus vicinus Uljanin, 1875, Themocyclops
mongolicus Kiefer 1937, Mesocyclops leuckarti Claus 1857, Thermocyclops brevifurcatus (Harada, 1931).
Rotifera: Asplanchna priodonta, Keratella cochlearis, Filinia longiseta, Brachionus calyciflorua.

Nov. 2016

Cladocera: Bosmina longirostris, Diaphanosoma dubium.
Copepoda: Phyllodiaptomus tunguidus Shen & Tai, 1964, Cyclops vicinus vicinus Uljanin, 1875, Themocyclops
mongolicus Kiefer 1937, Mesocyclops leuckarti Claus 1857, Thermocyclops brevifurcatus (Harada, 1931).
Rotifera: Asplanchna priodonta, Keratella cochlearis, Filinia longiseta, Brachionus calyciflorua.

Dec. 2016

Cladocera: Bosmina longirostris (O.F. Miiller) 1776, Daphnia pulex Leydig 1860, Diaphanosoma dubium
Manuilova 1964.

Copepoda: Phyllodiaptomus tunguidus Shen & Tai, 1964, Thermocyclops brevifurcatus (Harada, 1931), Cyclops
vicinus vicinus Uljanin, 1875, Mesocyclops leuckarti Claus 1857, Themocyclops mongolicus Kiefer 1937.
Rotifera: Asplanchna priodonta Gosse 1850, Keratella valga Ahlstrom, 1934, Brachionus calyciflorua Pallas,
1766, Brachionus angularis Gosse 1851.

Feb. 2017.

Cladocera: Bosmina longirostris, Daphnia pulex, Ceriodahnia cornuta Sars 1885.
Copepoda: Phyllodiaptomus tunguidus Shen & Tai, 1964, Cyclops vicinus vicinus Uljanin, 1875, Thermocyclops
brevifurcatus (Harada, 1931), Themocyclops mongolicus Kiefer.
Rotifera: Asplanchna priodonta, Keratella cochlearis Gosse 1851, Filinia longiseta Ehrenberg 1834, Brachionus

calyciflorua Pallas 1766, Brachionus angularis.

Mar. 2017

Cladocera: Bosmina longirostris, Daphnia pulex Leydig, Ceriodahnia cornuta
Copepoda: Phyllodiaptomus tunguidus Shen & Tai, 1964, Cyclops vicinus vicinus Uljanin, 1875, Mesocyclops
leuckarti, Thermocyclops brevifurcatus (Harada, 1931).
Rotifera: Asplanchna priodonta, Keratella valga Ehrenberg 1834, Keratella cochlearis, Polyarthra trigla
Ehrenberg 1834, Brachionus calyciflorua, Brachionus angularis.

was higher than the mean bioaccumulation of other
antibiotics across seasons (Table 4).

Fig. 3 shows the measured concentrations of
antibiotics in the Yelang Lake Reservoir. According to
two-way ANOVA, spatial variation in the total amount
of 14 antibiotics was highly significant in zooplankton
(p<0.001). The concentration of ) antibiotics was
defined as the sum concentrations of the target
antibiotic of a certain category. Concentrations of
Y sulfonamides,  fluoroquinolones, ) tetracyclines and
> macrolides ranged from 25.66 to 746.63 ng g, 15.60
to 598.83 ng g, 9.067 to 1269.07 ng g and 8.19 to
1218.09 ng g! in zooplankton, respectively (Fig. 3a-d).
OFX and RTM concentrations were significantly higher
in zooplankton than all other antibiotics, and OTC and
RTM concentrations had average values of 167.09 ng g'!
dw and 151.85 ng g' dw, respectively. Concentrations
of OTC in the zooplankton ranged from 10.01
to 987.21 ng g! dw (Fig. 3c), and the lowest and highest

RTM levels were 0.063 ng g' dw and 779.68 ng g’
dw (Fig. 3d). SMX, NFX and TC -concentrations
in zooplankton were also significantly higher than
concentrations of SDZ, SPD, SCT, SMZ, TMP, CFX,
LFX, OFX, ETM. The concentrations of SMX in the
zooplankton ranged from 2.38 to 713.81 ng g dw, with a
mean of 89.16 ng g dw (Fig. 3a). Concentrations of NFX
in zooplankton ranged from 1.63 to 396.03 ng g' dw,
with a mean 64.34 ng g"' dw (Fig. 3b), and the lowest and
highest TC levels were 0.069 ng g"' dw and 660.59 ng g'!
dw, with a mean of 95.81 ng g' dw (Fig. 3¢). In this
study, antibiotics in zooplankton were affected by
phytoplankton biomass. For example, ETM, SDZ, RTM,
SMX and OTC concentrations in zooplankton were
significantly positively correlated with bacillariophyte
biomass, and TMP concentrations in zooplankton
increased when dinophyta biomass increased. SCT
increased with chrysophyta biomass increasing, SMZ
and OFX increased with euglenophyta increasing,



Antibiotic Bioaccumulation in Zooplankton...

2375

Table 4. Mean antibiotic concentrations (ng g"! dry weight) in zooplankton from four seasons in Yelang Lake Reservoir, P. R. China.

SDZ | SPD | SCT | SMX | SMZ | TMP | NFX | CFX | LFX | OFX | OTC | TC ETM-H,0 RTM

Spring 14.1 | 16.7 | 8.69 |71.72| 4.76 | 7.50 | 52.8 | 5.14 | 2.77 | 9.75 | 156.5 | 75.23 9.88 45.21
Summer 11.9 | 257 | 5.63 | 98.40| 4.41 | 2.06 | 31.6 | 409 | 1.80 | 17.87|133.6 | 77.98 63.89 2243
Autumn 23.1 | 11.4 | 9.50 | 51.69 | 4.13 | 599 | 903 | 22.2 | 642 | 495 | 238.9|180.1 23.02 190.9
Winter 275 | 10.8 | 6.97 | 134.8| 2.13 | 994 | 825 | 33.9 | 7.02 | 3.28 | 139.2 | 4991 12.06 146.9
Min 11.9 | 10.8 | 5.63 | 51.69 | 2.13 | 2.06 | 31.6 | 5.14 | 1.8 | 3.28 | 133.6 | 49.91 9.88 45.21
Max 275 | 257 | 9.5 [ 1348 | 476 | 994 | 90.3 | 409 | 7.02 |17.87|238.9 | 180.1 63.89 2243
Average 19.1 | 16.1 | 7.69 |89.15| 3.85 | 6.37 | 643 | 255 | 450 | 896 | 167.0 | 95.80 27.21 151.8
BAFs 7.04 | 5.16 | 2.01 |16.66| 1.11 | 1.85 | 22.5 | 15.7 | 233 | 6.06 | 78.43 | 110.1 15.37 108.4

and SPD and CFX were positively associated with
cyanophyta and cryptophyta biomass (Fig. 4). The OTC
concentration in zooplankton increased when Bosmina
longirostris, D. dubium and rotifera increased (Fig. 5)
and was positively associated with TN and TN (Fig. 6).
The RTM concentration in zooplankton increased
when M. leuckarti and D. pulex increased (Fig. 5)
and was positively associated with TP, NO,-N and
PO,-P (Fig. 6). The SMX and NFX concentrations
in zooplankton increased with 7. brevifurcatus,
T. mongolicus, and D. pulex (Fig. 5). However, the
SMX concentration in zooplankton was negatively
associated with TN, pH and COD,,, and the SMX,
RTM, CFX and ETM concentrations increased with
increasing PO,-P and TP (Fig. 6). There was a positive
correlation between TP and PO,-P (P<0.005, F' = 137.1).
The TC concentration in zooplankton was significantly
positively correlated with TN and COD,, (Fig. 6).
The other antibiotic concentrations (SDZ, SPD, SCT,
SMZ, TMP, CFX, LFX, OFX, ETM) in zooplankton
were lower, with means of 19.18 ng g', 16.17 ng g,
7.69 ng g', 3.85 ng g!, 6.36 ng g', 2556 ng g,
450 ng g', 896 ng g', and 27.20 ng g' (Fig. 4a-d).
SDZ, SMZ concentration in zooplankton significantly
positively correlated with 7. brevifurcatus, T. mongolicus,
D. pulex biomass, and SPD with P. tunguidus,
C. cornuta, TMP, ETM and OFX with P. tunguidus,
C. cornuta, M. leuckarti, C. vicinus vicinus, CFX with
D. pulex, LFX with T. brevifurcatus, T. mongolicus,
Bosmina longirostris, D. dubium were significantly
positively correlated, TC and SCT concentration
in zooplankton had no significant correlation with
zooplankton species (Fig. 5). SDZ, SPD, SCT, LFX
and SMZ significantly increased with TN, COD,, , and
TMP with NO,-N, NH.-N, DO and pH, OFX with DO,
CFX and ETM with TP and NO,-N was significantly
positively correlated (Fig. 6).

Discussion

The metals content
established. However,

in zooplankton is well
the accumulation of many

pollutants in zooplankton has not been considered;
for example, antibiotic accumulation in zooplankton
has received very little attention as the most studied
pollutant today. At present, there are few studies on the
bioaccumulation of antibiotics, and the existing results
are mainly about the reports of residue detection methods
of antibiotics in living bodies such as zoobenthos,
fish, shrimp, etc. Residual reports of antibiotics in
wildlife have focused more on fish and shrimp at high
trophic levels. Zhang et al. [39] showed that twelve of
19 antibiotics were detected in shrimp samples with
total concentrations ranging from 1.80 to 10.6 ng g
ww. Total antibiotic concentrations in the shrimp
showed a negative correlation with their growth stage.
Antibiotics in young shrimp with a low gross weight
reached higher total concentrations (8.59-10.6 ng g
ww) than middle-aged and adult shrimp. Even if the
concentration of antibiotics in the water environment
is not high, through biological concentration and food
chain transfer, the concentration of antibiotics in the
water environment may have a negative impact on
ecological security and human health. In the study
shown, a part of the antibiotics accumulation in
zooplankton was very intensive, and the continuous
exposure may lead to the accumulation of antibiotics
in aquatic living bodies. Because the concentration of
antibiotics was very much lower in the Yelang Lake
Reservoir (the OTC, RTM and TC concentrations
in the water had a lower mean value of 2.13 ng L,
1.40 ng L', 087 ng L' respectively). However,
antibiotics OTC, RTM, TC, SMX, NFX and NFX
concentrations in the zooplankton had a higher value,
with an average value of 167.09 ng g' dw, 151.85 ng g’
dw, 95.80 ng g' dw, 89.85 ng g' dw, 64.3 ng g' dw,
respectively, and the study found that BAFs of antibiotics
in zooplankton was very higher than others pollutants.
The BAFs of OTC, RTM and TC, SMX and NFX were
significantly higher, and the mean values of BAFs were
78.43 and 108.4 and 110.1, 16.66 and 22.5, respectively
(Table 2 and Table 4). Xie et al. [40] found that the mass
ratio range of TC was from 26 ng g' to 49 ng g' in
zoobenthos from Taihu Lake, and for plankton collected
from Taihu Lake, TC displayed the highest median
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Fig. 3 Temporal-spatial variation of four kinds of antibiotics( trimethoprim (TMP), sulfamethazine (SMZ), sulfamethoxazole (SMX),
sulfacetamide (SCT), sulfapyridine (SPD), sulfadiazine (SDZ), ofloxacin (OFX), lomefloxacin (LFX), ciprofloxacin (CFX), norfloxacin
(NFX), oxytetracycline (OTC), tetracycline (TC), oxytetracycline (OTC), roxithromycin (RTM) and dehydroerythromycin (ETM-H20)
used in zooplankton in Yelang lake reservoir.
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Fig. 4. CCA biplot representation of the impact of antibiotics Six
SAs, the four FQs, two TCs, and two MLs in zooplankton and
phytoplankton biomass from Yelang Lake Reservoir May. 2016
to Mar. 2017 using detrended canonical correspondence analysis.
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Fig. 5. CCA biplot representation of the impact of antibiotics Six
SAs, the four FQs, two TCs, and two MLs in zooplankton and
the biomass of different zooplankton species from Yelang Lake
Reservoir May. 2016 to Mar. 2017 using detrended canonical
correspondence analysis.

concentrations of 29 and 35 ng/g in phytoplankton and
zooplankton, respectively. Our results were significantly
similar to previous results; the antibiotics TC, OTC
and RTM have intensive accumulation in zooplankton.
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Fig. 6. CCA biplot representation of the impact of antibiotics
Six SAs, the four FQs, two TCs, and two MLs in zooplankton
and physicochemical property from Yelang Lake Reservoir May.
2016 to Mar. 2017 using detrended canonical correspondence
analysis.

Du et al. [34] inspected a variety of antibiotics and the
existence of their metabolites in wild fish samples in
Bayou, and the results showed that ETM-H,O had the
highest level of 6200 ng g'in H. plecostomus. However,
our results showed that the ETM-H,O concentration in
zooplankton was higher in summer (63.89 ng g') and
autumn (23.02 ng g') than in the other two seasons.
In this study, our results suggested that antibiotics
with the highest concentrations in zooplankton also
showed the strongest relationship to zooplankton
bioaccumulation, similar to previous studies [40, 42].
In this study, we also showed that the concentrations
of antibiotics in zooplankton were significantly
correlated with zooplankton species. For example, the
OTC concentration in zooplankton increased when
Bosmina longirostris, D. dubium and rotifera increased,
and the RTM concentration in zooplankton increased
when M. leuckarti and D. pulex increased. SMX and
NFX concentrations in zooplankton increased as
T. brevifurcatus, T. mongolicus, and D. pulex increased.
SDZ and SMZ concentrations in zooplankton were
significantly positively correlated with 7. brevifurcatus,
T. mongolicus, and D. pulex biomass, and SPD with
P. tunguidus, C. cornuta, TMP, ETM—HZO and OFX with
P. tunguidus, C. cornuta, M. leuckarti, and C. vicinus
vicinus, CFX with D. pulex, LFX with T. brevifurcatus,
T. mongolicus, Bosmina longirostris, and D. dubium
were significantly positively correlated (Fig. 5).
Previous studies have shown that the concentrations of
antibiotics in zooplankton were significantly correlated
with zooplankton species [30]. The results also showed
that selected antibiotic concentrations in zooplankton
were species specific.

Kim et al. [41] found an acute toxicity effect of
TMP and SMZ on Daphnia magna capricornutum.
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This result indicates that the effect of the antibiotics
TMP and SMZ on Daphnia magna is not obvious.
The main reason was that the concentration toxicity of
antibiotics in zooplankton was slower. Wollenberger
et al. [42] studied the acute and chronic toxicity
of 9 kinds of veterinary antibiotics to Daphnia magna
and found that environmentally related concentrations
of antibiotics, such as metronidazole, olaquindox,
streptomycin, sulfadiazine and tylosin, had no obvious
effect on Daphnia magna. Our results also found
that the SCT concentration in zooplankton was not
significantly correlated with zooplankton species.
In this study, our results suggested that the toxicity
of antibiotics in zooplankton was very low, mainly
because the portion of antibiotic concentrations in
zooplankton was low. These antibiotic concentrations
of SCT, SMZ, TMP, LFX, and OFX in zooplankton
were lower, with a mean of 7.69 ng g' dw, 3.85 ng g’
dw, 6.36 ng g'dw, 4.50 ng g'dw, and 8.96 ng g' dw,
respectively. The BAFs of SCT, SMZ, TMP, LFX and
OFX were significantly lower, and the mean values of
BAFs were 2.01, 1.11, 1.85, 2.35 and 6.06, respectively.
In this study, the antibiotics SCT, SMZ, TMP, LFX
and OFX showed weak accumulation in zooplankton.
Our results suggested that the lower concentrations
of SCT, SMZ, TMP, LFX, and OFX in zooplankton
were affected mainly by the phytoplankton biomass
of the reservoir. For example, the OTC, RTM and
SMX concentrations in zooplankton were significantly
positively correlated with bacillariophyte biomass,
diatom biomass was higher than other phytoplankton
biomasses in the reservoir, and its proportion averaged
more than 53.38%. A previous study showed that
diatoms were the best food for zooplankton [30].
The results showed higher concentrations of OTC, RTM
and SMX in zooplankton, mainly because diatoms
can be assimilated by zooplankton, and lower SCT,
SMZ and OFX concentrations in zooplankton were
significantly associated with lower chrysophyta and
euglenophyte biomass (Fig. 2a).

A previous study showed that antibiotics can enter
the water and land environment through various
pathways, such as the discharge of municipal sewage,
manufacturing industry, animal husbandry, and urban
centres. Discharge with high TN, NO,-N, NH,-N,
NO,-N, COD, DO, pH, TP and PO,-P and antibiotic
concentrations. Therefore, antibiotics in zooplankton
also affected TN, NO,-N, NH,-N, NO,-N, COD, DO,
pH, and TP. In this study, the bioaccumulation of
antibiotics was most strongly affected by TN, NO,-N,
NH,-N, NO,-N, COD, DO, pH, TP and PO,-P. For
example, the OTC concentration in zooplankton was
positively associated with TN and TP. RTM was
positively associated with TP, NO,-N and PO,-P. SMX
and NFX were positively associated with TN, pH
and COD,, . The SMX concentration in zooplankton
was negatively associated with TN, pH and COD,,
and positively associated with PO,-P, NO,-N, and TP.
The TC concentration in zooplankton was significantly

positively correlated with TN and COD,, . SDZ, SPD,
SCT, LFX and SMZ significantly increased with TN,
COD,, , and TMP with NO,-N, NH,-N, DO and pH,
OFX with DO, CFX and ETM with TP and NO,-N
was significantly positively correlated. In this study,
our results suggested that domestic sewage discharge
can increase the risk of antibiotic concentrations
in zooplankton. The main reason domestic sewage
can enhance phytoplankton biomass blooms,
enhance zooplankton food, and indirectly affect the
bioaccumulation of antibiotics. Antibiotics in estuaries
and groundwater generally originate from aquaculture
wastewater and untreated/treated domestic sewage.
Most of the detected antibiotics posed no risk to the
environment. Ciprofloxacin and enrofloxacin found in
water may present high ecological and resistance risks,
while the two antibiotics observed to accumulate in fish
may pose a considerable risk to human health through
diet consumption [43]. Our research results suggest that
SDZ, NFX, LFX, SCT, TMP, OTC, SPD, TC, and CFX
concentrations may be significantly affected by water
metals. Some scholars have shown that tetracycline in
the environment has a significant inhibiting effect on
the movement of Daphnia magna, and the inhibition
concentration is 617.2 mg L. Other studies have shown
that the effect of tetracycline antibiotics on plants has
two aspects of transcription and translation, while
quinolone antibiotics affect chloroplast gene replication
in aquatic plants [39]. OTC has the same chemical
structure as tetracycline, and it is obvious that they have
obviously similar effects on zooplankton. Therefore, this
study supposes that higher concentrations of OTC may
promote rather than inhibit the activity of zooplankton.

Conclusions

Antibiotic (OTC, RTM and TC) accumulation in
zooplankton was very intense. Antibiotic (OTC, RTM
and TC) concentrations were much lower in the Yelang
Lake Reservoir, and the BAFs of OTC, RTM and
TC were significantly higher than the BAFs of other
antibiotics. The antibiotic concentrations of SCT, SMZ,
TMP, LFX, and OFX in zooplankton were lower, and
the BAFs of SCT, SMZ, TMP, LFX and OFX were
significantly lower. Concentrations of OTC, RTM and
SMX in zooplankton were higher mainly because higher
diatom biomass can be assimilated by zooplankton,
and lower SCT, SMZ and OFX concentrations in
zooplankton were significantly lower chrysophyta
and cuglenophyte biomass. The concentration of
antibiotics in zooplankton was significantly correlated
with zooplankton species. The antibiotic OTC
concentration in zooplankton increased when Bosmina
longirostris, D. dubium and rotifera increased, and
the RTM concentration in zooplankton increased
when M. leuckarti and D. pulex increased. SMX and
NFX concentrations in zooplankton increased as
T. brevifurcatus, T. mongolicus, and D. pulex increased.
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SDZ and SMZ concentrations in zooplankton were
significantly positively correlated with 7. brevifurcatus,
T. mongolicus, and D. pulex biomass. Antibiotics that
can enter the water environment pathways were mainly
the discharge of municipal sewage, manufacturing
industry wastes and fish cage culture, and with
a large amount of TN and TP. Antibiotic (OTC, TC and
RTM) concentrations in zooplankton were positively
associated with TN and TP. TP and TN concentrations
may increase the risks posed to aquatic ecosystems
because increases in TP and TN promote selective
phytoplankton taxon growth and different antibiotic
bioaccumulation in zooplankton with food transfer to
humans.
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