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A B S T R A C T

The release of antibiotics into aquatic environments would induce adverse effects on organisms, so the en-
vironmental impact and fate of antibiotics must be paid close attention. In this paper, the effects of tetracycline
on the growth of microalgae Coelastrella sp. in the presence of humic acids were investigated at various tetra-
cycline concentrations ranging from 0.5 to 10 mg/L in Blue-Green medium, and the underlying mechanisms
were also discussed. Results revealed that the microalgae growth showed a hormesis dose-response phenomenon
under tetracycline stress with stimulation at low levels (≤2 mg/L) while inhibition at higher levels (>2 mg/L).
More importantly, tetracycline biotoxicity to Coelastrella sp. decreased significantly due to the increase in humic
acids concentration, as evidenced by the increased biomass, chlorophyll-a and total proteins contents, as well as
the reduced oxidative stress response in Coelastrella sp. cells. The strong complexation between tetracycline and
humic acids was responsible for the reduced tetracycline biotoxicity. These findings are helpful for better un-
derstanding the environmental risk of antibiotics in eutrophic waters.

1. Introduction

Tetracycline, one of the most commonly used typical antibiotics,
was widely used as therapeutic agent for animal infection treatment
and as feed supplements to promote livestock growth and feed effi-
ciencies [1–3]. However, antibiotics are often poorly metabolized in
living organisms and a considerable proportion (30–90%) is released
into surroundings by discharging animal manure and wastewater [4,5].
Application of animal manure in farmland has led to the widespread
presence of antibiotics in multiple environmental media, including
adjacent surface waters, sediments, soils and groundwater [1]. The
concentration of antibiotics in contaminated freshwater range from ng/
L to μg/L. In certain cases, their concentrations can reach up to 50 mg/L
in locally contaminated sources in production facilities [6]. Antibiotics
persist in the environment because of their low biodegradability and
water solubility, and the residual fractions are receiving a lot of

attention because they could stimulate the development of antibiotic
resistant genes in bacterial populations [7]. In addition, their bioactive
properties have also caused serious concern about biological responses
triggered in non-target organisms [8]. A large number of studies have
proven the potential toxicity of tetracycline to a variety of organisms,
including duckweed [9], algae [10] and bacteria [11,12].

Microalgae, a key primary component in aquatic ecosystems, owing
to its high biomass productivity, worldwide distribution, high growth
rate and low arable footprint, can be used as a model organism to
evaluate the potential toxicity of tetracycline in aqueous systems
[13,14]. To date, studies of tetracycline have evaluated the effects on a
variety of algal species and communities. Ye et al. [6] demonstrated
that the toxicity to M. aeruginosa growth of the following antibiotics
was tetracycline > chlortetracycline > oxytetracycline. Xu et al. [15]
reported that high concentrations of tetracycline significantly enhanced
the membrane permeability and changed the structure of algal cells.
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However, even if the toxicity mechanism of tetracycline alone has been
discussed, it is still difficult to assess the toxicity of tetracycline in
natural water due to its complexity. In addition, almost all reports on
the toxicity of antibiotics have used deionized water. However, the
toxicity mechanisms of antibiotics may vary under different conditions.
The varying chemicals and factors (e.g. metal cations, organic ligands,
and pH) can alter the reactivity, mobility and fractional distribution of
tetracycline in solutions, thereby modulating the bioavailability of
tetracycline to organisms [11,16].

Dissolved organic matter (DOM) is a heterogeneous mixture of au-
tolysis or metabolism of cells in microorganisms and aquatic plants
[17]. DOM is ubiquitous in aqueous environments, exists at a level of
milligrams per liter, and is rich in organic functional groups (e.g.,
carboxyl, phenol, hydroxyl, and amide) with high active sites [18,19].
Therefore, DOM could efficiently interact with antibiotics through
complexation, cation bridging, adsorption, hydrogen bonding and ca-
tion exchange [20]. Humic acids are important active components of
DOM, which can be found in a variety of environments, including se-
diments, soil, groundwater and surface water [21,22]. It is well know
that humic acids can catalyze the abiotic degradation of environmental
pollutants in soil-water systems, for example, Salvestrini [23] indicated
that low molecular weight humic acids-like compounds could catalyze
diuron hydrolysis. Senesi and Testini [24] also emphasized the im-
portance of the role of humus in the environmental fate of several
herbicides. Aggregation of humic substances could result in the for-
mation of both hydrophilic and hydrophobic components and can lead
to complicated interactions with organic contaminants, which has been
widely used in biotoxicity and bioavailability studies of aquatic or-
ganisms [25]. Zhang et al. [26] showed that in the presence of humic
acids, the acute toxicity of graphene oxide to S. obliquus was mitigated
by 28.6%. Tang et al. [27] revealed that EC50 (concentration for 50% of
maximal effect) of nano-ZnO to Anabaena sp. increased from
0.74 ± 0.01 to 1.15 ± 0.04 mg/L in the presence of 3.0 mg/L of humic
acids. Furthermore, established models, including free ion activity
model and biotic ligand model have been applied to predict the bio-
toxicity and bioavailability of heavy metals [28]. It has been demon-
strated that DOM reduced the bioavailability and biotoxicity of Cu, Zn
and Cd to algae through its role as a metal-binding ligand, which is
consistent with free ion activity model [29,30]. The relationship be-
tween humic acids and bioavailability of metal ions has been reported
for different algae species, but few similar studies have focused on
antibiotics, and the underlying mechanisms have not been well ex-
amined. Besides, the interaction of DOM with antibiotics is critical for
the ecotoxicity and transport of antibiotics in eutrophic water. There-
fore, the effects of tetracycline to the microorganism in the presence of
humic acids should be further studied to decrease the uncertainty of
environmental risk assessment of tetracycline.

The purpose of this study was to assess the effects of different initial
concentrations of tetracycline on its biotoxicity to the growth of mi-
croalgae Coelastrella sp. in the presence and absence of humic acids. The
biotoxicity of tetracycline were characterized by the changes of bio-
mass, chlorophyll-a (Chl-a) and total proteins contents of Coelastrella
sp. cells. The oxidative stress responses were also examined to reflect
the oxidative damage evoked by tetracycline. The mechanisms by
which humic acids changes the biotoxicity of tetracycline to microalgae
were also discussed. Our work could provide useful biotoxicity in-
formation for tetracycline while taking into account of its interaction
with DOM, which is helpful to understand the environmental behavior
of tetracycline in eutrophic water.

2. Materials and methods

2.1. Chemicals

Tetracycline hydrochloride (purity >99%) were supplied by
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Humic acids

sodium salt, selected as a DOM model owing to its solubility in water,
was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Methylalcohol, acetonitrile and formic acid were HPLC grade. The
methylalcohol and acetonitrile were purchased from Tedia Company,
Inc. (Fairfield, USA) and the formic acid was purchased from Tianjin
Kermel Chemical Reagent Co., Ltd. (Tianjin, China). All other reagents
were analytical grade, and ultrapure water was used in the whole ex-
periment. Fresh stock solutions were prepared for each experiment and
the prepared humic acids solutions were passed through 0.45 μm syr-
inge filters to remove insoluble particles.

2.2. Microalgal cultivation conditions

The microalgae Coelastrella sp. used in the study was obtained from
our laboratory [31]. After verification, microalgae Coelastrella sp. has
been deposited in Freshwater Algae Culture Collection at the Institute
of Hydrobiology (FACHB), Wuhan, China, and the strain number of the
microalgae is FACHB-2400.

The algae strains were pre-cultivated in Blue-Green (BG11) medium
[32] in an illuminating incubator at 25 ± 1 °C, under a 14: 10 h light/
dark cycle provided by cool white fluorescent lights at an intensity of
100 μmol/m2/s. The cultures were regular shaken three times a day,
and all operations were carried out under sterile conditions. These ex-
perimental conditions were also maintained in subsequent experiments.

2.3. Toxicity test

A 12-day batch experiment was conducted to study the toxicity of
tetracycline on microalgae Coelastrella sp. with and without humic
acids. After pre-cultivation, algae cells in exponential growth phase
were collected by gentle centrifugation (3500 rpm, 10 min). The algae
cells were then washed twice with BG-11 medium and resuspended in
experimental medium to obtain an initial cell density of 0.03 g/L freeze-
dried biomass. Except the control group (0 mg/L), test solutions were
prepared by adding tetracycline (0.5, 1.0, 2.0, 5.0 and 10 mg/L) and/or
humic acids (2 and 5 mg/L) to 400 mL of BG-11 medium in a 500 mL
Erlenmeyer flask and allowed to equilibrate overnight. In this work, the
tested tetracycline concentrations used were at the mg/L level (higher
than realistic concentrations) to obtain toxicity data, which is necessary
for the risk assessment of tetracycline antibiotics. In addition, in many
published articles, the tested antibiotic concentrations used were at the
mg/L level, which is helpful to compare the toxicity of different types of
antibiotics [6,33]. Humic acids were spiked at two concentrations of 2
and 5 mg/L representing the lower range of river and oligotrophic lake
concentrations [29]. The pH of the test solutions were adjusted to 7.0
with 1 mol/L HCl or NaOH before autoclaving.

2.4. Analytical methods

2.4.1. Microalgae biomass
Microalgae biomass was employed as a growth indicator to detect

tetracycline toxicity. During 12-day test period, for each treatment,
5.0 mL of water sample was taken from the erlenmeyer flask every two
days and the optical density (OD) was analyzed using a ultraviolet-
visible (UV–vis) spectrophotometer (UV-2550, Japan) at 680 nm wa-
velength. Considering the linear relationship between dry weight of
algae cells and OD680, the dry weight of Coelastrella sp. was calculated
by Eq. (1) [34]:

= × =Dry weight (g/L) 0.3357 OD , R 0.9962680
2 (1)

The yield inhibition rate μ was calculated by Eq. (2):

= ×µ (Y Y )/Y 100%C T C (2)

where μ is the yield inhibition rate; YC is the yield value of the control
group; YT is the yield value of treatment group.
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2.4.2. Measurement of chlorophyll a contents
Chlorophyll a (Chl-a) contents were measured using a UV–vis

spectrophotometer at 665 and 649 nm wavelength respectively after
the algal cells were extracted with 95% ethanol in dark at 4 °C for 24 h.
The control group was prepared by 95% ethanol. The Chl-a con-
centrations were calculated using the following equation [34]:

= × × ÷aChl (mg/L) (13.95 OD –6.88 OD ) 5665 649 (3)

2.4.3. Proteins content and oxidative stress response assays
Microalgae cells of the cultured suspension were harvested by

centrifugation (3500 rpm, 10 min) and washed twice with phosphate
buffered solution (0.01 M, pH 7.4). The harvested microalgae were
resuspended in 5 mL of phosphate buffered solution and homo-
geneously broken by ultrasonic treatment (XO-1000D, China) at 25%
power for 5 min (ultrasonic time: 3 s; rest time: 8 s) under ice bath.
Then, the broken cells were centrifuged again and the supernatant was
used for biological analyses. The contents of total proteins and anti-
oxidants, including superoxide dismutase (SOD), malondialdehyde
(MDA) and reduced glutathione (GSH), were quantitatively measured
by assay kits (Nanjing Jiancheng Bioengineering Institute, China).

2.4.4. Analyses of tetracycline and humic acids concentration in solution
During the 12-day exposure, both the concentrations of target an-

tibiotic tetracycline and humic acids were regularly measured and re-
plenished every 24 h to maintain stable exposure dose. In detail, the test
solutions (5 mL) were collected and filtered using a syringe filter
(0.45 μm). The concentration of tetracycline was analyzed using a
HPLC (High Performance Liquid Chromatography) (1260 Infinity II,
Agilent, USA) equipped with a UV detection and an Agilent ZORBAX
SB-C18 (5um × 4.6 mm × 250 mm) reversed-phase column [35,36].
The operating conditions were as follows: the mobile phase consisted of
acetonitrile and 0.01 M formic acid (20:80, v/v) with a retention time
of 5 min, flow rate of 1 mL/min, detection wavelength of 360 nm, and
an injection volume of 20 μL at 30 °C. The concentration of the humic
acids in the solution was measured by a UV–vis spectrophotometer at
280 nm. The control of humic acids loss on the filters was system-
atically carried out and taken into account in the calculation when
determining the amount of humic acids. After measuring the con-
centrations of tetracycline and humic acids in the test solution, different
amounts of fresh storage solution (1 mg/L) of tetracycline and humic
acids were added according to the test results.

2.4.5. Complexation of tetracycline with humic acids
The freely soluble and humic acids-bound tetracycline amounts in

BG-11 medium were measured using solid-phase extraction method
[11]. For the solid-phase extraction method, Ding et al. have proved
that freely dissolved pharmaceutical in the mixture of DOM and phar-
maceutical is fully adsorbed on the hydrophilic-lipophilic balance car-
tridge while DOM and DOM-associated pharmaceutical completely pass
through the cartridge [37]. In detail, tetracycline (at 0.1, 0.5 and
1.0 mg/L) and humic acids (at 5.0, 25, and 50 mg/L) were mixed and
equilibrated in BG-11 medium for 48 h. The supernatant (5.0 mL) of the
mixture was passed through a hydrophilic-lipophilic balance cartridge,
which retained the freely soluble tetracycline (absorbed by the car-
tridge) while allowing for the humic acids-tetracycline complex to elute
through the cartridge. The retained tetracycline was eluted sequentially
with 5.0 mL of methanol/water solution (1:1, v/v) containing 150 mg/L
ethylenediaminetetraacetic acid, and 5.0 mL of methanol containing
1% (v/v) oxalic acid. Then, the eluant was combined and the tetra-
cycline concentration was quantified using HPLC. The amounts of tet-
racycline complex with humic acids were determined as the difference
between the tetracycline concentrations in the solution before and after
contact with humic acids.

The complexation percentage μ of tetracycline bound to humic acids
in BG-11 medium was calculated by Eq. (4):
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Fig. 1. Effects of humic acids on the growth of Coelastrella sp. under different
tetracycline concentrations in BG-11 medium: (a) Control; (b) 2 mg/L humic
acids; and (c) 5 mg/L humic acids. Data were expressed the average and
standard deviation in biological duplicates (n = 3).
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= ×µ (C C )/C 100%0 1 0 (4)

where μ is the complexation percentage; C0 is the tetracycline con-
centrations in the solution before contact with humic acids; C1 is the
tetracycline concentrations in the solution after contact with humic
acids.

2.5. Statistical analyses

The data shown in this study were expressed as mean ± SD (stan-
dard deviation) of three replicates. All statistical analyses were per-
formed with Origin 8.0 (OriginLab Co., USA) and SPSS 17.0 (SPSS,
Chicago, IL, USA). One-way ANOVA (Chicago, USA) was conducted to
test for a significant difference.

3. Results and discussion

3.1. Growth of Coelastrella sp. and biomass production

3.1.1. Toxicity of tetracycline to microalgae in absence of humic acids
The growth curves of Coelastrella sp. at various initial tetracycline

concentrations from 0 to 10.0 mg/L was presented in Fig. 1a. The
growth of Coelastrella sp. was highly sensitive to the tested antibiotic
throughout the treatment. Within the first 8 days, the biomass of Coe-
lastrella sp. cultivated in all tetracycline-treated media was obviously
lower than the control, which indicated that tetracycline had a sig-
nificant toxicity to Coelastrella sp. in the early stage of cultivation. This
result is similar with Yang et al. [38] where the growth of M. aeruginosa
was highly inhibited when the tetracycline concentration is higher than
0.1 mg/L. Furthermore, the growth inhibition of Coelastrella sp. caused
by tetracycline was essentially proportional to tetracycline concentra-
tion, as reported in previous literatures [6,15]. However, as the culti-
vation time increased, the biomass of the low-concentration of tetra-
cycline-treated groups gradually exceeded the control. The cell density
of the tetracycline-treated group at initial concentrations of 0.5, 1.0 and
2.0 mg/L exceeded the control group on day 8, 10 and 12, respectively.
After 12-day cultivation, the dry weight of Coelastrella sp. in the control
groups was relatively high, correspondingly increased from 0.03 to
0.114 g in 12 days. The final biomass of Coelastrella sp. was 0.141,
0.126, 0.119, 0.094 and 0.087 g under the tetracycline concentrations
of 0.5, 1.0, 2.0 5.0 and 10 mg/L respectively. The algal biomass was
correspondingly increased by 23.7%, 10.5%, 3.5%, −17.5% and
−23.68%, respectively, compared with the control (Fig. 2). The final
biomass of the low-concentration tetracycline-treated groups (<2 mg/
L) was significantly higher than the control, but a further increase in
tetracycline concentration resulted in an obviously decrease in biomass.
Similar patterns of stimulation at low levels and inhibition at higher
levels were also revealed for tetracycline on E. coli [39].

This growth stimulatory effect under weak stress occurs in a variety
of species and various exogenous chemicals [40]. Calabrese [40] called
this phenomenon “hormesis” and suggested that it is probably owing to
the over-corrected regulation of biosynthesis control mechanisms for
low-level adverse attacks, leading to a greater growth than normal.
Therefore, the effect of tetracycline on the growth of Coelastrella sp.
should follow the hormesis dose-response relationship. In addition, in
our experiment, the growth hormesis effect was not manifested in the
beginning, but it gradually appeared after a period of cultivation under
tetracycline stress. Furthermore, the hormesis effect related to the
concentration of the target antibiotic, the higher the concentration, the
later the hormesis appears. The hysteresis of the hormesis effect may be
attributed to the fact that the target antibiotic concentrations set by our
experiment are greater than the threshold of stimulus concentration, so
it showed inhibition at the beginning. With the increase of time, owing
to the adaptability of biological systems after long-term exposure to
tetracycline, the microalgae may produce antibiotic resistance genes
with enhanced tolerance, so the hormesis phenomenon gradually

appeared.
However, our results showed some differences compared with other

literatures. Previous research have shown that antibiotics is highly toxic
to algal growth, even at lower concentration [38]. In this study, the
final growth performance of Coelastrella sp. was almost not adversely
affected by tetracycline at concentrations below 2 mg/L, indicating that
this algae species is highly tolerant to tetracycline. This may also be
attributed to that previous studies have focused on the acute toxicity of
antibiotics. Since the sensitivity of microorganisms to antibiotics may
vary depending on the specific endpoint of test, therefore the long-term
effects are also worth investigating. In general, the finding of the
hormesis biphasic dose response of tetracycline to Coelastrella sp. has
important implications regarding risk assessments of antibiotics in
ecological systems.

3.1.2. Toxicity of tetracycline to microalgae in presence of humic acids
The growth curves of Coelastrella sp. under tetracycline stress in the

presence of 2 and 5 mg/L humic acids were shown in Fig. 1b and c,
respectively. In the first 6 days, the tetracycline treated-group also
showed an inhibitory effect compared to the control, which was the
same as in Fig. 1a. Moreover, as the culture time increased, the growth
of Coelastrella sp. also showed a hormesis dose response under tetra-
cycline stress. Moreover, the phenomenon of tetracycline promoting
Coelastrella sp. growth appeared earlier than that of the tetracycline-
treated groups without humic acids. In the presence of 5 mg/L of humic
acids, the biomass of microalgae treated by 0.5, 1.0 and 2.0 mg/L tet-
racycline exceeded the control group on day 6, 8 and 10, respectively.
Two days earlier than the tetracycline-treated groups without humic
acids, which indicated that humic acids reduced the available tetra-
cycline concentration in the solution. This may be attributed to the fact
that the complexation of humic acids and tetracycline reduced the
available amount of tetracycline, causing the concentration of freely
soluble tetracycline in the solution was decreased to approach the
maximum response dose. In addition, it was also observed throughout
the test that the biomass of Coelastrella sp. was significantly increased in
the presence of 2 mg/L humic acids compared to the tetracycline-
treated group without humic acids, which was more obvious in the
presence of 5 mg/L humic acids. This suggested that humic acids might
play a role in alleviating tetracycline toxicity. Fig. 2 shows that in the
presence of 2 mg/L of humic acids, the biomass of Coelastrella sp. under
the tetracycline concentration of 0.5, 1.0, 2.0 5.0 and 10 mg/L were
increased by 4.4%, 7.9%, 10.5%, 4.3% and 0.88%, respectively,
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Fig. 2. Effects of humic acids on the growth inhibition rate of Coelastrella sp.
under different tetracycline concentrations. Data were expressed the average
and standard deviation in biological duplicates (n = 3).
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compared with the tetracycline-treated group without humic acids. In
addition, the microalgae biomass increased more obviously in the
presence of 5 mg/L of humic acids, with a corresponding value of 8.8%,
15.8%, 17.6%, 7.0% and 0.88%, respectively. An increase in humic
acids concentration from 2 to 5 mg/L showed an obvious decrease in
growth inhibition rate.

The observed toxicity mitigation of tetracycline in the presence of
humic acids is very consistent with previous studies on E. coli; the
bioavailability of tetracycline to E. coli is diminished in the presence of
humic acids, as evidenced by decreased expression of antibiotic re-
sistance genes [11]. However, in this study there was almost no distinct
difference of biomass between the treatments with and without humic
acids when the initial concentration of tetracycline was 10 mg/L. This
may be attributed to the high toxicity of tetracycline at high level, the
mitigation effect of a small amount of humic acids is not sufficient to
show an apparent increase in growth.

In addition, Fig. 2 revealed humic acids alone almost caused no
effect in algae cell growth compared with the control, so the impact of
humic acids at 2.0 and 5.0 mg/L alone to Coelastrella sp. is negligible,
which is consistent with the conclusion reached by Tang et al. [27].
Freely soluble tetracycline (not complexion with humic acids) was
considered to be the predominant fraction responsible for the evoked
toxicity expression [11]. The reduced biotoxicity of tetracycline might
due to the competitive complexion of humic acids with tetracycline.
Thereby decreased the freely soluble tetracycline concentration in the
medium and reduced the absorption of tetracycline by algal cells,
consequently showed an obvious increase in microalgae biomass. Si-
milar result was reported that DOM competed with cell surface func-
tional groups of Chlorella zofingiensis for Al3+ [41].

3.2. Effect of tetracycline on chlorophyll a and proteins contents in the
presence of humic acids

To further assess the influence of tetracycline with a consideration
of humic acids, the amounts of Chl-a and total proteins associated with
Coelastrella sp. were evaluated with and without humic acids (Fig. 3).

3.2.1. Chlorophyll a
Chl-a is usually used as an indication of photosynthesis capacity. It

can be observed from the Fig. 3a that the Chl-a synthesis in Coelastrella
sp. was promoted by tetracycline at low concentrations (≤2 mg/L),
inhibited at high concentrations (>2 mg/L), which is consistent with
the hormesis biphasic dose responses exhibited by the growth of the
microalgae. At tetracycline concentration of 0.5, 1, 2 mg/L, the Chl-a
content increased by 14%, 6.9%, 0.9%, respectively, indicating that low
dose of tetracycline stimulated the synthesis of Chl-a in Coelastrella sp.
cells. This may be attributed to the algae need to synthesize more
photosynthetic pigments to cope with the low levels of tetracycline and
alleviate the toxicity to algal cells. Similar stimulation effects in
chlorophyll production have been reported by Guo et al. [42] in testing
other antibiotics, including tylosin, lincomycin and trimethoprim. Al-
though the reasons for the increase in chlorophyll content caused by
low doses of exogenous toxic chemicals are unclear, it has been
speculated that the electron transport between primary and secondary
quinone receptors is activated by stressors, which in turn triggers
photosystems I and II [3]. Hu et al. [9] also indicated that the stimu-
lated secretion of biogenic amines in the body is the reason that low
concentrations of tetracycline promote the synthesis of photosynthetic
pigments in duckweed; the secretion of biogenic amines could alleviate
environmental stress by maintain membrane stability and remove ex-
cess free radicals.

However, with increasing exposure concentrations of tetracycline,
the amount of free radicals produced in algae is large, causing the
function of antioxidant system to fail and the algae cells to be damaged.
Ultimately, the higher concentrations of tetracycline resulted in a re-
duced Chl-a synthesis in Coelastrella sp. cells. The Chl-a content in

Coelastrella sp. cells considerably decreased 43.8% at 5.0 mg/L tetra-
cycline, and sharply dropped 75.0% at 10.0 mg/L tetracycline, which
suggested that the photosynthetic system in the algae cells was da-
maged. Li et al. [10] also reported similar result that the production of
Chl-a, Chl-b and carotenoids significantly declined with the increasing
tetracycline concentrations. The decrease in photosynthetic pigment
content may be resulted from changes in chloroplast ultrastructure and
membrane lipid peroxidation [9]. Li et al. [10] also reported that toxic
chemicals can inhibit the activities of protochlorophyllide reductase,
which plays a key role in chlorophyll synthesis. Fig. 3a also revealed the
favorable role of humic acids in promoting Chl-a synthesis at all tet-
racycline concentrations. For example, the levels of Chl-a in algal cells
treated with 5 mg/L tetracycline increased by 9.4% and 23.9% in the
presence of 2 and 5 mg/L humic acids, respectively, indicating that
humic acids relieved the damage of tetracycline to algal photosynthetic
system. In the presence of humic acids, the increased Chl-a synthesis at
low tetracycline levels (≤2 mg/L) indicated the enhanced hormesis
effects. This is also the result of humic acids reducing the concentration
of available tetracycline in the solution to approach the maximum re-
sponse dose. The mitigation effect in Chl-a production by humic acids
have also been reported in other studies when the algae cultures was
treated with graphene oxide [26], Zn2+ [27] and As(III) [43].
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total proteins in Coelastrella sp. under different tetracycline concentrations.
Data were expressed the average and standard deviation in biological dupli-
cates (n = 3).
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3.2.2. Proteins
Tetracycline is believed to interfere with the protein synthesis ma-

chinery and the effects of the tetracycline were further evaluated by
isolation and quantification of the total proteins in Coelastrella sp. cells,
as shown in Fig. 3b. It can be observed that the concentrations of tet-
racycline have a great impact on the production of proteins in Coelas-
trella sp. cells. Similar with the Chl-a synthesis, the effects of tetra-
cycline on proteins production also presented the hormesis dose-
response relationships, with a clear decline observed at higher con-
centrations and an increase at lower concentrations of tetracycline.
Exposure to low doses of tetracycline (0.5–2 mg/L) caused a significant
increase in total proteins of 1.8–20.9%. Furthermore, at tetracycline
concentration of 0.5 mg/L, the proteins content in Coelastrella sp. was
higher than any other groups, which showed that 0.5 mg/L was the
closest tetracycline concentration to the maximum response dose. The
reasons for promoting the formation of total proteins may be that stress
caused by xenobiotic can evoke metabolic pathways of proteins in
plants to against the physiological stress caused by biotic or abiotic
factors [9]. As the tetracycline stress increased, the total proteins con-
tent is lower than the control, the total proteins contents under the
tetracycline concentrations of 5.0 and 10.0 mg/L were 68.7% and
52.1% of the control, respectively. This may be due to the fact that
reactive oxygen species (ROS) evoked by toxic chemicals can react
quickly with proteins, causing nonreversible peroxidation damage and
consequently lead to cell necrosis or apoptosis [44–46]. Antibiotics
have also been reported to combine the 16S part of the 30S ribosomal
subunit and avoid the aminoacyl tRNA from attaching to the A-site of
the mRNA-ribosome complex, thus inhibiting protein synthesis and cell
growth [47].

Fig. 3 also revealed the favorable role of humic acids in promoting
total proteins synthesis at all tetracycline concentrations. The allevia-
tion effects of humic acids on protein synthesis is similar to the Chl-a as
a concentration-related promotion. For example, the levels of total
proteins in algal cells treated with 5 mg/L tetracycline increased by
6.3% and 9.8% in the presence of 2 and 5 mg/L humic acids, respec-
tively.

3.3. Oxidative stress

Antioxidant response is an important defense mechanism for plants
scavenging ROS, which can mitigate the peroxidation damage induced
by stress of xenobiotics [48]. In order to examine the mechanisms of
tetracycline toxicity in Coelastrella sp. and the effect of humic acids on
oxidative damage induced by tetracycline, we conducted toxicity tests
with Coelastrella sp. cells. The cellular antioxidase activities including
superoxide dismutase (SOD), malondialdehyde (MDA) and non-enzy-
matic antioxidant reduced glutathione (GSH) were considered as the
sensitive biomarkers for a variety of environmental stress, which were
measured and presented in Fig. 4.

SOD was generally considered to be the first line of defense against
ROS, which could prevent the accumulation of superoxide in micro-
algae cells [10]. It could be observed from Fig. 4a that the SOD contents
in Coelastrella sp. cells increased significantly under tetracycline stress
and were positively correlated with the concentration of target anti-
biotic. The activity values from the tetracycline concentrations of 0.5 to
10 mg/L were 2.2, 3.5, 4.5, 10.6 and 20.1 times of the control, re-
spectively. When the tetracycline concentration was higher than 5 mg/
L, significant increase of SOD activities were observed. The increased
activities of SOD indicated an enhanced ability of Coelastrella sp. to
remove the O2% and H2O2 radicals, suggesting that tetracycline trig-
gered excessive ROS and damaged the oxidative system. Similarly, Liu
et al. [49] reported that the activities of SOD increased with the in-
crease of ROS triggered by spiramycin and amoxicillin in Microcystis
aeruginosa. Accordingly, oxidative damage could be a common cause of
the toxicity of tetracycline to Coelastrella sp. cells.

As shown in Fig. 4b, the MDA activities of Coelastrella sp.
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M. Tong, et al. Algal Research 50 (2020) 101962

6



significantly increased in response to the increasing tetracycline stress
and the contents were 1.2, 2.1, 4.2, 8.6 and 14.8 times of the control,
respectively. This indicated that tetracycline not only produced oxida-
tive stress on Coelastrella sp., but also generated lipid peroxidation to
the algal cell membrane. However, at 0.5 mg/L tetracycline, almost no
increase in MDA content was observed. This may be because the sti-
mulation of antioxidants could effectively eliminate ROS, thereby pre-
venting the algal cells from oxidative damage under weak tetracycline
stress. However, with the increase of tetracycline concentration, these
antioxidant responses in algal cells were not sufficient to prevent the
damage due to ROS, and then the cells were damaged and even apop-
tosized. GSH is important non-enzymatic antioxidant and plays im-
portant roles in scavenging ROS and biotransformation of xenobiotics in
plants [50]. In the study, GSH activities were observed to be stimulated
by tetracycline in Coelastrella sp. cells and the responses were
1.97–14.15 times of the control (Fig. 4c).

In the presence of humic acids, the relative SOD, MDA and GSH
levels reduced significantly in proportion to the concentration, which
reflected that humic acids could alleviate the severe oxidative damage
of tetracycline to Coelastrella sp. cells. Similar results were also reported
that humic acids reduced the oxidative damage in algae cells caused by
nano-TiO2 [51] and graphene oxide [26]. It has been also reported that
humic acids could serve as an antioxidant by reacting with ROS, which
would further decrease the toxicity of tetracycline on algal cells [52].

3.4. Complexation of tetracycline with humic acids

To further assess whether the humic acids-tetracycline complexa-
tion resulted in a decrease in the concentration of freely soluble tetra-
cycline in the medium, the humic acids-bound and freely soluble tet-
racycline fractions in BG-11 medium were quantitatively analyzed. As
shown in Fig. 5, the free soluble tetracycline concentration was mark-
edly reduced in the presence of humic acids. At tetracycline of 0.1 mg/
L, the proportion of free tetracycline decreased from 82.5% to 54.5% of
the total when humic acids increased from 5 to 50 mg/L. This indicated
that under low concentration of tetracycline, a considerable fraction of
tetracycline could complex with the humic acids in solution, which
manifested a relatively stronger affinity capability. Ding et al. [37]
reported that at pH 8.0, the presence of 5 mg/L humic acids could
complex about 25.9% tetracycline (50 μg/L) in water, and the complex

fraction increased up to 93.2% as the humic acids concentration in-
creased to 200 mg/L. Since free-dissolved tetracycline was considered
as the dominant component responsible for its toxicity; the complexa-
tion of tetracycline with humic acids could diminish the content of
freely soluble tetracycline in medium, thus lowering its bioavailability
and biotoxicity. The relatively strong interaction between tetracycline
and humic acids could potentially affect the uptake of tetracycline by
cells, thereby regulating the selective pressure exerted on natural algal
communities in eutrophic water.

Several techniques have been successfully used to characterize the
binding of humic acids with organic contaminants, including fluores-
cence quenching, solid phase micro extraction, dialysis equilibrium
[37]. H-bonding, cation bridging and ion exchange have been con-
sidered as the main mechanisms for the tetracycline and humic acids
complexation [20]. In addition, the adsorption of tetracycline onto
humic acids has been found to obey the Freundlich and the adsorption-
desorption hysteresis was observed which may further impede the re-
lease of absorbed tetracycline and deduce its bioavailability [20].
However, as tetracycline increased to 1 mg/L, proportion of the com-
plexed tetracycline only increased from 1.7% to 2.1% of total after
humic acids increased from 5 to 50 mg/L. The proportion of complexed
tetracycline decreased with the increasing total tetracycline con-
centrations. The observed tetracycline toxicity reduction in the pre-
sence of humic acids was lower than or equal to expected. It is specu-
lated that the complexation between humic acids and tetracycline may
not be the only mechanism controlling the bioavailability of tetra-
cycline to Coelastrella sp. cells. It is also reported that the humic acids
could be adsorbed on cells surface and acts as a barrier to the entry of
tetracycline into the bioreceptor, thereby diminishing the cells surface
site available to toxic substances and reducing tetracycline uptake by
algae [53]. In addition, humic acids adsorbed on the algae cells surface
can also adsorb tetracycline, which could further prevent the ap-
proaching of tetracycline to cells.

4. Conclusions

The growth of Coelastrella sp. presented a biphasic hormesis dose-
response phenomenon under tetracycline stress. In addition, humic
acids decreased the biotoxicity of tetracycline to Coelastrella sp., as
evidenced by the mitigation in the tetracycline-induced reduction of
biomass, Chl-a, total proteins and oxidative stress response. The for-
mation of humic acids-tetracycline complex is responsible for reducing
uptake of tetracycline by the microalgae. Extensive findings of the study
have important significance on the environmental toxicity and risk
evaluation strategies to avoid overestimate the risk associated with
antibiotics.
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