Bioresource Technology 319 (2021) 124036

Contents lists available at ScienceDirect

Bioresource Technology
journal homepage: www.elsevier.com/locate/biortech

Interrelationships between tetracyclines and nitrogen cycling processes
mediated by microorganisms: A review

T

Wenbing Lia, Changze Shia, Yanwen Yub, Yunjie Ruanc, Dedong Kongd, Xiaofei Lve, Ping Xuf,
⁎
Mukesh Kumar Awasthig,h, , Ming Donga
a

Key Laboratory of Hangzhou City for Ecosystem Protection and Restoration, College of Life and Environmental Sciences, Hangzhou Normal University, Hangzhou
311121, China
b
Zhejiang Water Healer Environmental Technology Co., Ltd, Hangzhou 311121, China
c
Institute of Agricultural Bio-Environmental Engineering, College of Bio-systems Engineering and Food Science, Zhejiang University, Hangzhou 310058, China
d
Agricultural Experiment Station, Zhejiang University, Hangzhou 310058, China
e
Department of Environmental Engineering, China Jiliang University, Hangzhou, China
f
Department of Tea Science, Zhejiang University, Hangzhou 310058, China
g
College of Natural Resources and Environment, Northwest A&F University, Yangling, Shaanxi Province 712100, PR China
h
Swedish Centre for Resource Recovery, University of Borås, 50190 Borås, Sweden

GRAPHICAL ABSTRACT

ARTICLE INFO

ABSTRACT

Keywords:
Antibiotics
Tetracyclines
Nitrogen cycling
Biodegradation
Pathway

Due to their broad-spectrum antibacterial activity and low cost, tetracyclines (TCs) are a class of antibiotics
widely used for human and veterinary medical purposes and as a growth-promoting agent for aquaculture.
Interrelationships between TCs and nitrogen cycling have attracted scientific attention due to the complicated
processes mediated by microorganisms. TCs negatively impact the nitrogen cycling; however, simultaneous
degradation of TCs during nitrogen cycling mediated by microorganisms can be achieved. This review en
capsulates the background and distribution of TCs in the environment. Additionally, the main nitrogen cycling
process mediated by microorganisms were retrospectively examined. Furthermore, effects of TCs on the nitrogen
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cycling processes, namely nitrification, denitrification, and anammox, have been summarized. Finally, the
pathway and microbial mechanism of degradation of TCs accompanied by nitrogen cycling processes were re
viewed, along with the scope for prospective studies.

1. Introduction

makes TCs widely accepted by both, patients and other related con
sumers of antibiotics (Chen et al., 2015). TCs are a class of typical
broad-spectrum antibiotics that prevent the organism (human or an
imal) from being infected by multiple varieties of bacteria, including
both, gram-positive and gram-negative bacteria (Chen et al., 2019). Its
broad-spectrum activity arises from its ability to inhibit protein synth
esis (Katipoglu-Yazan et al., 2013), interfere with related nucleic acid
processes (Pulicharla et al., 2018), and even disrupt the cell membrane
(Deng et al., 2019; Roose-Amsaleg et al., 2013; Zou et al., 2018).
Consequently, in addition to human healthcare, TCs are extensively
used in various industries (Deng et al., 2019), including dairy (Campos
et al., 2001), livestock and poultry breeding (Alvarino et al., 2014;
Chen et al., 2019; Prado et al., 2009), and aquaculture (Roose-Amsaleg
et al., 2013). Among TCs, oxytetracycline (OTC), tetracycline (TET),
and chlortetracycline (CTC) are the three most commonly used anti
biotics for human and veterinarian medicinal purposes (Chen et al.,
2019).
Nitrogen plays important roles in both, terrestrial as well as aquatic
ecosystems (Zhang et al., 2019c). Nitrification, denitrification, and
anammox are the three critical processes during nitrogen cycling,
especially in man-made facilities, such as wastewater treatment plants.
Antibiotics are one of the most complex factors impacting these three
processes and have attracted scientific attention, resulting in numerous
investigations being carried out. During the past five years, occurrence
and fate of antibiotics (Bílková et al., 2019; Oberoi et al., 2019; Wang
and Wang, 2018) and their side effects (Danner et al., 2019; RooseAmsaleg and Laverman, 2016) have been systematically examined. In
the present review, we focus on the interrelationships between TCs and
the nitrogen cycling process mediated by microorganisms with an
emphasis on the following aims: (1) effect of TCs on the nitrification,
denitrification, and anammox; (2) degradation of TCs accompanied by
these three nitrogen cycling processes; and (3) research gaps and per
spectives in future studies.

Since their discovery by Alexander Fleming 90 years ago, antibiotics
have remarkably contributed to human society (Sarmah et al., 2006).
Antibiotics not only play a significant role in the battle between hu
mans/animals and diseases caused by bacteria (Cheng et al., 2020a; Su
et al., 2020; Zou et al., 2019), but also have extensive application in the
fields of livestock, poultry, and aquaculture production due to their
growth-promoting ability in animals (Chen et al., 2015, 2019). In order
to meet the growing medical and food requirements of the human ci
vilization, the use of antibiotics has been rapidly increasing worldwide.
For instance, the defined daily dose (DDD) for global consumption was
21.1 billion in 2000, whereas it increased up to 34.8 billion DDD by
2015 and will reach as high as 40.0 billion DDD by 2030 (Oberoi et al.,
2019). Global human consumption of antibiotics is in a state of im
balance, with an increasing trend observed in some countries (e.g.,
China and India) while a decreasing trend being witnessed in other
countries (e.g., the USA) (Oberoi et al., 2019; Yin et al., 2020a). Ac
cording to one prediction, by 2030, > 60% antibiotics for animal use
will be consumed by four countries, namely China, America, Brazil, and
India (Oberoi et al., 2019). Due to their overuse for the purpose of in
creasing livestock, poultry and aquaculture production and their rapid
excretion characteristics, most of the antibiotics are discharged into
various environmental matrices via urine and feces (Zou et al., 2018).
As a result, antibiotics have become a new type of persistent pollutants
and have attracted increasing attention owing to their negative impact
on the biogeochemical processes in natural ecosystems (Roose-Amsaleg
et al., 2013) and man-made wastewater treatment process ecosystems
(Chen et al., 2019), along with the marked increase in antibiotic-re
sistant genes (Fan et al., 2020; Zhang and Li, 2020).
Antibiotics can be classified into different categories according to
their chemical structure and mechanism of action. Among various an
tibiotic categories, tetracyclines (TCs) is the most widely used class of
antibiotics for human and veterinary treatment in both, developed and
developing countries (Chen et al., 2015; Zhu et al., 2017). For instance,
TCs accounted for a third of the antibiotics consumed per year by the
United States of America (Chen et al., 2019). In 2013, 12,000 tons of
TCs—much higher than the total amount of antibiotics consumed in the
UK—were used in China (Zhang et al., 2015a). TCs are commonly used
worldwide due to their cost effectiveness (Wang et al., 2018b), that

2. Contamination of TCs in the environment
2.1. Physicochemical properties of TCs
TCs are composed of the same matrix (namely four cyclic six-carbon
rings) along with multiple ionizable functional groups and can be

Table 1
Principle physicochemical properties of tetracyclines.
Property

Unit

Chlortetracycline

Doxycycline

Methacycline

Minocycline

Oxytetracycline

Tetracycline

Chemical formula
Molecular weight
pka, at 25 °C
pkb, at 25 °C
logP
Kd
Mass solubility
Density
Molar volume
Boiling Point
Flash Point
Vapour pressure, at 25 °C
Proton acceptors
Proton donors

–
g/mol
–
–
–
l/kg
g/L
g/cm3
cm3/mol
°C
°C
Torr
–
–

C22H23ClN2O8
478.88
4.50
11.01
1.323
1280–2386
0.086
1.520
281.0
821.1
450.4
1.57E-28
10
7

C22H24N2O8
444.43
4.50
10.84
1.777
9350–10570
0.035
1.630
271.1
762.6
439.6
1.90E-24
10
7

C22H22N2O8
442.42
4.50
10.73
1.347
NR
0.071
1.660
265.6
806.5
441.6
1.80E-27
10
7

C23H27N3O7
457.48
4.50
11.06
2.124
NR
0.018
1.550
294.5
803.3
439.6
3.08E-27
10
6

C22H24N2O9
460.43
4.50
10.80
0.479
417–1026
0.290
1.634
268.1
839.6
461.6
6.27E-30
11
8

C22H24N2O8
444.43
4.50
11.02
0.617
1147–2370
0.190
1.381
270.3
790.6
432.0
2.40E-26
10
7

pKa = acidity constant; pKb = basicity constant; log P = octanol–water partition coefficient; Kd = soil partition coefficient; NR = not reported.
All the data were collected from (SciFinder online database: https://scifinder.cas.org, May 21th, 2020) except for the property of Kd which was collected from
Sarmah et al. (2006) and Oberoi et al. (2019).
2
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et al., 2020), piggery wastewater (Wang et al., 2019b), surface water
(Danner et al., 2019; Zou et al., 2018), pig slurry (Alvarino et al., 2014),
activated sludge (Song et al., 2014), sediments (Roose-Amsaleg et al.,
2013a), and soils (Shan et al., 2018). TC concentrations in wastewater
vary greatly in different places and countries, ranging from ng to mg
per liter of wastewater (Fan et al., 2020). For instance, TC concentra
tion was as low as less than 0.001 mg/L, while it also reached as high as
500 mg/L in municipal wastewater (Du et al., 2018; Wang et al.,
2018a). In some surface water samples, TC concentrations varied from
3.30 × 10−6 mg/L to 2.00 mg/L (Deng et al., 2019). TET concentration
of 0.70 mg/L was recorded in water that received hog waste and the
same was 2.09 mg/L in municipal wastewater treatment plant (Meng
et al., 2019). Ok et al. (2011) reported that TET concentration in water
and soil samples ranged from 1.42 to 2.75 mg/L and 0.004 to
0.007 mg/kg, respectively. Tetracycline concentrations in pig slurry
varied widely based on different researches; some authors reported low
tetracycline levels such as 0.05 mg/kg (Pulicharla et al., 2018) and less
than 5 mg/L (Prado et al., 2009), while others reported high levels of
TCs such as 100 to 150 mg/L (Alvarino et al., 2014) and 404 mg/kg
(Carballo et al., 2016). Furthermore, different compounds of the TC
family showed significant discrepancies with respect to concentrations
in piggery wastewater. TET concentrations were recorded within the
range of 66 to 1000 mg/L (Chen et al., 2015), while OTC concentration
varied from 0.006 to 136 mg/L (Xing and Jin, 2018). Katsou et al.
(2016) found that TC concentrations were in the range of 100 to
1000 mg/L in livestock effluents. Due to their high soil partition coef
ficient (Kd = 1147–2370 L/kg) (Sarmah et al., 2006), TCs have strong
binding capacity with solids (e.g., soil, sediment, and pig manure or
slurry) that accounts for approximately a thousand-fold difference be
tween their concentrations in solid and water samples (Cheng et al.,
2020b; Roose-Amsaleg et al., 2013). For instance, TC concentration in
soils was up to 1000 mg/kg (Shan et al., 2018), whereas TC con
centrations were as low as 2 × 10-5 to 5 × 10-4 mg/L and 5 × 10-5 to
3.92 × 10-2 mg/L in the matrices of river (Zou et al., 2018) and was
tewater (Fan et al., 2019), respectively. The concentrations of CTC in
wastewater and wastewater sludge ranged from 0.0003 to 0.06 mg/L
and 0.02 to 34 mg/kg, respectively (Pulicharla et al., 2018).

Fig. 1. Processes and corresponding reductases of nitrification (purple arrows),
denitrification (green arrows), and anammox (red arrows). The Y-axis shows
the redox state of nitrogen in the various species involved (modified from
Moura, et al., 2017; Stein and Klotz, 2017). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

classified into six typical compounds, namely TET (CASRN 60–54-8),
OTC (CASRN 79–57-2), CTC (CASRN 57–62-5), doxycycline (DOXC,
CASRN 564–25-0), minocycline (MIN, CASRN 10118-90-8), and me
thacycline (MT, CASRN 914-00-1). Due to the special characteristics of
the three ionizable functional groups—tricarbonyl methane, phenolic
diketone, and dimethyl ammonium—TCs normally occur as amphoteric
molecules including cations, anions, and even zwitterions, depending
on the pH of various environments (Oberoi et al., 2019). Additionally,
reversible epimerization occurs when TCs are subjected to acidic en
vironmental conditions (pH = 2.0 to 6.0), leading to a decrease in their
biological activity and loss of antibacterial ability (Sarmah et al., 2006;
Shao et al., 2019a). Migration and transformation behaviors of TCs are
determined by their physicochemical properties. Their main char
acteristics are summarized in Table 1. As can be seen from the table, the
low mass solubility for all the six TC compounds indicates that they are
not easilyhardly soluble in water. On the contrary, TCs can be easily
dissolved in hydrochlorides (Oberoi et al., 2019) and thus, TC hydro
chlorides such as OTC hydrochlorides and CTC hydrochlorides are
mostly used in experiments (Ge et al., 2020). The high soil partition
coefficient (Kd) values of TCs indicate that they are easily adsorbed onto
soil, clay, and even sludge (Oberoi et al., 2019). The Kd value of TCs is
higher than that of sulfonamides (SAs) by three to five orders of mag
nitude. Therefore, SAs are prevalent in the matrix of underground water
due their low adsorption ability on soil (Bílková et al., 2019). Con
trastingly, TCs are usually detected in high amounts in the matrices of
soil, sediment, and sludge (Oberoi et al., 2019).

3. Nitrogen cycling processes mediated by microorganisms
3.1. Nitrification
Nitrogen is vital for the growth of organisms and thus plays an
important role in both, terrestrial and aquatic ecosystems (Mehrani
et al., 2020; Zhang et al., 2019c). Apart from nitrogen fixation, ni
trification, denitrification, and anammox are the three critical processes
of microorganism-mediated nitrogen cycling essential for the suste
nance of life (Fig. 1). Nitrification—a key and limiting step for nitrogen
cycling, especially in the removal of nitrogen from wastewater—con
sists of two steps in which ammonia is oxidized to nitrite and then
further converted to nitrate, catalyzed by bacteria or archaea (Campos
et al., 2001; Katipoglu-Yazan et al., 2013). The first step is mediated by
ammonia oxidizing bacteria (AOB), mainly belonging to the genera of
Nitrosomonas and Nitrosospira (Gruber and Galloway, 2008; Mehrani
et al., 2020; Stahl and de la Torre, 2012). Apart from bacteria, ammonia
oxidizing archaea (AOA) also convert ammonia into nitrite, but their
activity depends on environmental conditions (Ouyang et al., 2016;
Staley et al., 2018). In the second step of nitrification, nitrite oxidizing
bacteria (NOB)—mainly from the genera of Nitrobacter and Nitrospir
a—are the principal contributors to the oxidation of nitrite to nitrate
(Staley et al., 2018). However, in natural ecosystems and even in manmade systems (e.g., waste water treatment plants, constructed wet
lands, and biological reactor systems), nitrification is a limiting but
critical step in the nitrogen cycling network due to several reasons
(Katipoglu-Yazan et al., 2013). Nitrification is an autotrophic activity,
with much lower efficiency than that of heterotrophic activities, such as

2.2. Distribution of tetracyclines in the environment
Due to their low utilization rate (10% to 70%), most of the TCs
administered to human and animals are discharged into environment
by means of urine and fecal excretions (Pulicharla et al., 2018). TCs are
found in various environmental matrices, such as municipal wastewater
(Fan et al., 2020; Wang et al., 2020), aquaculture wastewater (Feng
3
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denitrification (Campos et al., 2001). Furthermore, nitrifiers not only
grow at a relatively low rate, but are also highly susceptible to inhibi
tion by environmental conditions, including pH, concentration of dis
solved oxygen, temperature, and even toxics such as heavy metals and
antibiotics (Campos et al., 2001; Pulicharla et al., 2018).

P450nor performs the reduction of nitric oxide, yielding nitrous oxide
rather than nitrogen gas as the end product (Cheng et al., 2019).
3.3. Anammox
Anammox was discovered more than two decades ago and opened
up new possibilities for nitrogen cycling and ammonium removal,
especially for the treatment of wastewater with high concentration of
ammonium but a low C:N ratio (Gonzalez-Martinez et al., 2018b; Van
de Graaf et al., 1995). During the process of anammox, ammonium and
nitrite act as electron donor and acceptor, respectively, and get con
verted mainly to nitrogen gas, along with a small amount of nitrate
(Xing and Jin, 2018; Zhang et al., 2015c). Two completely opposite
environmental conditions are needed for the anammox reaction,
namely aerobic conditions for the partial nitrification that allows oxi
dization of ammonium to nitrite by AOB, and anaerobic conditions
where ammonium and nitrite are metabolized by anammox bacteria to
nitrogen gas (Guo et al., 2016). At a certain point, nitrite is oxidized by
NOB as a reductant in the traditional process of nitrogen removal
mediated by microorganisms since nitrite could act as an electron ac
ceptor for ammonium mediated by anammox bacteria, and counter
measures are taken to avoid further reaction of nitrite to nitrate during
the anammox process (Katsou et al., 2016). Chemolithoautotrophic
bacteria with the ability to catalyze the anammox process are only
found in the phylum Planctomycetes (Zhang et al., 2015b). Four types of
enzymes (Nir, HZS, HZO and Nar) present in the membrane of ana
mmox bacteria carry out the anammox process and supply the energy
needed by these bacteria (Rahman et al., 2018). However, anammox
bacteria grow at a relatively low rate (doubling time is 11 to 22 days)
and are highly susceptible to inhibition by heavy metals and antibiotics
(Fan et al., 2019; Gonzalez-Martinez et al., 2018b).

3.2. Denitrification
Denitrification mediated by microorganisms is another critical step
in the nitrogen cycling process, since it can remove reactive nitrogen
(nitrite and nitrate) from both, aquatic and terrestrial ecosystems
(Semedo et al., 2018). As a result, coastal eutrophication can be pre
vented since most of the nitrogen load (50%–80% in aquatic environ
ment) is reduced by the process of denitrification (Roose-Amsaleg et al.,
2013). Therefore, denitrification is regarded as a crucial step in the
remediation of nitrogen pollution in natural surface water, wastewater,
and other similar environments (Zou et al., 2018). Principally, there are
four simple steps in the conversion of nitrate to nitrogen gas during the
process of denitrification, namely nitrate to nitrite, nitrite to nitric
oxide, nitric oxide to nitrous oxide, and finally nitrous oxide to di-ni
trogen gas (Semedo et al., 2018). Unfortunately, the conversion from
nitrate to nitrogen gas during denitrification processes is mostly only
theoretical and is often truncated at the stage of nitrous oxide (a no
torious greenhouse gas) due to the lack of necessary genes in many
microorganisms (Semedo et al., 2018). By virtue of the drastic differ
ence between nitrogen gas and nitrous oxide, denitrification processes
sometimes lead to immediate adverse impacts on the atmospheric en
vironment and indirect adverse effects on humankind via the green
house effect (Yin et al., 2016; Zhang et al., 2019a). Microbes capable of
catalyzing the denitrification process can be found in both, prokaryotes
(e.g., eubacteria and archaea) and eukaryotes (e.g., fungi and protozoa)
(Stein and Klotz, 2016). Numerous genera of bacteria, mainly affiliated
to the phyla of Proteobacteria and Firmicutes, have the ability to catalyze
the metabolic pathway of denitrification under anaerobic (also known
as suboxic or anoxic) conditions (Zou et al., 2018). Denitrification was
considered to be an anaerobic process in terms of energy until the
discovery of aerobic denitrifiers (Robertson and Kuenen, 1984). Pre
sently, there are several pure cultures with the ability to catalyze nitrate
reduction under aerobic conditions (Cheng et al., 2019; Ruan et al.,
2020b). As opposed to anaerobic denitrification, aerobic denitrification
reduces nitrate under aerobic conditions, thus establishing a link be
tween anaerobic to aerobic conversions (Ji et al., 2015). Additionally,
denitrification metabolic pathway is also found in some genera of ar
chaea, especially those found in harsh environments, such as a hy
persaline environment where haloarchaea dominate habitats with salt
content higher than 16% (Torregrosa-Crespo et al., 2019). For instance,
Haloferax mediterranei is a typical haloarchaea with the ability to cat
alyze the complete reduction of nitrate to nitrogen gas (TorregrosaCrespo et al., 2020). Furthermore, fungi are also excellent denitrifiers
owing to their ability to bear harsh environmental conditions with low
pH and temperature (Espinosa-Ortiz et al., 2016). Since the first report
of denitrification by fungi in 1992 (Shoun et al., 1992), many pure
cultures have been isolated and investigated, such as Hanseniaspora
uvarum strain KPL108 (Zhang et al., 2018) and Fusarium solani RADF-77
(Cheng et al., 2019). The conversion from nitrate to nitrogen gas in
volves four reducing steps, each of which is catalyzed by the corre
sponding reductase encoded by its relevant gene (Rahman et al., 2018).
For eubacteria and archaea with denitrification ability under either
anaerobic or aerobic conditions, the reductases Nar, Nir, Nor, and Nos
are employed for the successive reduction of nitrate, nitrite, nitric
oxide, and nitrous oxide, respectively (Chen and Strous, 2013; Feng
et al., 2020; Torregrosa-Crespo et al., 2020). Compared to anaerobic
denitrifiers, a gene cluster of napFDAGHBC present in aerobic deni
trifiers enables them to perform the denitrification process in the pre
sence of oxygen (Zumft, 1997). In denitrification in fungi, the re
ductases Nar and Nir are the same as their bacterial counterparts, while

4. Effect of TCs on the nitrogen process
4.1. Effect of TCs on nitrification process
Research on the effect of TCs on nitrification is very limited and
mainly focused on the matrices of bioreactors (Campos et al., 2001;
Chen et al., 2019; Liu et al., 2018a; Pulicharla et al., 2018; Zhu et al.,
2017), waste water treatment plants (WWTPs) (Prado et al., 2009),
activated sludge (Alvarino et al., 2014; Chen et al., 2015; Xing and Jin,
2018), sediments (Zhang et al., 2019), and mixed microbial cultures
(Katipoglu-Yazan et al., 2013). Due to insufficient research reports and
variations in experimental methods and conditions, there is no con
sensus about the effect of TCs on the nitrification process. Based on
previously published literature, duration of experiment (namely ex
perimental period) along with the type, mode of addition, and con
centration of antibiotics are the key factors influencing the effect of
antibiotics on the biological nitrogen cycling process (Bílková et al.,
2019; Roose-Amsaleg and Laverman, 2016). Likewise, according to
results of available research studies, concentration of TCs is one of the
most important factors that affect the process of nitrification (Table 2).
There are no negative effects reported on the nitrification process at
environmentally relevant concentrations (< 1 mg/L or 1 mg/kg), re
gardless of the type of TCs, such as TET (Liu et al., 2018a; Zhu et al.,
2017) and CTC (Chen et al., 2019). However, non-environmentallyrelevant concentrations (> 1 mg/L or 1 mg/kg) of TCs yielded con
flicting results. For instance, no inhibition of nitrification was observed
when the concentrations of OTC and TET were as high as 100 mg/L
(Campos et al., 2001) and 40 mg/L (Prado et al., 2009), respectively.
Nevertheless, most of the other studies indicated that high concentra
tions of TCs could negatively impact nitrification, decreasing its rate by
nearly 50% (Campos et al., 2001; Pulicharla et al., 2018) and even
totally inhibiting it when the concentration of TET was as high as
200 mg/L (Katsou et al., 2016). These results might be explained on the
basis of the fact that nitrification was mediated by autotrophic
4
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Table 2
Effect of tetracyclines on the processes of nitrification, denitrification, and anammox.
Compound

Process

Concentration

Duration

Effects

Matrices

Reference

chlortetracycline
chlortetracycline
oxytetracycline
tetracycline
tetracycline
tetracycline
tetracycline
tetracycline
tetracycline
chlortetracycline
chlortetracycline
doxycycline
oxytetracycline
oxytetracycline
tetracycline
tetracycline
tetracycline
doxycycline
chlortetracycline
oxytetracycline
tetracycline
tetracycline
tetracycline
tetracycline
tetracycline
tetracycline
tetracycline
tetracycline
chlortetracycline
chlortetracycline
chlortetracycline
chlortetracycline
chlortetracycline
oxytetracycline
oxytetracycline
tetracycline
tetracycline
tetracycline
tetracycline
tetracycline
tetracycline
tetracycline
tetracycline
tetracycline
doxycycline
doxycycline
doxycycline
doxycycline
oxytetracycline
oxytetracycline
oxytetracycline
oxytetracycline
oxytetracycline
tetracycline
tetracycline
tetracycline
tetracycline
tetracycline

nitrification
nitrification
nitrification
nitrification
nitrification
nitrification
nitrification
nitrification
nitrification
nitrification
nitrification
nitrification
nitrification
nitrification
nitrification
nitrification
nitrification
nitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
denitrification
anammox
anammox
anammox
anammox
anammox
anammox
anammox
anammox
anammox
anammox
anammox
anammox
anammox
anammox
anammox

ERC
ERC
NERC
NERC
ERC
NERC
ERC
ERC
NERC
NERC
NERC
NERC
NERC
NERC
NERC
NERC
NERC
NERC
ERC
ERC
ERC
ERC
ERC
ERC
NERC
ERC
NERC
NERC
ERC
NERC
ERC
NERC
ERC
NERC
ERC
NERC
NERC
NERC
ERC
NERC
NERC
NERC
ERC
ERC
NERC
NERC
NERC
NERC
NERC
NERC
NERC
NERC
NERC
ERC
ERC
ERC
NERC
NERC

hours
hours
months
months
hours
hours
months
months
hours
hours
hours
hours
months
hours
days
months
months
hours
months
months
days
hours
months
days
days
months
months
months
hours
hours
months
months
days
months
months
months
hours
months
months
months
months
days
weeks
months
hours
days
days
days
months
weeks
weeks
weeks
months
months
months
months
months
hours

no effect
no effect
no effect
no effect
no effect
no effect
no effect
no effect
no effect
inhibition
inhibition
inhibition
inhibition
inhibition
inhibition
inhibition
inhibition
inhibition
no effect
no effect
no effect
no effect
no effect
no effect
no effect
no effect
inhibition
inhibition
no effect
inhibition
inhibition
inhibition
inhibition
inhibition
inhibition
inhibition
inhibition
inhibition
inhibition
inhibition
inhibition
inhibition
inhibition
no effect
inhibition
no effect
inhibition
inhibition
inhibition
inhibition
inhibition
inhibition
inhibition
inhibition
inhibition
stimulation
inhibition
inhibition

wastewater
bioreactor
bioreactor
WWTPs
sludge
sludge
bioreactor
bioreactor
sediment
wastewater
bioreactor
sludge
bioreactor
sludge
mixed culture
bioreactor
bioreactor
batch test
bioreactor
bioreactor
bioreactor
sludge
bioreactor
sediment
sediment
bioreactor
bioreactor
bioreactor
wastewater
wastewater
bioreactor
bioreactor
bacteria culture
bioreactor
sediment
bioreactor
sludge
bioreactor
bioreactor
bioreactor
bioreactor
sediment
soil
bioreactor
batch test
batch test
batch test
batch test
bioreactor
bioreactor
batch test
bioreactor
bioreactor
bioreactor
bioreactor
bioreactor
bioreactor
batch test

(Pulicharla et al., 2018)
(Chen et al., 2019)
(Campos et al., 2001)
(Prado et al., 2009)
(Chen et al., 2015)
(Chen et al., 2015)
(Liu et al., 2018a)
(Zhu et al., 2017)
(Zhang et al., 2019b)
(Pulicharla et al., 2018)
(Chen et al., 2019)
(Alvarino et al., 2014)
(Campos et al., 2001)
(Xing and Jin, 2018)
(Katipoglu-Yazan et al., 2013)
(Zhu et al., 2017)
(Liu et al., 2018a)
(Alvarino et al., 2014)
(Chen et al., 2019)
(Feng et al., 2020)
(Zhu et al., 2017)
(Chen et al., 2015)
(Liu et al., 2018a)
(Roose-Amsaleg et al., 2013)
(Roose-Amsaleg et al., 2013)
(Liu et al., 2016)
(Liu et al., 2016)
(Zhu et al., 2017)
(Pulicharla et al., 2018)
(Pulicharla et al., 2018)
(Chen et al., 2019)
(Chen et al., 2019)
(Ahmad et al., 2014)
(Feng et al., 2020)
(Zou et al., 2018)
(Prado et al., 2009)
(Chen et al., 2015)
(Liu et al., 2018a)
(Fan et al., 2020)
(Fan et al., 2020)
(Wang et al., 2018b)
(Zhang et al., 2019b)
(Semedo et al., 2018)
(Fan et al., 2019)
(Alvarino et al., 2014)
(Sguanci et al., 2017)
(Sguanci et al., 2017)
(Sguanci et al., 2017)
(Zhang et al., 2018)
(Shi et al., 2017)
(Noophan et al., 2012)
(Noophan et al., 2012)
(Yang et al., 2013)
(Meng et al., 2019)
(Fan et al., 2019)
(Meng et al., 2019)
(Fernández et al., 2009)
(Fernández et al., 2009)

Notes: Environmentally relevant concentration-ERC; Non-environmentally relevant concentration-NERC; Waste water treatment plants-WWTPs.

microorganisms that were more sensitive to antibiotics than the cor
responding heterotrophic microorganisms (Halling-Sørensen, 2001;
Katipoglu-Yazan et al., 2013). Additionally, inhibition or no negative
effect were both reported irrespective of the scale of duration of the
experiments, from hours (short-term) (Alvarino et al., 2014; Chen et al.,
2015, 2019; Katipoglu-Yazan et al., 2013; Pulicharla et al., 2018; Xing
and Jin, 2018) or days (Zhang et al., 2019c) to months (Campos et al.,
2001; Liu et al., 2018a; Prado et al., 2009; Zhu et al., 2017) (long-term).
Furthermore, the mode of addition of TCs was correlated to the scale of
duration. During short-term experiments, TCs were added only once,
whereas they were added several times for long-term experiments,

especially for the bioreactor experiments. However, inhibition of ni
trification ceased once the addition of TCs was stopped. For instance,
after discontinuing the addition of OTC, recovery of nitrification was
observed by Medriano et al. (2018). Moreover, the effect of TCs on the
nitrification process is also influenced by the concomitantly present
heavy metals (HMs) through an antagonistic effect. Due to the strong
binding ability of functional groups present in TCs (e.g. carboxylic and
carbonyl) with divalent copper [Cu(II)] (Wang et al., 2018b; Zhao et al.,
2013), inhibition of nitrification was lower in the case of a combination
of 20 mg/L TET and 10 mg/L Cu(II) when compared to that caused by
addition of only 20 mg/L TET (Deng et al., 2019).
5
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4.2. Effect of tetracyclines on denitrification process

denitrification was not time-dependent and both, inhibition as well as
no negative effect were reported irrespective of the duration.

A few investigators have studied the influence of TCs on deni
trification and arrived at contradictory conclusions that include in
hibition (Ahmad et al., 2014) as well as no significant effect (Feng et al.,
2020). In general, the effect of TCs on denitrification is usually dosedependent. Most of the studies demonstrated that denitrification was
unaffected by TCs present at environmentally relevant concentrations.
However, denitrification rates were influenced by CTC at low doses
(0.01, 0.1, and 1.0 mg/L) in groundwater in a microcosmic study
(Ahmad et al., 2014) and in wastewater treatment employing a bior
eactor model (Chen et al., 2020). Additionally, the expression of nirK
and nosZ genes in a sediment sample was also significantly inhibited by
OTC, even at an ultra-low concentration (0.001 mg/L) (Zou et al.,
2018). These contradictory results might be due to the different sensi
tivities of denitrifying bacteria to antibiotics. Moreover, environmental
matrices varied amongst the studies and the binding ability of TCs with
environmental matrices is different, consequently leading to different
results. For instance, OTC combines well with sediment due to its high
Kd value, increasing the incidence of OTC exposure to denitrifying
bacteria (Yin et al., 2017). As a result, the abundance and activity of
denitrifying bacteria in soils and sediments was more susceptible to
inhibition by TCs than that of denitrifying bacteria in the other en
vironmental matrices. Furthermore, synergistic effects of different types
of antibiotics might offer another explanation for the conflicting con
clusions in the presence of TCs at environmentally relevant con
centrations. Yin et al. (2017) observed that denitrification rates were
diminished by as much as 44.2% when OTC was added with four other
types of antibiotics, even at an ultra-low OTC dose (5.13–22.5 ng/L).
Ma et al. (2014) reported that a mixture of tetracycline with other two
types of antibiotics also exerted a significant inhibitory impact on de
nitrification. Cumulatively, these reasons might explain the conflicting
results of the effect of TCs on the denitrification process. At non-en
vironmentally-relevant concentrations, most of the available research
results suggested that denitrification was significantly inhibited by the
presence of TCs in various matrices, such as bioreactors (Chen et al.,
2019; Feng et al., 2020; Liu et al., 2016, 2018a; Pulicharla et al., 2018;
Wang et al., 2018a; Zhu et al., 2017), activated sludge (Chen et al.,
2015), sediment (Zhang et al., 2019c), and even microbial cultures
(Ahmad et al., 2014). Compared to that observed at the en
vironmentally relevant concentration of 0.5 mg/L, significant reduction
of denitrification was detected in the presence of high CTC concentra
tion (100 mg/L) and the nitrate removal efficiency decreased to as low
as 16.4% within 3 h (Pulicharla et al., 2018). However, a few studies
reported the diametrically opposite conclusion. For instance, the deni
trification process remained unaffected when the concentration of TET
was 10 mg/L (Roose-Amsaleg et al., 2013) or even 20 mg/L (Fan et al.,
2020). Several reasons might explain these contradictory results. First,
part of the TCs added to the matrices might have combined with the
sediment and thus reduced the available amount of TCs. Second, the
concentration was not high enough to decrease the abundance and
activity of denitrifying bacteria, causing no significant inhibition, for
which a concentration of 100 mg/L of TET would be needed (Grabert
et al., 2018). Moreover, antibiotics commonly get mixed with other
pollutants (e.g., heavy metals) in the natural environment and the an
tagonism between antibiotics and HMs might lessen the negative im
pact of antibiotics on denitrifying bacteria. For instance, Cu(II) has
strong combining ability with TET to form Cu(II)-TET complexes and
the effect of Cu(II)-TET on denitrification was lower than that of either
of these pollutants added individually (Wang et al., 2018b). Thus, no
inhibition would be observed despite using a high concentration of TCs.
Additionally, the scale of the duration of the experiment varied, ranging
from hours (short-term) (Chen et al., 2015; Pulicharla et al., 2018) or
days (Roose-Amsaleg et al., 2013; Zhu et al., 2017) to months (Chen
et al., 2019; Fan et al., 2020; Liu et al., 2016, 2018a; Wang et al.,
2018b) (long-term). Similar to nitrification, the effect of TCs on

4.3. Effect of tetracyclines on anammox process
Acute inhibition experiments as well as long-term inhibition tests
indicated that anammox process was typically inhibited by TCs except
for a few studies reporting no significant effect (Fan et al., 2019) and
even stimulatory effect (Meng et al., 2019). Although only a few studies
have investigated the effect of TCs on anammox, convincing evidence
has shown that anammox-based processes can be inhibited by anti
biotics, including TCs (Meng et al., 2019; Zhang et al., 2019b). Ana
mmox bacteria were sensitive to antibiotics and the IC50 of OTC to
anammox bacteria was 500 mg/L (Yang et al., 2013) and 1100 mg/L
(Lotti et al., 2012) in two different studies. Additionally, the anammox
activity was significantly impacted by TCs and the specific anammox
activity (SAA) was reduced by 60% when the bacteria were exposed to
10 mg/L TET (Fernández et al., 2009). Similarly, Shi et al. (2017) found
that the SAA decreased by as much as 81.3% when 2 mg/L of OTC was
added. During a continuous experiment, anammox activity was com
pletely suppressed in a sequencing batch reactor (SBR) with a daily
addition of 5.0 ± 3.5 mg/L OTC (Noophan et al., 2012). Interestingly,
the duration of the experiment might also play an important role in the
effect of TCs on anammox process. For example, Sguanci et al. (2017)
found that the SAA decreased with increase in duration of time both, in
short-term (48 h) and long-term (19 d) inhibitory tests. Moreover,
combined effects of antibiotics and HMs on the anammox process have
also been examined, since mixtures of HMs and antibiotics are com
monly found in the natural environment (Fan et al., 2019). For in
stance, combined effect of TC with zinc (Zn, > 3 mg/L) led to a dra
matic decrease in the nitrogen removal efficiency of upflow anaerobic
sludge blanket (UASB) reactors, during a 258 d experiment (Fan et al.,
2019). Zhang et al. (2016) reported that a mixture of OTC with Cu(II)
exerted a significant inhibitory effect on anammox performance in a
long-term (92 d) bioreactor experiment. However, they did not in
vestigate the effect of individual addition of OTC or Cu(II) on the
anammox performance and therefore, it is still uncertain whether the
combined addition of OTC and Cu(II) has synergistic or antagonistic
effects. Furthermore, research on the effect of a cocktail of TC anti
biotics was carried out by Sguanci et al. (2017) who observed a sy
nergistic inhibitory effect on the SAA upon simultaneous exposure to
DOXC and enrofloxacin (ENR). Additionally, the synergistic inhibitory
effects were proportional to the concentrations and durations of anti
biotics used (Sguanci et al., 2017).
5. Degradation of TCs accompanied by nitrogen cycling processes
5.1. Bioreactors and pure cultures of bacteria
TCs are biodegradable via the processes of nitrification and deni
trification. Several pure cultures of bacteria have been isolated with the
proven ability to degrade different types of TCs, such as OTC (Ruan,
2020a; Shao et al., 2018a, 2018b, 2019b) and TET (Bai et al., 2020;
Shao et al., 2019a). Although they have the ability to degrade OTC and
TET, the efficiency of TC degradation varies among different bacterial
cultures. Klebsiella sp. SQY5, isolated from municipal sludge, degraded
67.3% of TET and 100% of nitrate within 92 h (Shao et al., 2018a). For
Ochrobactrum sp. KSS10—capable of simultaneously degrading OTC
and removing nitrogen under aerobic conditions—the rates of OTC
degradation and total nitrogen removal were 0.012 mg L−1h−1 and
1.189 mg L−1h−1, respectively (Shao et al., 2018b). Additionally, an
other aerobic denitrifying strain Marinobacter hydrocarbonoclasticus
RAD-2 also demonstrated the ability to degrade OTC, with a maximum
OTC degradation rate of 0.005 mg L−1h−1 accompanied with a nitrate
removal rate of 6.46 mg L−1h−1 (Ruan et al., 2020a). Variation in re
moval efficiencies of TCs among these culture strains might have arisen
6
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due to differences in the enzymes produced by these bacteria and the
experimental conditions. A similar conclusion was reported in a pre
vious review on the microbial degradation of sulfamethoxazole (SMX)
by Wang and Wang (2018), stating that the removal efficiency of SMX
by bacteria varied from strain to strain. A pure strain was also employed
in a bioreactor for the purpose of improving efficiency of TC degrada
tion. For example, Ochrobactrum strain KSS10 was inoculated in a labscale moving bed biofilm reactor (MBBR) to treat synthetic aquaculture
wastewater, resulting in simultaneous removal of nearly all the am
monium nitrogen and 74.6% of OTC (Shao et al., 2019b). Furthermore,
simultaneous removal of TCs and nitrogen was also investigated in
other types of bioreactors. For instance, complete removal of nitrate
and 73% of TET removal was achieved in a hydrogen-based membrane
biofilm reactor (H2-MBfR) (Taşkan et al., 2016). H2-MBfR was also
employed by Celik et al. (2018) who reported that OTC and nitrate
were simultaneously reduced at a rate of 8.96 mg m−2 day−1 and
1100 mg m−2 day−1, respectively.

TCs have rarely been investigated. The degradation process of TET
under denitrifying conditions in an H2-MBfR yielded three biode
gradation products, with 4-epitetracycline being the most abundant
(Taşkan et al., 2016). Additionally, anhydrotetracycline and epianhy
drotetracycline were also identified but at low concentrations
(< 0.01 mg/L). Since sorption removal was excluded, biodegradation
was the only mechanism responsible for the decrease in TET. H2-MBfR
was also employed for the degradation of OTC under denitrifying
conditions by Celik et al. (2018) who indicated that β-Apo-OTC was
identified as the dominant product (0.023 mg/L). Moreover, α-ApoOTC and 4-epi-OTC were also detected in concentrations of 0.013 mg/L
and 0.008 mg/L, respectively. They also inferred that biodegradation
was the main mechanism and removal by sorption could be excluded
since OTC and the other three biodegradation products could not be
detected in the solid phase extraction components. In addition to
bioreactors, a pure strain was also used to investigate the biodegrada
tion pathway of TET by Shao et al. (2019a) who employed Klebsiella sp.
SQY5 capable of degrading TET under denitrifying conditions. In their
research, up to nine biodegradation products of TET were identified and
the possible biodegradation pathways were also proposed. According to
their speculation, TET might be degraded due to the loss of its methyl
group and could also be degraded by a series of reactions, such as
oxidation and ring opening hydrolysis followed by the processes of decarbonylation, de-amination, and de-hydroxylation (Shao et al.,
2019a). In a recently published research, we found that nearly 91% of
the OTC present could be degraded by an aerobic denitrification bac
terial strain Marinobacter hydrocarbonoclasticus RAD-2 (Ruan et al.,
2020a). However, distinct biodegradation products were not identified
since the degradation process essentially occurred within 12 h and no
samples were analyzed during this period. Additionally, Klebsiella sp.
strain TR5 was isolated and proven to degrade 90% of the TET with an
initial concentration of 200 mg/L within 36 h (Yin et al., 2020b). Based
on the products detected, they proposed three potential TET biode
gradation pathways by the Klebsiella sp. strain TR5. The first putative
pathway was the formation of compounds with m/z values of 392 by
reduction of TET and followed by successive dehydration reactions.
Another one was the formation of compounds with m/z values of 415
by successive losing one methylene group and dehydrogenation reac
tions. The third putative pathway was that TET was firstly oxidized and
then formed an undetermined compound after losing a carbonyl group.
Although they did not investigate the possibility of TET biodegradation
under denitrification conditions by this strain, it might be a possibility
since numerous strains of species belonging to the genus Klebsiella were
found to have denitrifying and even nitrifying abilities (Shao et al.,
2019a).

5.2. Influencing factors
Several factors (e.g. carbon source, concentration of TCs, and en
vironmental conditions, such as pH and temperature) influence the
process of TC degradation and nitrogen removal, leading to variations
in the removal efficiency. Among them, carbon source is the most im
portant factor since it is vital for the growth of heterotrophic bacteria.
For instance, Shao et al. (2019c) reported that there was a strong po
sitive correlation between TET removal efficiency and carbon source.
Ruan et al. (2020a) found a negative correlation between the removal
efficiencies of total organic carbon and OTC. Moreover, when TET was
the only carbon source, the removal efficiencies of TET and nitrate were
as low as 20.1% and 13.9%, respectively. However, with the addition of
carbon sources (such as natural algal powder and sodium acetate), re
moval rates of TET and nitrate increased by 29.8% and 46.6%, re
spectively (Shao et al., 2019c). Since degradation of most antibiotics
might be a process of co-mentalism, organic substrate is not only crucial
for bacterial growth but also vital for the catalysis of antibiotic de
gradation (Wang and Wang, 2018). Therefore, in order to maintain high
removal efficiency of TCs and some other types of antibiotics, sufficient
carbon sources need to be provided during the degradation process.
Initial TC concentration is an equally important factor in the removal
efficiency of nitrate and its degradation rates. Among the few studies on
the biological degradation of TCs, initial OTC concentration varied from
0.05 to 25 mg/L (Celik et al., 2018; Ruan, 2020a; Shao et al., 2018b)
and TET concentration varied from 0.5 to 100 mg/L of (Shao et al.,
2019a, 2019c, 2018b; Taşkan et al., 2016). At low concentrations
(namely environmental concentration), antibiotics act as a type of
signaling molecule and stimulate the metabolic activity of bacteria
(Laureti et al., 2013). This information can be accordingly used to
improve the removal efficiencies of TCs and nitrate (Ruan et al.,
2020a). At higher concentrations (> 1 mg/L), TCs are toxic to bacteria
and would negatively impact the removal efficiencies of TCs and ni
trate. Due to these factors, significant variations in the rates of OTC
degradation and total nitrogen removal were observed in the results of
existing research studies. Furthermore, biological processes of anti
biotic degradation and nitrogen removal are susceptible to environ
mental conditions since they can exert a significant impact on the ac
tivity and physiology of microorganisms (Wang and Wang, 2018).
Using response surface methodology (RSM), Shao et al. (2018b) con
cluded that maximum degradation of TET can be achieved when the pH
and temperature were set as 7.17 and 34.96 °C, respectively.

6. Future prospects of research
6.1. Hormesis of antibiotics on nitrogen recycling (low level vs high level)
Hormesis describes biphasic dose–response relationships, namely
stimulation at low doses and inhibition at high doses (Agathokleous
et al., 2019). After being marginalized for nearly 60 years, hormesis has
resurged during the past two decades and the concept of hormesis has
been accepted by the mainstream scientific community (Agathokleous
and Calabrese, 2019; Wang et al., 2017). With the rapid development of
analytical techniques, research on hormesis attracted global scientific
attention and numerous studies have been carried out in various re
search fields, such as microbiology, agriculture, and public health
(Agathokleous and Calabrese, 2019). For instance, growth of Myr
iophyllum aquaticum was stimulated by low level of TCs (< 0.1 mg/L)
and the biomass increased by approximately 8% compared to control
during the experiment (Guo et al., 2020). Migliore et al. (2013) exposed
Escherichia coli MG1655 to TET and observed a hormetic increase
within the range of 0.015–0.03 mg/L, demonstrating that hormesis is
common in bacteria. Similar results were described by de Vasconcelos

5.3. Biodegradation pathway
As described above, there are only a few studies reporting the si
multaneous degradation of TCs and nitrogen cycling processes.
Furthermore, nitrogen removal and the biodegradation pathways of
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et al. (2017) who reported the hormetic effect of trimethoprim and
sulfamethoxazole on Vibrio fischeri and Desmodesmus subspicatus in the
range of 0.008 to 0.06 mg/L. Liu et al. (2018b) demonstrated that
Bacillus subtilis was stimulated by TET and three other different types of
antibiotics within the sub-inhibitory range. As mentioned earlier, TC
concentrations in various matrices are mostly at low levels (ng or μg per
liter or kilogram). Therefore, at low levels, stimulation rather than in
hibition would occur due to the phenomenon of hormesis (Laureti et al.,
2013). Stimulatory effects of various types of antibiotics on nitrogen
cycling have been observed in different matrices, such as sulfametha
zine, sulfamethoxazole, gentamicin, and narasin on denitrification in
the soil (DeVries et al., 2015), TET on anammox in a bioreactor (Meng
et al., 2019), ofloxacin on nitrification in constructed wetlands (Tong
et al., 2019), fluoroquinolones on denitrification in groundwater (Zou
et al., 2019), and amoxicillin on denitrification in compost (Liu et al.,
2019). For practical purposes, future research on the effect of anti
biotics on nitrogen cycling processes should be focused on low level
rather than high level TC pollution since the former is much more
prevalent.

communities are extremely complicated systems, in which individual
microorganisms interact with one another via different relationships,
such as cooperation interactions (win–win), host-parasite interactions
(win-lose), and even competitive exclusion interactions (lose-lose) (Lv
et al., 2019). In order to predict the interactions of these individual
microorganisms under external interference conditions (e.g., antibiotic
application) and take countermeasures to regulate the performance of
the microbial system, we need to comprehend these interactions oc
curring in the microbial ecological networks. However, research on the
interactions among individual microorganisms in the presence of anti
biotics is scarce, with the exception of one study by Tang et al. (2018)
who employed two pure cultures to investigate their interactions in a
bioreactor containing sulfamethoxazole. All the other studies primarily
focused on the changes in abundance and diversity of bacteria in the
processes of nitrification (Li et al., 2017; Meng et al., 2015; Tong et al.,
2019), denitrification (Ilhan et al., 2011; Kleineidam et al., 2010; Kong
et al., 2017; Liu et al., 2019; Roose-Amsaleg et al., 2013; Wang et al.,
2019a; Zou et al., 2018), and anammox (Fan et al., 2019; Meng et al.,
2019) in the presence of antibiotics. Additionally, some researches also
reported the effects of antibiotics on the processes of anammox and
nitrification by mixed-culture bacteria (Katipoglu-Yazan et al., 2013;
Tao and Gao, 2012). However, they only investigated the impact of
antibiotics on the nitrification process and did not explore the inter
actions of microorganisms in the mixed-culture. As mentioned earlier,
several pure cultures with the ability to degrade TCs have been isolated
and one of them was inoculated into a bioreactor to treat wastewater
containing antibiotics (Shao et al., 2019a). Nevertheless, there is a long
way to go before these engineering bacteria can be harnessed, including
discovering their isolation and application, because microbial commu
nities are extremely complicated and we need to understand the in
teraction networks of pure strains with the other microorganisms in a
bioreactor. Additionally, since 99% of the microbial species are un
culturable, culture-independent methods, such as iChip (Stanley et al.,
2016) and single-cell sequencing (Blainey, 2013) can be employed to
elucidate the complicated interactive relationships in the microbial
network in future studies (Lv et al., 2019).

6.2. Cocktail effects (single vs multiple)
In natural habitats, multiple types of antibiotics have been detected
whereas most of the studies have mainly investigated the effect of a
single antibiotic on nitrogen cycling (Roose-Amsaleg and Laverman,
2016; Yin et al., 2017). To our best knowledge, only a few studies have
reported the effects of a mixture of antibiotics on nitrification
(Abegglen et al., 2009; Amorim et al., 2014; Gonzalez-Martinez et al.,
2018a; Meng et al., 2015; Schmidt et al., 2012) and denitrification
(Amorim et al., 2014; Ma et al., 2014; Meng et al., 2015; Yin et al.,
2017), with contradictory results. For instance, Amorim et al. (2014)
observed no appreciable effects on the process of nitrification in a
bioreactor to treat synthetic wastewater in which a mixture of three
kinds of fluoroquinolones (ofloxacin, norfloxacin and ciprofloxacin)
was added. A similar result was also reported by Abegglen et al. (2009)
who concluded that the nitrification process of a membrane bioreactor
was not inhibited when it was subjected to a mixture of five antibiotics,
including three sulfonamide compounds (sulfamethoxazole, sulfapyr
idine, and trimethoprim) and two macrolides compounds (clari
thromycin and roxithromycin). Contrastingly, in the other three studies
conducted by Gonzalez-Martinez et al. (2018a), Schmidt et al. (2012),
and Meng et al. (2015), the nitrification process was significantly in
hibited by mixtures of different types of antibiotics. In addition to the
difference in the mixture of compounds, concentration might also be an
important factor, leading to opposite conclusions. With regard to effects
of mixtures of antibiotics on the process of denitrification, available
research results are more complicated than those for the process of
nitrification. No appreciable effect (Abegglen et al., 2009), inhibition,
(Amorim et al., 2014; Ma et al., 2014; Yin et al., 2017) and even sti
mulation (Gonzalez-Martinez et al., 2018a) were reported in various
matrices subjected to different kinds of antibiotic mixtures and con
centration levels. Nevertheless, TCs was scarcely employed in the in
vestigation of the effects of antibiotic mixtures on nitrogen cycling with
the exception of two studies, in which TET (Ma et al., 2014) and OTC
(Yin et al., 2017) were employed. Therefore, further research is needed
to assess the impact of TC mixtures or TCs mixed with other categories
of antibiotics on nitrogen cycling.

7. Conclusion
Inhibition, no effect, and even stimulation by TCs of the nitrifica
tion, denitrification, and anammox processes were observed and these
effects depended on TC concentrations and experimental duration.
Furthermore, simultaneous degradation of TCs and nitrogen cycling
processes mediated by microorganisms can be achieved; however, the
degradation pathway still needs to be elucidated. Moreover, several
research gaps, including hormetic effect of TCs at low doses, cocktail
effects of multiple types of antibiotics, and interactions between in
dividual microorganisms in the presence of antibiotics need to be filled.
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In natural habitats, a plethora of microorganisms make up a diverse
and functional group, namely the microbial community (microbial
consortia) that is involved in the processes of energy flow and material
cycling in different ecological systems (Tang et al., 2018). Microbial
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