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The ecological toxicity caused by antibiotic residues and resistance genes in the environment affects the

community structures and activities of environmental microorganisms; the ecological toxicity effects of

a long-term exposure to low doses antibiotic residues on microorganisms have not however been well-

studied. In this work, sequence analysis and species annotation of the full-length 16S rRNA gene were

carried out on the extracted whole genome by a 3-generation sequencing method to analyze the

diversity of the microbial populations and the population differences among different sampling sites in

the environment surrounding a veterinary antibiotic production factory. A total of 1720 OTUs

(Operational Taxonomic Unit, OTU) were found, of which 1055 OTUs were in the river samples and 993

OTUs were in the soil samples. 643 and 438 bacterial strains were identified in the river water and soil

samples respectively. The bacterial populations are classified into 29 phylum, 612 genus, and 849

species. The dominant phylum of bacteria was Proteobacteria, which was also the absolutely dominant

phylum. Shannon diversity index of the bacteria showed that the bacterial abundance in downstream

river was significantly higher than that in an upstream non-polluted area (P < 0.001), but the difference

of bacterial abundance between soil samples was not significant. There were 61 biomarkers in the river

water samples from different sampling points, and 14 biomarkers in soil samples. It was found by the

difference statistics of the microbial community that there are multiple biomarkers between this

veterinary drug production site and the upstream non-polluted area. Significant differences between

multiple functional genes were also found in metabolic pathways of the microorganisms. A similar trend

was found for the distribution of antibiotic resistance genes (ARGs). It is concluded that the population

composition of microorganisms and diversity are likely related to antibiotic residues and to the

distributions of ARGs in the environment surrounding the antibiotic production factory.
1. Introduction

Antibiotic residues in the environment have not only caused
continuous environmental pollution and a body exposure
risk,1–3 but also induced antibiotic resistance genes (ARGs) due
to the excessive use and abuse of antibiotics in medical treat-
ments, livestock industry, and in aquaculture. Studies have
indicated that pollution by the antibiotic resistance genes has
been spreading throughout rivers, soils, air particles and other
ecological environments.4,5 An international group of
researchers tested 4000 kilometres of China's coastline and
found that the sediment from estuaries where fresh water from
rivers and streams meets the sea had levels of antibiotic resis-
tance gene pollution ranging from 1 million to 100 million
genes per gram.6 Knapp and co-workers have shown that the
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ARGs in all categories of soils tested have increased signicantly
since 1940.7 Antibiotics can enter the environment through
various pathways including discharges by municipal sewages,
antibiotic production sites, and by animal husbandry, landll
leachates of antibiotic disposals, and runoffs from agricultural
eld containing livestock manure, aquaculture ponds, and
urban centers.8 The entered antibiotics will lead to an accu-
mulation of antibiotic resistance genes in the environment,
moreover, antibiotic residues even at low concentrations would
exert a selective pressure on bacteria. They can promote the
generation of drug-resistant bacteria and their pathogenic
microorganisms,9–11 and facilitate the transmissions among
different microbial populations.12–15

Chemical pollutants, such as pesticides,16 antibiotics,17,18

disinfectants19 and heavy metal20 have a signicant impact on
the environmental microbial community and diversity.
Ecological toxicity caused by antibiotic residues and drug-
resistant gene pollution in the environment affects the
community structures of environmental microorganisms and
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Fig. 1 Geographical illustration of the water and soil sampling site.
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their activities.9,21 Several studies have shown that microbial
communities affect the generation and spread of antibiotic
resistance genes.22,23 Luo et al. reported a correlation between
microbial communities and antibiotic resistance genes in
polluted rivers, and the spread of resistance genes was only
related to the specic bacterial population.24 Liu et al.25 have
shown that the abundance of potential pathogen was reduced
aer animal manure composting. The abundances of antibiotic
resistance genes of a few sulfonamides, tetracycline, and b-
lactam were decreased, showing a signicant correlation. In
recent years, industrial discharges of antibiotics from their
manufacturing sites have been recognized as a risk factor
fostering the development and dissemination of ARGs and
antibiotic-resistant bacterial pathogens.26 Drug-resistant
bacteria in the environment have a greater impact on the
spread of different antibiotic resistance genes,27 it is thus of
great signicance to study the microbial community structures
and biodiversity in the environment surrounding an antibiotic
manufacturing site.

There are countless microorganisms in nature, and culti-
vable microorganisms account for only a very small portion of
them. Traditional methods of microbial culture are difficult to
operate, poorly controllable, time-consuming and labour-
intensive, and can only cultivate a very small part of the
known and common ora. In the 1970s and 1980s, the rst-
generation of sequencing technology could only read one
read. The second-generation of sequencing technology emerged
in 2005, which can read millions of reads typically restricted to
100–500 nucleotide regions, such as single variable regions and
combinations of variable regions of the bacterial 16S rRNA
gene.28–30 However, the short read approach introduces biases
and can't provide effective resolution below the bacterial genus
level. Until recently, an alternative for full-length bacterial 16S
rRNA gene sequencing is provided by the third-generation
single-molecule real-time sequencing technology. By this tech-
nology, the study of microbial ora diversity has been greatly
promoted.31,32

China is both a major producer and a major consumer of
antibiotics. Shijiazhuang, the capital city of Hebei Province, is
an antibiotic production base of China; many antibiotic drugs
are produced in a great amount and are distributed here. A
manufacturer located in the urban area of Shijiazhuang has
produced a variety of veterinary antibiotics for more than 20
years. Effluents have been discharged into the nearby Minxin
River by this manufacturer. Waste water and gas discharged
from this manufacturer are one of the major sources for the
environmental antibiotic residues. In general the low-dose
antibiotic residues discharged from antibiotic production
sites may affect the dynamic balance of bacterial populations.

In this work, the total DNA extracted from the environmental
samples around the veterinary antibiotic manufactural site was
sequenced for three generations to analyse the composition of
microbial community and the diversity of the populations. The
analysed data, together with some previous results obtained for
the abundance of antibiotic resistant genes enabled us to deeply
examine the relationships among the bacterial community
composition, antibiotic resistant genes and antibiotic residues.
1022 | RSC Adv., 2022, 12, 1021–1027
2. Experimental
2.1. Reagents and instrumentation

Genomic DNA extraction kits were obtained from OMEGA Bio-
Tek, USA. Heal force ultrapure water machine (Likang
Biomedical Technology) was used to make the ultrapure water
used in this work. The third-generation sequencing machine
was from Biomarker Technologies Co, Ltd (Beijing, China).
2.2. Sample collection processes

Water samples from upstream and downstream of the sewage
outlets of Minxin River were collected in October, December,
and March of 2019, respectively. Four sampling points were set
for the water sample collections. As shown in Fig. 1, the P1 point
was in the upstream of the river; the P2 point was near the
sewage outlet and in the middle stream; the P3 point was set at
the sewage outlet; the P4 point was in the downstream. The
straight-line distance between P1 and P2 was about 1500 m, and
P2 and P3 was about 50 m. P3 point was at the sewage outlet,
and P3 and P4 was about 50 m. At each sampling point, water
sample was collected continuously for 5 days in different
sampling times. A total of 1 L of water (at 0.5 m below the water
surface) was collected in a light-tight glass bottle, which was
ltered through 0.22 mm membranes aer the samples were
transported to the laboratory.

Soil samples were collected in parallel with the sampling
points of the river water samples. Two soil sampling points
(points A and B in Fig. 1) were set up to observe the impact of the
wastewater by the veterinary antibiotics factory on the
surrounding environment. Point A was the control point, and
was in parallel with water sample sampling point P1. Point B
was located on the bank of the sewage outlet, and was in parallel
with the water sample sampling point P3. Surface soil samples
(at 10 cm below the soil surface) were collected in sterile bags,
and stored at�20 �C. For a big of soil, the moisture content was
measured; a certain amount of soil (about 50 g) was accurately
weighed into a 50 mL centrifuge tube. The tube was put in
a vacuum oven to dry the sample until a constant weight was
reached.

Sampling principles of water and soil samples are based on
HJ/T 91-2002 and GB/T 36179-2018 of China National Standard,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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respectively. Water and soil samples aer collection were all
stored in a car refrigerator and then transported back to labo-
ratory by driving within two hours.
2.3. DNA extraction, PCR amplication and the third-
generation sequencing

DNA Kit was used in DNA extraction from water and soil. Filter
membrane of water sample was removed to centrifuge tube and
extracted DNA by an E.Z.N.A.™Water DNA Kit. The soil sample
(1.0 g) was placed in centrifuge tube, subjected to DNA extrac-
tion using an E.Z.N.A.™ soil DNA Kit. The extracted DNA was
placed in a 1.5 mL EP tube and stored at �20 �C.

In PCR amplication, the primers (27F-50-GTGCCAG-
CAGCCGCGGTAA-30, 1492-R-50-GGACTACAAGGGTATCTAAT-30)
were used to amplify the full length of 16S rRNA, and the totally
extracted DNA.33 The best process of PCR amplication was
optimized to be: pre-denaturation at 95 �C for 5 min; denatur-
ation at 95 �C for 15 s; denaturation at 50 �C for 30 s; annealing
for 1 min; extension at 72 �C for 90 s. The cycle repeats thirty
times and ends in a 7 min extension at 72 �C, save it at 4 �C.
Agarose gel (2%) electrophoresis was used for detections.

The DNA samples that had passed the screening test were
sent to Beijing Biomarker Biotechnology Co., Ltd. The marker
genes were sequenced by use of the method of single molecule
real-time sequencing (SMRL Cell) which is based on the PacBio
sequencing platform.
Fig. 2 OTU numbers acquired from the samples at different sampling
sites (a) and at different sampling times (b).
2.4. Data analysis

The data of all samples aer single-molecule real-time
sequencing were identied, ltered, and compared for obtain-
ing the nal valid data. Smartlink tool provided by the Pacbio
platform was used to obtain the CCS (Circular Consensus
Sequencing) sequence from the valid data. Lima v1.7.0 soware
was use to obtain Barcode-CCS sequence data aer identifying
the CCS through barcode, then ltered it by length and used
UCHIME v4.2 soware to identify and remove the chimera
sequence. Finally, the optimization-CCS sequence was ob-
tained. Usearch soware34 was used to cluster them at a simi-
larity level of 97%, to divide OTU (Operational Taxonomic Unit),
and to get its species classication based on the sequence
composition of OTU. Taxonomic analysis was performed on the
samples at each classication level to obtain the community
structure diagram of each sample at the taxonomic level of
phylum, class, order, family, genus, and species.35 Through the
alpha diversity analysis,36 the diversity of species was studied
within a single sample. By the beta diversity analysis, the
species diversity of different samples was compared to nd
signicant differences in species between different groups, and
to look for biomarkers with statistical differences between
different groups. LEfSe soware was used to draw LEfSe graphs.
The default setting of LDA score was four. species difference
between groups was analyzed and predicted for 16S functional
genes.37,38 Finally, gene function of samples was predicted and
the functional gene abundance was calculated.
© 2022 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1. Population classication and identication

The raw data from PacBio sequencing platform was bam le.
The CCS le was obtained by Smartlink tool, and then identied
through barcode. Aer the barcode-CCS was ltered and the
chimera was removed, ltered-CCS and optimization-CCS were
obtained respectively. The effective (%) that the percentage of
optimization-CCS in barcode-CCS, was used to evaluate data
quality. The effective (%) of all samples had a mean � SD of
93.09 � 4.32%.

In this study, the compositions of bacterial communities of
the environmental samples were different among sampling
times and locations. As shown in Fig. 2, a total of 1720 OTUs
were found, of which 1055 OTUs were in the river samples and
993 OTUs were in the soil samples. The OTU number in the river
samples was less at P1 point than those at P2, P3, and P4 points,
but the difference was very small. The OTU number at point B in
the soil sample was signicantly bigger than that at point A. The
OTU numbers in the samples collected from river and soil
sampling points in different times differed only slightly, but
they all showed highest content in December, followed by
October, and the least in March. The difference in the number
of OTUs of water samples between different sampling times was
greater than that of soil samples. A total of 29 bacterial phyla
were found through the identication of these OTUs, of which
612 bacterial genera and 849 bacterial species were identied.
The bacterial colonies in samples from different sampling
points were distributed differently at the phylum, genus, and
species level.
3.2. Species diversity index analysis

Bacterial Shannon index was used to indicate the diversity of
bacterial community, the greater the value, the higher the
diversity and the more uniform the individual distribution.
Shannon index of the river water and soil samples was between
2.64 and 4.88 and between 5.04 and 6.02, respectively. A total of
RSC Adv., 2022, 12, 1021–1027 | 1023
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643 bacterial strains were identied in the river water samples.
Variance analysis showed that there were signicant differences
in the types of bacteria in river water samples between different
sampling points (F ¼ 22.784, P < 0.001). The number of strains
in the upstream non-polluted area was signicantly lower than
that near the sewage outlet. Species diversity results showed
that OTU, ACE and Chao1 were signicantly different in among
the sampling points (P < 0.05), namely, the species abundance
of river samples in the downstream was higher than that in the
upstream. A total of 438 bacterial strains were identied in the
soil samples. Species abundances and diversity indexes between
A and B points are all similar.
3.3. LEfSe analysis of microbial community

LEfSe analysis is an algorithm for the discovery of high-
dimensional biomarkers and for the explanation that iden-
ties genomic features characterizing the differences between
biological conditions. In this work, LEfSe difference statistical
analysis was performed on the above microbial communities, in
order to nd the possible biomarkers of microorganisms at
different classication levels in samples between different
groups. LEfSe analysis (P < 0.05, LDA > 4) showed that there
were 61 biomarkers in the river water samples from different
sampling points, including 8 phyla, 11 classes, 15 orders, 12
families, 10 genera and 10 species. As shown in Fig. 3, there
were 31, 2, 9, and 19 biomarkers at P1, P2, P3, and P4 point,
respectively. Fourteen biomarkers were found in soil samples,
including 4 phyla, 2 classes, 3 orders, 2 families, 2 genera and 1
Fig. 3 Histogram of taxon with statistical difference at different
sampling sites.
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species. Among them, point A and point B had 11 and 3
biomarkers, respectively. The bacterial communities in the
upstream non-polluted areas and other sampling points near
the sewage outlet were quite different. To a certain extent, this
indicates that there is a great difference between the upstream
of pollution free and the surrounding environment of the
veterinary drug production site. It is also noticeable from Fig. 4
that there are many red nodes representing samples in the non-
pollution area; this suggests that these differences have a great
contribution.

3.4. COG function notes

As shown in Fig. 5, all the soil and river water samples were
annotated to 25 functionally classied genes, and among them,
the relative abundances of genes classied into amino acid
metabolism, carbohydrate metabolism, energy metabolism,
global and overview maps, membrane transport, metabolism of
cofactors and vitamins, were relatively higher.

Fig. 6 shows the functional genes whose relative content
reached signicant differences in the water samples from
different sampling points. They were chromatin structure and
dynamics, cell motility, secondary metabolites biosynthesis,
transport and catabolism, RNA processing and modication,
general function prediction only, signal transduction mecha-
nisms, cell wall/membrane/envelope biogenesis, inorganic ion
transport and metabolism. The functional genes with signi-
cant differences in relative content in soil samples from
different locations were carbohydrate transport and metabo-
lism, energy production and conversion, chromatin structure
and dynamics, signal transduction mechanisms, nucleotide
transport and metabolism, inorganic ion transport and
metabolism, posttranslational modication, protein turnover,
chaperones, coenzyme transport and metabolism, cell motility,
amino acid transport andmetabolism, and cell wall/membrane/
envelope biogenesis.
Fig. 4 Cladograms of taxon with statistical difference at different
sampling sites.

© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 The relative abundance of different functional classification
genes.

Fig. 6 Abundance of differential protein functions at different
sampling sites.
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3.5. Discussion

The amount of OTU in Minxin river water and soil nearby this
veterinary antibiotic production site was signicantly greater
than that in the upstream non-polluted area; the Patescibacteria
also had the same trend. The dominant bacteria phyla in the
river water and soil samples collected in different times and in
different sampling points were all Proteobacteria, and Proteo-
bacteria was absolutely dominant the bacteria. This is consis-
tent with other reports.39–42 The diversity of bacterial
communities in the river surrounding the veterinary drug
production factory was signicantly higher than that in the
upstream non-polluted areas, which is consistent with the trend
of changes in the abundance of antibiotic resistance genes.43

Several studies44–46 proved that the transportation of antibiotic-
resistant bacteria (ARB) and ARGs in rivers increased the
abundance of downstream ARGs. The higher the number of
bacteria and the diversity of bacterial communities, the higher
the abundance of antibiotic resistance genes was likely to be.

The upstream of the river surrounding the production
factory contained the least amount of biomarkers, and the
downstream contained the most, and an increasing trend was
shown in turn. The abundances of ARGs from upstream to
downstream also increased sequentially.43 It is speculated that
discharge from this veterinary drug production site has
a certain impact on the distribution of bacterial ora in the
surrounding river and soil, which in turn affect the generation
© 2022 The Author(s). Published by the Royal Society of Chemistry
and enrichment of antibiotic resistance genes. Although the
wastewater discharged from the antibiotic production facilities
has been treated, a higher level of antibiotics is still remained.
Improper treatments can lead to the generation of a large
number of antibiotic-resistant bacteria.10,47 If a large number of
drug-resistant pathogens are not effectively treated, once they
enter the food chain, they will pose a serious threat to human
health.

Through the difference analysis, the differences and changes
of the functional genes of microbial community in the meta-
bolic pathways between sampling points near the veterinary
drug production site and in the upstream non-contaminated
area could be observed. The microbial community had
changed its metabolic function in order to adapt to the envi-
ronmental changes. The content of two functional genes, cell
motility and signal transduction mechanisms in the river and
soil samples had the same trend, namely, the environmental
media around the veterinary drug production factory >
upstream non-pollution area. This phenomenon was the same
as that of multiple antibiotics. High signal conductivity means
a high cell activity, i.e., a high activity of microbial populations
have a strongly reproductive ability and high species abun-
dance. The high cell motility indicates that the microorganism
has a strong metabolic function and high energy exchange with
the external environment, which enables the microbial pop-
ulation multiplication. It further illustrates that the veterinary
drug production site promote the horizontal transfer of anti-
biotic resistance genes, thereby promoting their spread, and
microbial populations in the surrounding environment of the
increasing the potential harm to the environment.
4. Conclusion

The dominant bacteria phyla in the river water and soil sample
are proteobacteria, absolutely dominating bacteria phyla. The
abundance and diversity of microorganisms near the sewage
outlet was signicantly higher than that of the upstream non-
polluted area. A variety of different biomarkers were found in
the samples from the two regions, and the differences in the
abundance of two functional genes, cell motility and signal
transduction mechanism, were also found in the metabolic
pathways of microbial communities. This is similar to the
abundance of multiple antibiotic resistance genes detected
before,43 which implies that wastewater discharged from the
sewage outlet of the veterinary antibiotic production factory, to
a certain degree, is the pollution source of antibiotic residues in
the local environment, and has a certain ecological toxicity to
environmental microorganisms.

The abundance and diversity of bacteria in the downstream
area of the river water is also signicantly higher than those in
the upstream area; signicant differences between multiple
functional genes were also found in the metabolic pathway. The
microbial populations in the surrounding environment of the
veterinary drug factory are probably related to the antibiotic
resistant gene and antibiotic residues, and may promote the
horizontal transfer of the antibiotic resistant genes.
RSC Adv., 2022, 12, 1021–1027 | 1025
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26 J. J. González-Plaza, K. Blau, M. Milaković, T. Jurina,
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