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14 Abstract: Drug resistance has become an extremely serious problem worldwide. Antibiotic
15 resistance genes (ARGs) entering the environment with wastewaters promote replenishment of the
16 resistome of natural microbioms. Distribution of several clinically significant ARGs in wastewaters
17 of Rostov-on-Don (Southern Russia), lower reaches of the Don River and natural waters of the
18 neighboring region was investigated. Metagenomic DNA samples isolated from 250 ml of
19 wastewaters or natural waters and 200 mg of surface sediments were used for the study.

20 Identification of the ARGs was carried out with end-point detection PCR. Presence of NDM,
21 OXA-48, CTX-M, VanA, VanB, ErmB, and TetM/TetO genes was detected in urban wastewaters.

22 Samples of wastewater treatment plant (WWTP) sewage were enriched with ARGs in contrast to
23 non-treated wastewaters from the sewage collector. NDM, VanA, ErmB, TetM/TetO genes were
24 found only in wastewaters and were absent in samples of natural waters and surface sediments.

25 Only OXA-48, VanB and CTXM genes were found in natural waters and surface sediments. The
26 described ARGs are quite typical for urban and hospital wastewaters. The target ARGs were
27 detected in the samples connected to the anthropogenous sources of pollution such as Rostov

28 municipal WWTP or livestock enterprise effluents.

29 Keywords: antibiotic resistance; urban wastewaters; natural waters Rostov-on-Don

30

31 1. Introduction

32 Drug resistance has become an extremely serious problem on a world-wide scale. Several
33 decades’ application of antibiotics in clinical practice, in veterinary, animal husbandry and
34 aquaculture has led to wide dissemination of antibiotic resistance genes and antibiotic resistant
35  bacteria (ARB). Nowadays bacterial strains carrying several resistance determinants (multiple drug
36  resistant or polyresistant bacteria) are widespread. Also microorganisms resistant to nearly all of the
37  first line antibiotics (pan-resistant strains) are known [1, 2]. The situation is so tense that there is a
38  real risk of returning to clinical treatment of bacterial infections used before antibiotics discovery [2],
39  and the mankind can find itself in a post-antibiotic era.

40 A large number of ARGs can be found in hospital [3], municipal [4] and animal husbandry [5, 6,
41 7] wastewaters. Actually, ARGs and ARB can challenge microbial populations and thus must be
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42 considered a separate class of important pollutants harmful both for human health and
43  environment.

44 As acquisition of antibiotic resistance by infectious agents significantly complicates patients’
45  treatment, ARGs were mainly studied in a clinical context [8]. At the same time, ARGs are supposed
46  to originate and evolve in natural conditions [9].

47 ARB pool increases not only due to the mutational processes, but also due to horizontal transfer
48  of genes (HGT) preexisting already in resistomes of various microbic communities [10-12]. Bacterial
49  mobile elements providing genetic platforms for assembly of multiresistance cassettes participate in
50  this process [13-16]. Also ARGs transduction by bacteriophages is documented [17, 18].

51 Most HGT events responsible for the transfer of antibiotic resistance genes occur in human
52 microbiome [19]. Antibiotic usage support ARBs and ARGs import into normal human microbiota
53 and humans become a constant source of drug resistant bacteria in the environment. This process is
54 greatly facilitated by wastewaters.

55 Hospital wastewaters are especially rich in ARBs and ARGs [3]. At the same time water
56  ecosystems have optimum conditions for distribution and acquisition of ARGs by microorganisms
57  [20] due to the continuous inflow of resistant genes from anthropogenous sources. Natural waters
58  are also recognized as the most important pool of accumulation of resistance determinants of
59  anthropogenous origin [21-23].

60 Although anthropogenous wastewaters are a constant source of ARGs for the environment, it is
61  important to take into account that natural microbiomes are sources and reservoirs of the genetic
62  material associated with resistance to antibiotics [8, 9, 24]. Genetic determinants of antibiotic
63  resistance appeared long before the beginning of antibiotics application and are found in places free
64  from anthropogenous influences. For instance, ARGs aged over 30 000 years were found in
65  permafrost and even in an isolated cave aged more than 4 million years [25, 26]. It should be noted
66  that environmental bacteria produce antibiotics in quantities much lower than the minimum
67  inhibitory concentration [27] and the role they play in natural bacterial communities [28] isn't
68  completely clear. One of the possible explanation of emergence of drugs in subinhibitory
69  concentration might be their role as signaling molecules providing cell-to-cell communication in
70 bacteria, a role important in evolution of antibiotic resistance [29].

71 On the other hand, ARGs dissemination among pathogenic bacteria and environmental bacteria
72 is also well documented [20, 30). Thus, the drug resistant bacteria entering the environment with
73 wastewaters (hospital, municipal or agricultural), promote replenishment of the resistome of natural
74 bacterial communities. Besides, they recruit new resistance determinants from these communities
75 [20, 24], promoting increase of the number of drug resistant strains. Studying such circulation of
76  antibiotic resistance is an important task and recently more and more research has been devoted to
77 tackling various aspects of this problem.

78 Despite evident success in this field, it is still not clear how ARGs and ARBs invading with
79  wastewaters are maintained and spread throughout natural water ecosystems and how considerable
80 s the influence of clinically significant drug resistance genes on emergence and distribution of the
81  resistant bacteria associated with human microbiome.

82 In this work we considered distribution of several ARGs common in drug resistant strains of
83  nosocomial origin. This research expands the knowledge of ARGs distribution in municipal
84  wastewaters and natural waters in one of the most densely populated southern regions of Russia
85  and, in general, southeastern part of Europe.

86

87 2. Materials and Methods

88 2.1 Sampling sites

89

90 In this research presence of antibiotic resistance genes in wastewaters of Rostov-on-Don (the
91  biggest city in the South of European Russia) and also in water and surface sediments of Lower Don
92 were studied. The Don River is one of the largest rivers in the European part of Russia and the Azov
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93 and the Black Sea basin. In its lower reaches the Don River is the main source of water supply for the
94  Rostov region.

95 Sampling was carried out in 2015-2016. 40 sampling sites were chosen for the study. Sampling
96  sites were situated both upstream and downstream the discharge point of municipal treatment
97  facilities, and also at the small rivers flowing into Don higher up or in the area of the estuary (Table

98 1).
99
100 Table 1. Description of sampling locations.
Sample type
o Sampling Geographical Sampling
- site location values date Surface Water Wastewaters
sediments
1 «0 kilometre» Don River right bank 47°5.7’N 39°17.5'E  23.09.2015 + +
2. «0 kilometre» Don River left bank 47°5.7'N 39°17.5'E 23.09.2015 + +
3. Don River, 13 km from the estuary 47°12.9'N 39°45.4'E  23.09.2015 + +
4. Don River, 59.5 km from the estuary 47°24.2'N 39°84.9'E  23.09.2015 + +
5. Don River, 59.7 km from the estuary 47°24.3'N 39°85.2'E  23.09.2015 + +
6. Mokraya Kalancha Branch 47°15.6'N 39°43.6E  24.09.2015 + +
in Dugino village
7. Mokraya Kalancha Branch 47°9.8'N 39°20.1'E ~ 24.09.2015 + +
8. Bolshaya Kuterma Branch 47°12.2'N 39°18.1'E ~ 25.09.2015 + +
9. Don River, 0.5 km downstreamthe 1701 383903 68 25.09.2015 + +
sewage of Rostov-on-Don
10. Don River, 0.5 km downstream 47°124N 39°41.8E  26.09.2015 + +
the Temernik River estuary
0.5 km downstream
11. . 47°15.0'N 39°52.1'E  26.09.2015 + +
the Aksai Creek estuary
12. Aksai Creek estuary 47°15.1'N 39°52.8'E  27.09.2015 + +
13. Pon River, 0.5 km upstream 47°142'N 39°56.6'E  27.09.2015 + +
the Aksai Creek estuary
14. Don River, Alitub village 47°21.9'N 40°07.6'E  28.09.2015 + +
15. Don River, 0.5 km downstream 47°147'N 40°145'E  28.09.2015 + +
the Manych River estuary
16. Manych River estuary 47°15.0'N 40°15.1'E  29.09.2015 + +
17. Don River, 0.5 kam 47°513N 40°152'E  29.09.2015 + +
upstream the Manych River estuary
18. Don River, 0.5 km 47°32.6'N 40°45.2'E 30.09.2015 + +
downstream the Sal River estuary
19. Sal River estuary 47°31.2'N 40°43.9'E  30.09.2015 + +
20. Pon River, 0.5 km upstream 47°32.0N 40°45.2E 30.09.2015 + +
the Sal River estuary
1. Elbuzd and Kagefllmk Rlvers.cor.lﬂuence 46955.1'N 39°412E  15.10.2015 . .
(Rostov region, Azov district)
22. Mechetka River, Mechetinskaya village 46°76.8'N 40°45.2'E  07.10.2015 + +
23. «Paramonovsky warehouses» spring 47°21.8'N 39°72.7'E  29.09.2016 +
24. «Gremuchy» spring (pool) 47°12.2'N 39°41.3'E  11.10.2016 +
25. «Gremuchy» spring (pipe) 47°12.2'N 39°41.4E  11.10.2016 +
26. «St. Seraphim Sarovsky» spring 47°22.9'N 39°65.7'E  09.11.2016 +
27. «Surb-Khach» spring 47°29.1'N 39°72.4'E ~ 25.10.2016 +
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Spring in Samarskoe village
(Rostov region, Azov district)
Samarskoe village beach, Kagalnik
River (Rostov region, Azov district)

«Rostov sea» water-storage reservoir
Sewer on the territory of the food factory
Sewer on the territory of the food factory

Sewer on the territory of the market

Sewer on the territory of the market

Sewer on the territory of the market

Storm water drain of the repair plant

Storm water drain of the repair plant
after the oil separator
Sewer on the territory of the grocery
supermarket

Rostov-on-Don city WWTP

46°54.5'N 39°41.3'E

46°56.2'N 39°39.4'E

47°30.8'N 39°78.5'E

47°21.5'N 39°70.3'E

47°21.4'N 39°70.2'E

47°21.7'N 39°71.4'E

47°21.7'N 39°71.3'E

47°21.6'N 39°70.9'E

47°22.0'N 39°73.9'E

47°21.9'N 39°73.6'E

47°20.5'N 39°59.8'E

47°29.4'N 39°73.3'E

47°19.1'N 39°68.7'E

15.10.2016

15.10.2016

18.10.2016

11.11.2016

11.11.2016

17.11.2016

17.11.2016

17.11.2016

10.11.2016

10.11.2016

27.10.2016

05.12.2016

07.10.2015

27.10.2015

5.12.2015

29.02 2016

30.04.2016

31.05.2016

10.08.2016

19.10.2016

12.08.2016

4 of 11

City sewage was sampled at 9 sites (no. 31-39). WWTP sewage of Rostov-on-Don was sampled
9 times at the same site (no. 40-48). Spring water was sampled at 6 sites (no. 23-28). 4 points of water
and surface sediments selection were located at small rivers of the Lower Don basin (no. 21-22;
29-30). 7 stations were located on River Don downstream the Rostov WWTP discharge point (no. 1-3;
6-9). 13 stations were located on River Don upstream the Rostov WWTP discharge point (no. 4-5;
10-20).
The detailed information on stations of sampling is provided in Table 1 and Fig. 1.
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110 Figure 1. Sampling sites in the lower reaches of the Don River and in the sewage of
111 Rostov-on-Don.
112
113 2.2. Samples collection
114
115 Sterile plastic bottles were filled with 1 liter of the sampled water each. Water samples were

116  cooled down to +4 °C, taken to the laboratory and processed on the same day. For the analysis of
117  surface sediments the top two-centimeter layer of deposits was taken. After removal of stones and
118  the plant residues the samples were hermetically packed into plastic test tubes and stored at -20 °C
119 before usage in experiments.

120 Isolation of DNA was carried out according to Galiev and Tsyrulnikov's method modified by
121 us[31]. The short procedure of isolation of total DNA from samples of water and surface sediments
122 is given below.

123

124 2.3. Isolation of total DNA from water samples

125

126 250 ml water samples were centrifuged for 15 minutes (10000 g, +4 °C). The deposit was

127 suspended in 350 pul of guanidine solution (guanidin HCI 240 mM; phosphate-buffer saline 200 mM;
128  pH 7.0) and 350 ul SDS solution (2% SDS; 500 mM Tris-HCI, pH-7.9) and then transferred into an
129 screw-cap Eppendorf with 0.2 g glass beads d=0.5 introduced beforehand.

130 400 pl of phenol-chloroform mix were added and stirred up on a Mixer Mills MM400 ("Retsch",
131  Germany) mill within 1 minute with the frequency of 30 Hz, then centrifuged for 7 minutes at 14000
132 g. Water phase was taken, 400 ul of chloroform were added and carefully mixed. Then it was
133 centrifuged like at the previous stage, after that water phase was taken again and 500 pl of isopropyl
134 alcohol were added to it. Everything was kept in the freezer for about 15 minutes, centrifuged for 7
135 minutes at 14000 g. The deposit was washed out 2 times with 70 % ethanol and then dissolved in
136  deionized water.

137

138 2.4. Isolation of total DNA from samples of surface sediments

139

140 For isolation of DNA a frozen surface sediments sample portion of 0,2 g was placed into a 2 ml

141 screw-cap test tube and then glass beads (0.1 g - d=0.5 mm and 0.1 g - d=1.0 mm) and ceramic beads
142 (7 pieces of d=1.0 mm and 3 pieces of d=2.0 mm) were added. Then 350 ul of guanidine solution
143 (guanidine HCI 240 mM; phosphate-buffer saline 200 mM; pH - 7.0), 350 ul of SDS solution (2%) -
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144 Tris-HCl (500 mM, pH 7.9), and 400 pl of phenol-chloroform mix were introduced into each
145  Eppendorf. The mix was stirred up on a Mixer Mills MM400 ("Retsch", Germany) mill for 15 minutes
146 with a frequency of 30 Hz, then centrifuged for 7 minutes at 14000 g. The water phase was separated,
147 400 pl of chloroform were added to it and carefully mixed. Everything was centrifuged just like at
148  the previous stage, then water phase was taken and 500 pl of isopropyl alcohol was added to it. The
149 mix was kept in the refrigerator for 15 minutes, after that centrifuged for 7 minutes at 14000 g. The
150  deposit was washed out 2 times with 70% ethanol and then dissolved in deionized water.

151

152 2.5. PCR-assay

153

154 Amplification reaction was carried out using the T-100 ("Bio-Rad") amplifier and the final

155  volume of reaction mix was 25 pl. Reagents kits by Litekh firm (Moscow) with endpoint detection
156 were used for detection of VIM, NDM, OXA-48, CTXM, MecA, VanA, VanB, ErmB and TetM/TetO
157  genes. The reaction was carried out according to the producer’s protocol with the subsequent
158  electrophoretic detection of amplicons. Each reaction included positive and negative controls.

159

160  3.Results and Discussion

161 ARGs analysis results are shown in Table 2. Additional data are given in Figures S1-10 (see the
162 Supplementary Information).

163

164 Table 2. Antibiotic resistance genes in the sewage of Rostov-on-Don and the lower reaches of the
165 Don River.

Number Number of samples containing ARGs
Sample type Sample of

no. samples VIM NDM OXA48 CTXM MecA VanA VanB EmB oW

TetO
City sewage 31-39 9 - - 2 1 - - 3 5 5
WWIP sewage, 4 9 - 3 - - - 3 5 6 7

Rostov-on-Don

Don River water
downstream the

Rostov WWTp 67 7 - B B B B N B B B
discharge point
Don River
surface
sediments 13,69 ” _ _ _ _ _ _ 1 _ _

downstream the
Rostov WWTP
discharge point

Don River water
upstream the 4-5,
Rostov WWTP 10-20

discharge point

13 - - 1 - - - - - -

Don River
surface
sediments 4-5,
upstream the 10-20
Rostov WWTP
discharge point

13 - - - - - - - - -
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Water from
small rivers 21-22, 4 1
of the Lower 29-30,
Don basin
Surface
sedlmerllts from 2122,
small rivers of 29:30 4 - - - 1 _ — _ _ _
the Lower Don
basin
Spring water 23-28 6 - - - - - - - - -
166
167 Seven out of the nine analyzed antibiotics resistance genes have been found in water and

168  surface sediments samples. NDM, OXA-48, CTX-M, VanA, VanB, ErmB, TetM/TetO genes have been
169  detected. No samples including wastewaters revealed the presence of VIM and MecA genes within
170 the period of two years of this study.

171 All wastewater samples contained at least some of the ARGs. Four ARG families (NDM, VanA,
172 ErmB, TetM/TetO) were detected only in wastewaters but not in the samples of natural waters and
173 surface sediments. In 9 wastewater samples taken from municipal WWTP 25 cases of the studied
174 ARGs detection occurred opposed to 16 cases of ARGs detection in 9 samples of wastewaters taken
175  directly from city wastewater sewers. Thus, WWTP sewage is enriched in ARGs compared to
176  sewage from city wastewater sewers. It is of interest that OXA-48 and CTX-M genes were found only
177  in the samples from wastewater sewers, while NDM and VanA were detected only in the samples of
178  waters from WWTP. ErmB and TetM/TetO genes turned out to be the most widespread in
179  wastewaters. VanB genes proved be the most common among the genes from both wastewaters and
180  natural samples.

181 ARGs were not very common in natural samples. VanB and OXA-48 were detected in two
182  samples of natural surface water. CTX-M genes were detected in one surface sediment sample from
183 small rivers, and VanB — in bottom sediments of the Don River downstream of the municipal WWTP
184  discharge point. In all these cases sampling locations were spatially connected with potential
185  anthropogenous sources of ARGs. A discharge point of Rostov municipal WWTP effluents was one
186  such source, another - a livestock farm located in the place of the small rivers Elbuzd and Kagalnik
187  confluence. OXA-48 marker was detected in the water from the beach of the Alitub village.

188 It is no surprise that the maximum qualitative and quantitative content of ARGs was observed
189  in wastewaters. It is known that conventional wastewater treatment does not significantly reduce
190  the ARGs concentration and can even sometimes lead to the increase of ARGs concentration in
191  urban wastewaters [32-34]. WWTPs are a hot spot of amplification of ARGs and antibiotic resistant
192 bacteria (ARB) coming from the city waste collectors with wastewaters. It corresponds to the fact
193 that we observed a higher content of ARGs in municipal WWTP effluents compared to the
194  wastewaters sampled directly from the city waste collectors before cleaning. It is substantially
195  connected not only to the continuous receipt of ARGs, but also to the possible high content of mobile
196 elements in bacterial genome, first of all, integrons, in the treated wastewaters [35].

197 Thus, in the course of collecting, accumulation and treatment of wastewaters, preceding
198  biological cleaning and disinfection, the quantity of ARGs and ARB can increase dramatically. After
199 sewage treatment the total amount of ARGs and ARB decreases, as a rule [36, 37]. However, relative
200  frequency of ARGs and ARB in effluents increases simultaneously [35]. In any case, untreated
201  sewage waters are a bigger threat for the environment [38].

202 Metagenomic culture-independent methods of research allow to evaluate the total amount of
203  ARGs in the DNA of the studied samples. Treated wastewaters pose a smaller threat of ARGs
204  dissemination in pristine microbial communities. The content of alive ARB decreases in treated
205  wastewaters, but the amount of destroyed bacteria and, respectively, extracellular DNA increases
206  due to disinfection. The role of transformation in resistance distribution in the environment becomes
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207  more significant. At the same time the influence of such effective mechanisms as conjugation and
208  transduction on ARG dissemination decreases.

209 Despite the high amount of ARGs in sewage, the number of ARGs significantly reduces as
210  wastewaters enter the environment. So, irrigation with purified wastewaters often doesn't lead to
211 ARGs concentration increase in soils, compared to irrigation with natural waters [39-41].

212 WWTP dumping into the rivers increases the variety and the ARGs content downstream the
213 dumping place [3]. But as the distance from WWTP increases, the quantity and scope of introduced
214 drug resistance determinants considerably falls, that is typical for both ErmB and Tet genes.
215  Presence of TetM and TetO genes is characteristic for municipal wastewaters and animal wastes,
216  thus they are seldomly found in samples of natural waters and soils [42]. Horizontal transfer of TetO
217  genes happens less often in comparison to other tetracycline resistance genes because they are less
218  associated with mobile elements in bacterial genomes [43, 44].

219 Elimination of the other studied ARGs from the environment happens at a lower speed [3].
220  However, their degradation is likely to be quite fast because only some of them (OXA-48, CTX-M,
221  VanB) can be detected in natural samples taken in the vicinity of their source. Concerning other
222 ARGs which got into the Don and small rivers from wastewaters, concentrations in places of
223 sampling seems to be below the detection limit of the used PCR-kits.

224 Dissemination of ARGs in WWTP effluents in the environment might be influenced by a range
225  of factors affecting this process. Contamination with antibiotics must obviously facilitate
226  distribution of ARGs [45, 46], but often ARGs distribution is not affected by it [47, 48]. There are
227  other factors that can influence the drug resistance distribution as well. These include microbial
228  community mobilome [49-51], different types of contaminants, especially heavy metals [49, 52],
229  concentration of biogenic compounds (such as NHs* and PO*) [51, 53], methods of agriculture [51],
230  water salinity [49] and other factors. Thus, mechanisms of ARGs dissemination modulation in the
231  environment in different conditions requires careful study.

232

233 4. Conclusions

234 The described ARGs range and distribution is quite typical for urban and hospital wastewaters.
235  The resistance genes entering the environment with wastewaters definitely pose a certain danger of
236  dissemination of antibiotic resistance in natural microbiomes. However, the speed of ARG
237  elimination from the environment is high enough to prevent wide spreading of ARGs from drains
238  downstream the dumping sites.

239

240 Supplementary Materials: The following are available online, Figure S1: Agarose gel electrophoresis of
241 PCR-amplified OXA-48 genes in samples of natural waters, Figure S2: Agarose gel electrophoresis of
242 PCR-amplified VanA and VanB genes in samples of natural waters, Figure S3: Agarose gel electrophoresis of
243 PCR-amplified CTX-M genes in surface sediment samples, Figure S4: Agarose gel electrophoresis of
244 PCR-amplified VanA and VanB genes in surface sediment samples, Figure S5: Agarose gel electrophoresis of
245 PCR-amplified ErmB genes in wastewater samples, Figure S6: Agarose gel electrophoresis of PCR-amplified
246 CTX-M genes in wastewater samples, Figure S7: Agarose gel electrophoresis of PCR-amplified NDM genes in
247 wastewater samples, Figure S8: Agarose gel electrophoresis of PCR-amplified OXA-48 genes in wastewater
248 samples, Figure S9: Agarose gel electrophoresis of PCR-amplified TetM/TetO genes in wastewater samples,
249 Figure S10: Agarose gel electrophoresis of PCR-amplified VanA and VanB genes in wastewater samples.

250 Author Contributions: Conceptualization, I.S. and M.A_; Data curation, E.S. and L.E.; Funding acquisition, LS.
251 and M.A; Investigation, E.S., L.E. and N.G.; Methodology, 1.S.; Project administration, M.A.; Resources, I.S. and
252 E.K,; Supervision, M.A.; Validation, 1.5.n, E.S. and L.E.; Visualization, 1.S.; Writing — original draft, I.S. and M.K,;
253 Writing — review & editing, A.R. and M.A.

254 Funding: This study was funded by the Ministry of Education and Science of the Russian Federation (grant Ne
255 6.2379.2017/PCh), Russian Foundation for Basic Research (grant Ne 17-04-00787 A).

256 Acknowledgments: This research was performed with use of the equipment of Collective Using Center of the
257 Southern Federal University “Biotechnology, Biomedicine and Environmental Monitoring”.


http://dx.doi.org/10.20944/preprints201811.0451.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2018 d0i:10.20944/preprints201811.0451.v1

9 of 11
258 Conflicts of Interest: The authors declare no conflict of interest.
259  References
260 1.  Weber, ].T.; Mintz, E.D.; Cafiizares, R.; Semiglia, A.; Gomez, I.; Sempértegui, R.; Davila, A.; Greene,
261 K.D.; Puhr, N.D.; Cameron, D.N.; et al. Epidemic cholera in Ecuador' multidrugresistance and
262 transmission by water and seafood. Epidemiol. Infect. 1994, 112, 1-11.
263 2. Appelbaum, P.C. 2012 and beyond: potential for the start of a second pre-antibiotic era? J.
264 Antimicrob. Chemother. 2012, 67, 2062-2068.
265 3.  Rodriguez-Mozaz, S.; Chamorro, S.; Marti, E.; Huerta, B.; Gros, M.; Sanchez-Melsio, A.; Borrego, C.M.;
266 Barceld, D.; Balcazar, J.L. Occurrence of antibiotics and antibiotic resistance genes in hospital and
267 urban wastewaters and their impact on the receiving river. Water Res. 2015, 69, 234-242.
268 4. Wang, F.H; Qiao, M.; Su, ].Q.; Chen, Z.; Zhou, X.; Zhu, Y.G. High throughput profiling of antibiotic
269 resistance genes in urban park soils with reclaimed water irrigation. Environ. Sci. Technol. 2014, 48,
270 9079-9085. doi: 10.1021/es502615¢
271 5.  Kiummerer K. Resistance in the environment. J. Antimicrob. Chemother. 2004, 54, 311-320.
272 6.  Phillips, L; Casewell, M.; Cox, T.; De Groot, B.; Friis, C.; Jones, R.; Nightingale, C.; Preston, R,;
273 Waddell, J. Does the use of antibiotics in food animals pose a risk to human health? A critical review
274 of published data. J. Antimicrob. Chemother. 2004, 53, 28-52.
275 7. Sui, Q.; Zhang, J.; Chen, M,; Tong, J.; Wang, R.; Wei, Y. Distribution of antibiotic resistance genes
276 (ARGs) in anaerobic digestion and land application of swine wastewater. Environ. Pollut. 2016, 213,
277 751-759.
278 8. Martinez, J.L. Antibiotics and antibiotic resistance genes in natural environments. Science.
279 2008,321:365-367.
280 9.  Martinez, J.L. Natural antibiotic resistance and contamination by antibiotic resistance determinants —
281 the two ages in the evolution of resistance to antimicrobials. Front. Microbiol. 2012, 3, 1-3.
282 10. Davison, J. Genetic exchange between bacteria in the environment. Plasmid, 1999, 42,73-91.
283 11. Smillie, C.; Garcillan-Barcia, M.P.; Francia, M.V.; Rocha, E.P.; de la Cruz, F. Mobility of plasmids.
284 Microbiol. Mol. Biol. Rev. 2010, 74, 434—452.
285 12. Mao, D, Luo, Y., Mathieu, J.,, Wang, Q., Feng, L., Mu, Q. Feng, C., Alvarez, P.J. Persistence of
286 extracellular DNA in river sediment facilitates antibiotic resistance gene propagation. Environ. Sci.
287 Technol. 2014, 48, 71-78.
288 13. Davies, J. Are antibiotics naturally antibiotics? J. Ind. Microbiol. Biotechnol. 2006, 33, 496—469.
289 14. Martinez, J.L. Environmental Pollution by antibiotics and by antibiotic resistance determinants.
290 Environ. Pollut. 2009, 11, 2893-2902.
291 15.  French, G.L. The continuing crisis in antibiotic resistance. Int. J. Antimicrob. Agents. 2010, 3, 3-7. doi:
292 10.1016/S0924-8579(10)70003-0
293 16. Hughes, D.; Andersson, D.I. Evolution of antibiotic resistance at non-lethal drug concentrations. Drug
294 Resist. Updat. 2012, 15, 162-172.
295 17.  Colomer-Lluch, M.; Jofre, J.; Muniesa, M. Antibiotic resistance genes in the bacteriophage DNA
296 fraction of environmental sample. PLoS One. 2011, 6:17549
297 18. Muniesa, M.; Colomer-Lluch, M.; Jofre, J. Could bacteriophages transfer antibiotic resistance genes
298 from environmental bacteria to human-body associated bacterial populations? Mob. Genet. Elements.
299 2013, 3:e25847.
300 19. Smillie, C.S.; Smith, M.B.; Friedman, J.; Cordero, O.X,; David, L.A.; Alm, E.J. Ecology drives a global
301 network of gene exchange connecting the human microbiome. Nature. 2011, 480, 241-244.
302 20. Vaz-Moreira, I.; Nunes, O.C.; Manaia, M. Bacterial diversity and antibiotic resistance in water
303 habitats: searching the links with the human microbiome. FEMS Microbiol. Rev. 2014, 38, 761-778.
304 21. Baquero, F.; Martinez, J.L.; Cantén, R. Antibiotics and antibiotic resistance in water environments.
305 Curr. Opin. Biotechnol. 2008, 19, 260-265.
306 22. Zhang, X.X; Zhang, T.; Fang, H.H. Antibiotic resistance genes in water environment. Appl. Microbiol.
307 Biotechnol. 2009, 82, 397—414.
308 23. Rizzo, L.; Manaia, C.; Merlin, C.; Schwartz, T.; Dagot, C.; Ploy, M.C.; Michael, I.; Fatta-Kassinos D.
309 Urban wastewater treatment plants as hotspots for antibiotic resistant bacteria and genes spread into

310 the environment: a review. Sci. Total Environ. 2013,447, 345-360.


http://dx.doi.org/10.20944/preprints201811.0451.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2018 d0i:10.20944/preprints201811.0451.v1

10 of 11
311 24. Berglund, B. Environmental dissemination of antibiotic resistance genes and correlation to
312 anthropogenic contamination with antibiotics. Infect. Ecol. Epidemio. 2015, 5:28564.
313 doi:10.3402/iee.v5.28564
314 25. D'Costa, V.M; King, C.E,; Kalan, L.; Morar, M.; Sung, W.W.; Schwarz, C.; Froese, D.; Zazula, G,;
315 Calmels, F.; Debruyne, R.; Golding, G.B.; Poinar, H.N.; Wright, G.D. Antibiotic resistance is ancient.
316 Nature, 2011, 477, 457-461.
317 26. Bhullar, K.; Waglechner, N.; Pawlowski, A.; Koteva, K.; Banks, E.D.; Johnston, M.D.; Barton, H.A;
318 Wright, G.D. Antibiotic resistance is prevalent in an isolated cave microbiome. PLoS One, 2012,
319 7:34953. doi:10.1371/journal.pone.0034953
320 27. Davies, ].; Spiegelman, G.B., Yim, G. The world of subinhibitory antibiotic concentrations. Curr. Opin.
321 Microbiol. 2006, 5, 445-453.
322 28. Davies, J.; Davies, D. Origins and evolution of antibiotic resistance. Microbiol. Mol. Biol. Rev. 2010,
323 74, 417-433.
324 29. Andersson, D.I; Hughes D. Microbiological effects of sublethal levels of antibiotics. Nat. Rev.
325 Microbiol. 2014, 12(7), 465-478. doi: 10.1038/nrmicro3270
326 30. Wright G.D. Antibiotic resistance in the environment: a link to the clinic? Curr. Opin. Microbiol. 2010,
327 13, 589-594
328 31. Galiev, V.V.,; Tsyrulnikov, A.O. Comparison of methods for isolating metagenomic DNA from soil
329 samples. Bull. Nat. Ped. Univ. 2011, 1, 75-84.
330 32. Ferreira da Silva, M.; Tiago, I.; Verissimo, A.; Boaventura, R.A.; Nunes, O.C.; Manaia, C.M. Antibiotic
331 resistance of enterococci and related bacteria in an urban wastewater treatment plant. FEMS
332 Microbiol. Ecol. 2006, 55, 322-329.
333 33. Ferreira da Silva, M.; Vaz-Moreira, I.; Gonzalez-Pajuelo, M.; Nunes, O.C.; Manaia, C.M. Antimicrobial
334 resistance patterns in Enterobacteriaceae isolated from an urban wastewater treatment plant. FEMS
335 Microbiol. Ecol. 2007, 60, 166-176.
336 34. Novo, A.; Andre, S.; Viana, P.; Nunes, O.C.; Manaia, C.M. Antibiotic resistance, antimicrobial residues
337 and bacterial community composition in urban wastewater. Water Res. 2013, 47, 1875-1887.
338 35. Makowska, N.; Koczura, R.; Mokracka, J. Class 1 integrase, sulfonamide and tetracycline resistance
339 genes in wastewater treatment plant and surface water. Chemosphere. 2016, 144, 1665-1673. doi:
340 10.1016/j.chemosphere.2015.10.044
341 36. Tang, J.; Bu, Y.; Zhang, X.X.; Huang, K.; He, X;; Ye, L.; Shan, Z.; Ren, H. Metagenomic analysis of
342 bacterial community composition and antibiotic resistance genes in a wastewater treatment plant and
343 its receiving surface water. Ecotoxicol. Environt. Saf. 2016, 132, 260-269. doi:
344 10.1016/j.ecoenv.2016.06.016
345 37. Wen, Q. Yang, L.; Duan, R.; Chen, Z. Monitoring and evaluation of antibiotic resistance genes in four
346 municipal wastewater treatment plants in Harbin, Northeast China. Environ. Pollut. 2016, 212, 34-40.
347 doi: 10.1016/j.envpol.2016.01.043
348 38. Marathe N.P.; Pal C.; Gaikwad S.S.; Jonsson V.; Kristiansson E.; Larsson D.G.]. Untreated urban waste
349 contaminates Indian river sediments with resistance genes to last resort antibiotics. Water Res. 2017,
350 124, 388-397. doi: 10.1016/j.watres.2017.07.060
351 39. Gatica, J.; Cytryn, E. Impact of treated wastewater irrigation on antibiotic resistance in the soil
352 microbiome. Environ. Sci. Pollut. Res. Int. 2013, 20, 3529-3538.
353 40. Negreanu, Y.; Pasternak, Z.; Jurkevitch, E.; Cytryn, E. Impact of Treated Wastewater Irrigation on
354 Antibiotic Resistance in Agricultural Soils. Environ. Sci. Technol. 2012, 46, 4800-4808.
355 41. Chen, C; Li], Chen, P; Ding, R.; Zhang, P.; Li, X. Occurrence of antibiotics and antibiotic resistances
356 in soils from wastewater irrigation areas in Beijing and Tianjin, China. Environ. Pollut. 2014, 193,
357 94-101.
358 42. Santamaria, J.; Lopez, L.; Soto, C.Y. Detection and diversity evaluation of tetracycline resistance genes
359 in grassland-based production systems in Colombia, South America. Front. Microbiol. 2011, 2:252.
360 doi: 10.3389/fmicb.2011.00252
361 43. Chopra, I; Roberts, M. Tetracycline antibiotics: mode of action, applications, molecular biology, and

362 epidemiology of bacterial resistance. Microbiol. Mol. Biol. Rev. 2001, 65, 232-260.


http://dx.doi.org/10.20944/preprints201811.0451.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2018 d0i:10.20944/preprints201811.0451.v1

11 of 11
363 44. Roberts, M.C. Tetracycline resistance due to ribosomal protections proteins. In Frontiers in
364 antimicrobial resistance; White, D.G., Alekshun, M.N., McDermott. P.F. Eds.; Publisher: Washington,
365 DC: ASM Press, 2005; pp 19-28. DOI: 10.1128/9781555817572.ch2
366 45. Xu, Y,; Guo, C; Luo, Y.; Lv, J; Zhang, Y.; Lin, H.; Wang, L.; Xu, J. Occurrence and distribution of
367 antibiotics, antibiotic resistance genes in the urban rivers in Beijing, China. Environ. Pollut. 2016, 213,
368 833-840. doi: 10.1016/j.envpol.2016.03.054
369 46. Yang, Y., Cao, X.; Lin, H,; Wang, J. Antibiotics and Antibiotic Resistance Genes in Sediment of
370 Honghu Lake and East Dongting Lake, China. Microb. Ecol. 2016, 72(4), 791-801.
371 47. Sidrach-Cardona, R.; Hijosa-Valsero, M., Marti, E.; Balcazar, J.L.; Becares, E. Prevalence of
372 antibiotic-resistant fecal bacteria in a river impacted by both an antibiotic production plant and urban
373 treated discharges. Sci. Total Environ., 2014, 488-489, 220-227. doi: 10.1016/j.scitotenv.2014.04.100
374 48. Suzuki, S.; Ogo, M.; Koike, T.; Takada, H.; Newman, B. Sulfonamide and tetracycline resistance genes
375 in total- and culturable-bacterial assemblages in South African aquatic environments. Front.
376 Microbiol..2015, 6:796. doi: 10.3389/fmicb.2015.00796
377 49. Lu, Z; Na, G,; Gao, H,; Wang, L.; Bao, C.; Yao, Z. Fate of sulfonamide resistance genes in estuary
378 environment and effect of anthropogenic activities. Sci. Total Environ. 2015, 527-528, 429-438. doi:
379 10.1016/j.scitotenv.2015.04.101
380 50. Rowe, W.; Verner-Jeffreys, D.W.; Baker-Austin, C.; Ryan, ].J.; Maskell, D.].; Pearce, G.P. Comparative
381 metagenomics reveals a diverse range of antimicrobial resistance genes in effluents entering a river
382 catchment. Water Sci. Technol. 2016, 73(7), 1541-1549. doi: 10.2166/wst.2015.634
383 51. Zheng, J; Gao, R; Wei, Y., Chen, T, Fan, J; Zhou, Z.; Makimilua, T.B.; Jiao, Y.; Chen, H.
384 High-throughput profiling and analysis of antibiotic resistance genes in East Tiaoxi River, China.
385 Environ. Pollut. 2017, 230, 648-654. doi: 10.1016/j.envpol.2017.07.025
386 52. Xu, Y.; Xu, J.; Mao, D.; Luo, Y. Effect of the selective pressure of sub-lethal level of heavy metals on the
387 fate and distribution of ARGs in the catchment scale. Environ. Pollut. 2017, 220, 900-908. doi:
388 10.1016/j.envpol.2016.10.074
389 53. Zhang, S.; Lv, L,; Zhang, Y.; Zhang, H.; Yu, X.; Zhang, S. Occurrence and variations of five classes of
390 antibiotic resistance genes along the Jiulong River in southeast China. J. Environ. Biol. 2013, 34(2 Spec

391 No), 345-351.


http://dx.doi.org/10.20944/preprints201811.0451.v1

