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Abstract

Antimicrobial resistance (AMR) is a major threat to global health and resistant bacterial
populations have been observed to develop and spread in and around wastewater. However, in
vitro studies on AMR development are typically conducted in ideal media conditions which can
differ in composition and nutrient density from wastewater. In this study, we compare the growth
and AMR development of E. coli in standard LB broth to a synthetic wastewater recipe and
autoclaved wastewater samples from the Massachusetts Water Resources Authority (MWRA).
We found that synthetic wastewater and real wastewater samples both supported less bacterial
growth compared to LB. Additionally, bacteria grown in synthetic wastewater and real
wastewater samples had differing susceptibility to antibiotic pressure from Doxycycline,
Ciprofloxacin, and Streptomycin. However, AMR development over time during continuous
passaging under subinhibitory antibiotic pressure was similar in fold change across all media
types. Thus, we find that while LB can act as a proxy for wastewater for AMR studies in E. coli,
synthetic wastewater is a more accurate predictor of both E.coli growth and antibiotic resistance
development. Moreover, we also show that antibiotic resistance can develop in real wastewater
samples and components within wastewater likely have synergistic and antagonistic interactions
with antibiotics.

Importance

Antimicrobial resistance (AMR) ranks among the leading global threats to public health and
development. In 2019, bacterial AMR was estimated to have directly caused 1.27 million deaths
worldwide and contributed to 4.95 million deaths overall (Murray, C. J., et al., (2022). Global
burden of bacterial antimicrobial resistance in 2019: a systematic analysis. The Lancet,
399(10325), 629-655.). With estimations of AMR only getting worse, it is imperative that we
understand the complex dimensionalities that drive the genesis of antimicrobial resistance to
where it begins—the environment. The paper investigates bacterial growth and AMR in real
wastewater samples and highlights the importance of using a media that closely mimics real
wastewater in AMR studies, compared to standard lab media like LB broth. This is crucial for
understanding how E. coli and other bacteria develop AMR in environments similar to actual
wastewater, which can inform more effective strategies to combat AMR in natural and
engineered settings.
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Introduction:

Antibiotics and antimicrobials are essential medicines to treat infectious diseases. However,
when bacteria gain antimicrobial resistance (AMR), these medicines no longer work, threatening
humans, animals and the environment. Our understanding of the role of the environment in
AMR is starting to increase. Wastewater is a key component of a larger and more complex
shared environment in which AMR can spread and develop®.

Wastewater is a major reservoir of AMR due to the collection of antibiotic pollution from
inappropriate drug disposal and effluent from pharmaceutical manufacturers, hospitals and
agricultural/veterinary settings®. In some cases, environmental concentrations can reach, or
even exceed, minimal inhibitory concentrations of certain®. This problem is particularly pertinent
in LMICs where cases of antibiotic-resistant infections have been rising and 70% of sewage
produced is estimated to enter the environment untreated?. Antibiotic pollution is a major driver
of resistance, as selective pressure from antibiotics in the environment is known to promote
chromosomal resistance mutations® #. These antibiotics, as well as disinfectants in sewage,
may also be able to support and promote horizontal transfer of resistance genes among
bacteria® and such mobile resistance genes have been measured at high levels in wastewater
and sewage®. Though AMR and its drivers have been studied in sewage and wastewater
settings to some extent”®, one of the largest gaps in understanding the emergence of AMR
within a sewage environment is the limited understanding of the effects and interactions of the
many biological and environmental mechanisms at work due to the complexity of wastewater as
a matrix®.

Aside from antibiotics, wastewater is a complex matrix that contains a mixture of a variety of
substances as a result of human, animal, and plant activity within the built and natural
environments. Composition changes depending on the immediate local conditions that
determine the sources of the constituents. However, generally all wastewaters contain water,
organic matter, organic chemicals, nutrients, metals and other inorganic materials, and
microorganisms (fungi, bacteria, protozoa, viruses, etc.)'°. Wastewater treatment plants are
widely recognized as potential hotspots of conferring antibiotic resistance due to this inherent
complex mixture. Additionally, other factors such as population growth, increased use and
distribution of antibiotics, and products from human activity such as metal-based pesticides,
fertilizer runoff from agricultural practices, and persistence of toxic chemicals from personal care
products all contribute to promoting favorable conditions for the growth and transfer of
resistance genes within the generalized wastewater treatment infrastructure®*. For instance, the
use of pesticides, while pertinent for the production of food, has demonstrated to influence
antibiotic resistance as certain types have shown to present with similar inhibitory mechanisms
to some antibiotics, such as chlorhexidine and fenticlor*?. Increased and continuous
contamination of heavy metals from various industrial activities that runoff into the surrounding
environment and ultimately result in municipal wastewater streams has encouraged
microorganisms to evolve and develop co-resistance with antibiotic resistance. This has
become of particular concern from a global health perspective in regions where heavy metal
accumulation in the environment is a result from lack of treatment facilities that support proper
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93 management of waste and other related activities that provide fruitful opportunities for co-
94  resistance to occur over prolonged periods of time®?,
95
96  Given the complex matrix of the wastewater environment, robust in vitro investigation can help
97 us to better understand which components (or which combination of components, or what
98 concentrations of components) promote AMR. However, one critical gap is that current
99 laboratory studies, which serve as evidence for resistance development, are typically performed
100 in rich media. Opposed to rich media, it has been shown that bacteria grown in water systems
101  have altered characteristics, such as cell envelope composition and morphology**™*®. In addition,
102  nutrient limitations present in wastewater can serve as environmental stressors to develop
103  AMRY. Thus, experiments and models with rich media may not be a good representation of
104 how AMR develops in wastewater. Currently, there are a few standard synthetic wastewater
105 recipes which are used for studies on wastewater processing'®%. However, these have not
106 been applied widely to bacterial or AMR studies. Moreover, there is limited evidence on how
107  bacteria behave in real wastewater samples®. Thus, we seek to characterize bacterial growth,
108 antibiotic susceptibility, and antibiotic resistance development in standard rich media, synthetic
109 wastewater and real wastewater.
110
111
112  Methods
113  Strains and media conditions
114
115 E. coli MG1655 (ATCC 700926) was used for all experiments. LB broth was used for the control
116  media. Synthetic wastewater was composed according to OECD guidelines with the
117  components listed in Table 1 mixed in 1L of DI water'®*®,

118
Component Quantity
Peptone 160 mg
Meat extract 110 mg
Urea 30 mg
Anhydrous dipotassium hydrogen phosphate | 28 mg
(K2HPO4)
Sodium chloride (NaCl) 7 mg
Calcium chloride dihydrate (CaCl2.2H20) 4mg
Magnesium sulfate heptahydrate 2mg
(MgS04.7H20)

119

120  Table 1. Components and quantities of synthetic wastewater per 1L DI water'®*®
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121

122  Wastewater sampling

123

124  Wastewater “influent” samples from the Massachusetts Water Resource Authority (MWRA)

125 arrive at the plant through four underground tunnels. DITP pumps and lifts the influent from 80
126  to 150 feet to the head of the plant. There are three main pump stations at the plant. The 24 four
127  composite influent collected was pumped into two two-liter bottles and sealed for pick up.

128

129  Following the collection of the influent, the rest of the samples undergo primary treatment. Grit is
130 removed and disposed of at landfills and clarifiers are used to remove pollutants. At this stage
131 60% of suspended solids and 50% of pathogens and toxic chemicals are removed. The

132  wastewater moves to the secondary treatment where mixers, reactors and clarifications remove
133  remaining solids through biological and gravitational processes. Deer Island manufactures

134  oxygen to feed microorganisms which consume dissolved organic matter and lead to 85% of
135  pollution being removed from the wastewater®. Following this procedure, wastewater “effluent”
136 is pumped into two-two liter bottles.

137

138 Samples were then collected from the WWTP on March 7, 2024, and brought to the autoclave
139 onaliquid cycle at 121°C for 45 minutes less than an hour after being sampled.

140

141  Bacterial growth in synthetic wastewater and autoclaved wastewater samples

142

143  To monitor growth, O.D. 600 was measured every 5 minutes for 48 hours using a Biotek plate
144  reader with shaking in between each measurement. Wells were seeded with exponential phase
145  Wild type E. coli MG1655 such that the starting O.D. 600 of each well was ~0.08-0.09. To avoid
146  condensation at 37 °C we made the plate cover hydrophilic as previously described®.

147

148 To measure viable cell growth, wild-type E. coli MG1655 was cultured at 37°C in 4mL of the
149  media of interest in culture tubes and sampled at 0, 1 and 24 hours. These samples were plated
150 intriplicate on LB agar to determine the CFU/mL at the time point of interest.

151

152  MIC in synthetic wastewater and autoclaved wastewater samples

153

154  Wild-type E. coli MG1655 cultured at 37°C in the media of interest was grown in 96-well plates
155  with 2-fold increments of ciprofloxacin, doxycycline, ampicillin and erythromycin. Each media
156 condition was run in biological triplicate (n=3). MIC was determined to be at the highest

157  concentration of antibiotic, where no growth was observed.

158

159 Rate of resistance development of E.coli in synthetic wastewater and autoclaved wastewater
160 samples

161

162  Wild-type E. coli MG1655 cultured at 37°C in the media of interest was grown in 96-well plates
163  with 2-fold increments of ciprofloxacin or doxycycline. Each media condition was run in
164  biological triplicate (n=3). We selected the bacteria in the well closest to 50% of the inhibitory
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165 concentration (IC50) to seed new bacterial cultures on the same dose series of ciprofloxacin at

166  ~ 24 hours, for 10 days. Bacteria serially passaged in LB broth media for the duration of the
167  experiments served as the control groups.

168

169  Characterization of Wastewater Samples

170

171  Iron content of each wastewater sample was tested using Bartovation Iron test strips for free
172  soluble Fe?'/Fe*". pH of each wastewater sample was tested using Cytiva pH test strips.

173  Organic matter and ammonium content were measured using COD digestion vials (kit 2125825,
174  Hach Company) and N-Ammonia Reagent Set (kit 2606945, Hach Company) test kits, and

175 concentrations were measured with a Hach DR900 Colorimeter (Hach Company, Loveland, CO,

176  US).

177

178 Results

179

180 Characterization of different media and wastewater
181

182  We characterized relevant properties of LB, synthetic wastewater and autoclaved wastewater
183 samples, including pH and important macro and micronutrients. The pH, the concentration of
184  organic matter—measured as COD- and ammonium concentration for both real wastewater
185 samples, synthetic wastewater and LB media can be observed in Table 2. The synthetic

186  wastewater sample exhibited the lowest ammonium concentration, which could potentially limit
187  growth. On the contrary, LB media contained the highest concentration of ammonium and

188  organic matter, providing optimal nutrient conditions for robust growth. The influent and effluent
189  autoclaved wastewater samples showed average concentrations of both ammonium and COD,
190 comparable to other mainstream wastewater sources, which contain between 20 - 60mgN/L of
191  ammonia and typical concentrations of COD below 1000 mg/L?> ?°, Additionally, None of the
192 real wastewater samples had an iron content within the detectable range of 0-100 ppm, which
193 was consistent with both the synthetic wastewater and LB media.

194
195
Autoclaved Autoclaved Synthetic LB
Wastewater - Wastewater - Wastewater (1x)
Influent Effluent
pH 8 8 6 7
COD (mgl/L) 155 43 289 16,600
NH; (mg-N/L) 30 19 5 84
196
197 Table 2. Sample characterization
198

199


https://doi.org/10.1101/2024.10.16.618744
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.16.618744; this version posted October 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

7

200 E. coli display reduced growth in synthetic and real wastewater

201

202 In order to compare the growth of E. coli in the synthetic wastewater recipes and in autoclaved
203  wastewater samples to growth in LB broth, a standard nutrient-rich media, we performed plate
204  reader growth curve measurements (Figure 1) over 48 hours. We observed reduced growth in
205 the synthetic wastewater recipes, with the 25 times increased concentration of the literature
206  synthetic wastewater recipe (25X) showing more growth than the 5 times increased

207  concentration of the literature synthetic wastewater recipe (5X). The autoclaved wastewater
208 samples also showed reduced growth compared to both the LB broth and the synthetic

209 wastewater recipes. We also verified these growth curves with colony counts on LB agar plates
210 after 1 hour and 24 hours (Figure 2). After 1 hour, all media conditions displayed similar E. coli
211  concentrations. However, after 24 hours, E. coli colony counts reflected concentrations similar
212  to that predicted by the plate reader growth curves. The relative growth rates to the WT

213  (numerical value of 1, dashed line) were also reported. While all samples were statistically
214  different from the WT, the effluent was statistically different from the influent, 25X Synthetic
215 wastewater, and 5X synthetic wastewater. This indicates the synthetic wastewaters tested
216  propagated growth more like the influent than the effluent and can be used as substitutes for
217 LB.

218
A 2.0
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219

220  Figure 1. OD600 measurements of E.coli growth over 48 hours at 37C (A) comparison of

221 influent and effluent autoclaved WW, 1X, 5X, and 25X Synthetic WW (SWW), DI Water and LB,
222  (B) Autoclaved tap and (C) DI water and relative growth rates, **** represents population

223  STDEYV statistical significance.
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Figure 2. E.coli Colony counts on Agar Plates after 1 hour and after 24 hours

E.coli grown in wastewater have altered sensitivities to antibiotics, suggesting synergistic and
antagonistic relationships with wastewater components

In order to further compare the synthetic wastewater and the wastewater samples to each other
and to LB media, we studied antibiotic activity against E. coli in each of these media. We first
compared the MIC of doxycycline, an antibiotic that has been previously detected in
wastewater, for E. coli in each of the media conditions (Figure 3). While similar MICs to
doxycycline were observed in the synthetic wastewater and LB, the influent and effluent
exhibited a significantly increased MIC. As one difference we noted among the different media
was pH, we tested compositions with increased pH to match the basic pH of the real
wastewater, and observed that the synthetic wastewater with a pH of 10 achieved a similarly
increased MIC to the influent and effluent samples. However, the changed MIC in these
wastewater samples and synthetic wastewater was not stable and reverted back to the wild-type
MIC value when passaged for 24 hours in LB. This suggests that different characteristics and
components of wastewater have synergistic and antagonistic interactions with antibiotics.
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246
247

248  Figure 3. Comparison of Doxycycline MICs for various media conditions, error bars represent
249  standard deviation

250

251  We next compared the MIC of ciprofloxacin for each of the media conditions (Figure 4). In this
252  case, the less concentrated synthetic wastewater recipes exhibited decreased MICs compared
253  to their respective decreased bacterial concentrations. This decreased MIC was also observed
254  for the influent and effluent samples. We performed the same MIC assay with the synthetic
255  wastewater at various pHs and with the real wastewater for Streptomycin, showing reduced
256  MICs at high pHs and in the influent and effluent samples of real wastewater (Figure 5). As
257  before, changes in MIC were not retained after passaged for 24 hours in LB.

258
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Figure 4. Comparison of Ciprofloxacin MICs for various media conditions, error bars represent
standard deviation
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265  Figure 5. Comparison of Streptomycin MICs for various media conditions, error bars represent

266  standard deviation

267

268  Resistance develops in all medias, including MWRA wastewater samples, on similar timescales,
269  but absolute values change based on different starting MICs, Iron speeds up resistance and
270  leads to increased resistance

271

272  To further investigate the differences in antibiotic activity in the synthetic wastewater recipes
273  and the wastewater samples as compared to each other and to LB media, we performed serial
274  passaging experiments to probe how the different media affect the development of antibiotic
275  resistance. Performing serial passaging in doxycycline (Figure 6) showed that while E. coli

276  passaged in influent and effluent from the MWRA did not exhibit a high fold change in MIC over
277 10 days, the absolute MIC of all conditions not supplemented with iron developed to similar
278 levels. Additionally, the supplementation of iron resulted in increased resistance in all of the
279  media conditions. As iron is a metal pollutant of interest with interactions with common

280 antibiotic residues, the validity of these interactions in wastewater and wastewater-like media is
281  important to understanding AMR development in these environments.

282
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283
284  Figure 6. Change in Doxycycline MIC when passaged over time under different media

285  conditions. a.) Fold change in Doxycycline MIC from baseline at Day 0. b.) Absolute MIC to
286  Doxycycline over time

287

288

289  Performing serial passaging in ciprofloxacin (Figure 7) also exhibited similar absolute MIC
290 values at the end of 10 days of serial passaging for the conditions not supplemented with iron.
291  Furthermore, as observed in doxycycline, the media conditions supplemented with iron

292  exhibited increased resistance development over time.
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293
294  Figure 7. Change in Ciprofloxacin MIC when passaged over time under different media

295  conditions. a.) Fold change in Ciprofloxacin MIC from baseline at Day 0. b.) Absolute MIC to
296  Ciprofloxacin over time

297

298 We also wanted to probe the behavior of E.coli passaged in these media conditions with an
299  antibiotic without a known interaction with iron, so we repeated the serial passaging experiment
300 with streptomycin (Figure 8). In streptomycin, the media conditions all exhibit similar fold

301 changes in MIC over the course of the experiment, with LB exhibiting a significantly higher

302  absolute MIC and the synthetic wastewater and wastewater samples exhibiting similarly low
303  absolute MICs.


https://doi.org/10.1101/2024.10.16.618744
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.16.618744; this version posted October 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

14

A.
) - LB
= = 1XWW
=
6 —4— Influent
8) -v Effluent
®
W o
@)
O
(@]
L
B.

1024 e 1g
—~ - 1xWW
B) 324 —4— |nfluent
g —~ Effluent
O 1
=

0-03125 1 T T T T T T T T T 1
0 5 10

304
305

306  Figure 8. Change in Streptomycin MIC when passaged over time under different media

307 conditions. a.) Fold change in Streptomycin MIC from baseline at Day 0. b.) Absolute MIC to
308  Streptomycin over time

309

310 Discussion

311

312  These studies in synthetic and real wastewater samples demonstrate that changes in media
313  conditions can affect not only the growth of E. coli, but also the response of E. coli to antibiotic
314  pressure. Both E.coli grown in synthetic wastewater and E.coli grown in autoclaved real

315 wastewater showed reduced culture density after 24 hours compared to growth in LB,
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316  consistent with their reduced nutrient concentration. This effect was particularly pronounced in
317  synthetic wastewater (1X), possibly due to the initial ammonium concentration—the most readily
318 available nitrogen source—which was nearly at limiting concentrations from the start of the

319  growth curve. In addition to the concentration of macronutrients, the varying concentrations of
320 micronutrients in the real and synthetic wastewater samples—which were not measured in this
321  study except for iron—may have influenced the growth rates of E. coli.

322

323  While the E.coli grown in synthetic wastewater showed reduced MICs to all antibiotics tested as
324  compared to LB, the E.coli grown in autoclaved wastewater samples had a significantly higher
325 MIC to Doxycycline, a comparable MIC to Ciprofloxacin and a significantly lower MIC to

326  Streptomycin as compared to E. coli grown in LB media. This demonstrates that the standard
327  media conditions used for in vitro studies of E. coli may yield results that are not fully

328 representative of environmental E. coli behavior. Furthermore, differences in MIC in the real
329  wastewater were not retained after 24 hours of passaging in LB, indicating that rather than

330 affecting the bacteria, the wastewater had properties or components that were affecting the
331 antibiotic activity in some way. One possibility is that the differing behavior was caused by the
332  significant differences in pH of the synthetic wastewater and autoclaved MWRA wastewater
333 when compared to LB media, with synthetic wastewater being more acidic than LB media and
334  autoclaved wastewater being more basic than LB media. Prior literature has shown that pH
335  higher than 8 can decrease Doxycycline absorption?’, which is consistent with the decreased
336  Doxycycline activity observed in the autoclaved real wastewater samples. Furthermore, E. Coli
337  grown in basic compositions of synthetic wastewater were shown here to have similar

338  susceptibility to Doxycycline, Ciprofloxaxcin and Streptomycin pressure to the E. Coli grown in
339 the MWRA wastewater samples. Thus, we would suggest matching the pH of synthetic

340 wastewater to the real wastewater samples of interest in order to better capture the effects of
341  antibiotics on bacterial growth in these environments.

342

343  Additionally, we show resistance development under subinhibitory antibiotic pressure in both the
344  synthetic and autoclaved real wastewater. While the absolute MICs of the antibiotics used

345  differed between E.coli grown in the different media conditions over time, the studies in both
346  Ciprofloxacin and Streptomycin showed similar fold changes in MIC over time as compared to
347  the initial MICs in each media condition. This indicates that while there are differences in E. coli
348 behavior in the synthetic wastewater and autoclaved real wastewater as compared to LB media,
349 LB may be a sufficient proxy for these media when studying antibiotic resistance development
350 under subinhibitory antibiotic pressure. While the case for Doxycycline is more complex, with E.
351 coli developing far lower fold changes in MIC when serial passages in the autoclaved

352  wastewater samples, the absolute MICs at the end of the serial passaging experiment were
353  similar across the media conditions not supplemented with iron. This suggests that there may
354  exist a maximum MIC to Doxycycline in the absence of iron that is conserved across the media
355  conditions. The iron-supplemented synthetic wastewater, while exhibiting a similarly high

356  starting MIC to Doxycycline as the autoclaved real wastewater, developed significantly higher
357  Doxycycline resistance by the end of the experiment, thus making it an unsuitable proxy for real
358  wastewater. However, the E.coli grown in autoclaved wastewater supplemented with iron still
359  showed similar behavior to those grown in synthetic wastewater and LB media supplemented
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360  with iron, thus supporting the continued use of LB media in antibiotic resistance studies for E.
361  coli

362

363  One limitation of this study was the necessity of autoclaving the wastewater samples for use as
364  agrowth medium, which had the potential to degrade or alter some of the wastewater

365 components. The experimental design required the use of sterile media to be comparable to lab
366 made media such as LB. While we chose to autoclave the wastewater samples to maintain the
367 larger solid particulate matter, filter sterilization could be used in future studies to better

368 understand the composition of real wastewater. We were also limited in the number of

369  wastewater samples tested here, with only influent and effluent samples from the MWRA in

370 Massachusetts. Further studies with samples from other geographic locations nationally and
371 internationally could further validate the findings here and shed light on key differences between
372  wastewater environments across different treatment conditions and climates. Additionally, real
373  wastewater environments typically have more than one bacterial species, and future studies
374 with multiple bacterial species could further elucidate the validity of LB media and synthetic

375 wastewater as proxies for real wastewater in in vitro studies. Further characterization of real
376  wastewater samples would also provide greater insight into developing synthetic wastewater
377  recipes that more closely recapitulate environmental wastewater conditions.

378

379  Conclusion

380

381  Wastewater environments play a critical role in the development and spread of AMR, as

382  resistant bacterial populations are frequently observed in these settings. However, most in vitro
383  studies on AMR are conducted under media conditions that differ significantly from the

384  composition and nutrient density found in actual wastewater. In our study, we observed that the
385 use of synthetic wastewater and real wastewater samples as media for in vitro assays with E.
386  coliresulted in differences in growth and response to antibiotic pressure as compared to LB
387  broth. While the decreased growth in synthetic and real wastewater was correlated with

388 decreased nutrient density in these media, differences in antibiotic susceptibility varied

389  depending on the antibiotic used. However, when observing antibiotic resistance development
390 under selective pressure from subinhibitory antibiotics and in the presence of environmental
391 levels of iron, LB and synthetic wastewater captured the behavior of real wastewater to a

392  significant degree, thus encouraging their use as a proxy for real wastewater in in vitro antibiotic
393 resistance studies. These findings are crucial for enhancing public health surveillance

394  methodologies, such as wastewater surveillance, as they offer valuable insights into analyzing
395 the spread of AMR in different communities. Effective detection and monitoring of AMR can help
396 develop public health strategies and interventions to prevent and control AMR.

397
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