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Abstract

Antibiotics released in the environment exert a selective pressure on the resident microbiota.
It is well accepted that the mere measurement of antibiotics does not reflect the actual
bioavailability. In fact, antibiotics can be adsorbed or complexed to particles and/or chemicals
in water and soil. Bioavailable concentrations of antibiotics in soil and water are subjected to
great uncertainty, therefore biological assays are increasingly recognized as that allow an
indirect determination of the residual antibiotic activity. Here we propose how a fitness test for
bacteria can be used to qualitatively assess the bioavailability of a specific antibiotic in the
environment. The findings show that by using a pair of resistant and sensitive bacterial strains,
the resulting fitness can indirectly reflect antibiotic bioavailability. Hence, this test can be used
as a complementary assay to other biological and chemical tests to assess bioavailability of

antibiotics.
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Introduction

Antibiotics are frequently found in river waters and soil, near farms where they are used in
prophylaxis and production of livestock [1, 2]. Hospitals in developed and developing countries
are also subjected to accidental release of antibiotics that can be detected in the environment
[3]. It is generally accepted that residual antibiotics support selective pressure on resident
microbiota. Residual antibiotics may support the spread of antibiotic resistance genes (ARG)
or bacteria (ARB) through the microbial communities [4, 5].

While efficient extraction methods combined with high sensitivity analyses (i.e. liquid
chromatography/mass spectrometry) can provide accurate quantification of antibiotics and
their transformation products, the measurements do not necessarily reflect bioavailable
fractions [6]. Recent studies have shown that even if antibiotics are detected in soil (and in
some cases are abundant), they are not necessarily bioavailable due to interaction with soil
particles or other chemicals [7-10]. If the environmental conditions change, the bound
antibiotic may be released in the environment and this will redefine the environmental selective
pressure. For example, reactivity, mobility and bioavailability of tetracycline is affected by
humic substances in river water [8]. In other cases heavy metals and organic acids such as
citric acid and oxalic acid have been shown to enhance bioavailability of tetracycline in water
to Escherichia coli [11-13].

The selective pressure can be indirectly measured through screenings of abundance of ARG
and ARB. However, such assessment is not free from errors: the abundance may result from

wildlife translocation or horizontal gene transfer [14].

Complex techniques are available to assess bioavailability of antibiotics, such as gene
reporters or expression of specific genes analysed by qPCR or chemical analyses [8, 13, 15].
Here we report a method to semi-quantitatively assess bioavailability in river water by using a
pair of isogenic bacteria in a fitness test. The rationale that supports this method, is that the

fitness of an isogenic pairs (one resistant, one sensitive) changes in accordance with the
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selective pressure of a specific environment. Therefore, comparison of the fitness of different
microcosms would not only reflect changes of bioavailability but also degradation of the
antibiotic itself.

This method was tested on two different anthropogenic polluted rivers: The river Thames
(London, UK) and Arno river (Florence, Italy). The method was tested with two different types
of bacteria, Shigella flexneri and Escherichia coli. This method could be used to support risk

assessment.

Material and Methods

Sampling sites. river Thames (London, UK) sampling site was chosen downstream of the city
centre and coordinates of sampling sites are available in [7]. Arno river (Florence, Italy) water
was sampled downstream of the city centre (the coordinates of the sampling points are: lat
43.772935; lon 11.241877, and Supplemental Material 1). For each sector, three 2 L samples
were taken on the same day from the surface of the rivers using polyethylene
terephthalate bottles and frozen within 7 h of sampling. All samples were transferred to the
laboratory within 2 weeks for the generation of microcosms [7].

Samples from the downstream sectors were exposed to combined sewer overflows (CSOs).
CSOs release wastewater in the Thames when the water flow is intense, eventually

contaminating the river with untreated wastewater discharges [16, 17].

Strains used in this study. Strains used in the fitness test were the tetracycline resistant
Shigella flexneri 2a YSH6000 [18] (labelled as S. flexneri tetR) and the tetracycline sensitive
S. flexneri 2a 1363 (labelled as S. flexneri tetS) with a spontaneous deletion of the Shigella
Resistance Locus (SRL) island [19]. Strains were cultured overnight in LB medium (Oxoid,
Basingstoke, UK), or 1X Minimal Salt (M9 medium) (Invitrogen, Carlsbad, US). M9 medium
was prepared according to manufacturer’s specifications with 12.5 uM nicotinic acid (Sigma-
Aldrich St. Louis, MS, USA) (S. flexneri tet? and S. flexneri tet® are auxotroph for nicotinic acid)

and 0.2 % w/v of glucose (Sigma-Aldrich St. Louis, MS, USA) were used to generate the M9
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final medium. The Escherichia coli strains used were: the tetracycline resistant
E. coli XL-1 tet? (genotype: recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F proAB
laclqZAM15 Tn10]) (where Tn10 carries the tetRA cassette) and the tetracycline sensitive

Escherichia coli DH5a tet® as sensitive strain [20].

Water filtration. Three (200 mL) aliquots of water from each sampling site were filtered twice
using Whatman paper No 1 (particle retention 11 uym) (Sigma-Aldrich St. Louis, MS, USA) and
then filtered twice using 0.22 ym filters (Billerica, MA, USA) to ensure all microbes were
removed. The three samples from the same river sector were combined. These were
subsequently aliquoted into 50 mL Falcon tubes (Fisher, Basingstoke, UK) and frozen at -20

°C until analysis.

Test for loss of tetracycline cassette in S. flexneri and E. coli strains. We tested if the
tetracycline resistance cassette carried by S. flexneri tet? and E. coli XL-1 tet? was persistent
within 48 h in microcosms without selective pressure. Thames or Arno water and a control
containing 0.85 % w/v NaCl solution were prepared. Microcosms were inoculated separately
with 10 cells/mL of the resistant strains and incubated at 30 °C for up to 48 h. Following
incubation, cells were recovered in LB without selective pressure and 100 CFU were picked
and patched onto LB selective medium containing tetracycline 10 pg/mL (Sigma-Aldrich St.
Louis, MS, USA). The number of colonies that had lost resistance were counted. Three

replicas were performed.

To test acquisition of tetracycline cassette from the river water (in the unlikely event of phages
carrying a tetAR cassette), 10° cells/mL of the sensitive strains were incubated in Thames
water or Arno water. Cells were incubated for 48 h at 30 °C. After incubation 25 uL aliquots
were plated onto LB plate supplemented with tetracycline at 10 ug/mL for the detection of

resistant colonies. Three replicas were performed.
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Phage lysis test. 500 uL of overnight LB culture of resistant and sensitive S. flexneri and E.
coli were resuspended in 20 mL of molten LB agar. Once plates had solidified, 0.5 mL of river
water sample, ranging from undiluted to 10-° with water, were plated onto the LB plate. Plates
were incubated at 30 °C for up to one week. Plates were observed daily for up to one week to

identify plaques of lysis. Three replicas were performed.

Fitness test. Overnight M9 cultures of resistant and sensitive S. flexneri or E. coli were washed
three times with sterile 9.89 g/L phosphate buffer saline (PBS) (Fisher, Basingstoke, UK) to
remove the residual medium before inoculation. Washed resistant and sensitive cells were
mixed in a 1:1 ratio by using equal value of absorbance at ODsg¢s using a UV/VIS
spectrophotometer (Helios Epsilon, Thermo Scientific, Waltham, MA, USA). To confirm that
the 1:1 ratio was achieved, a sample of 200 colonies of the 1:1 mixture was immediately
screened on LB selective medium (10 pg/mL tetracycline). River water microcosms were
enriched with tetracycline at concentration of 10 ng/mL (sub-lethal) and 10 ug/mL (lethal) and
no tetracycline as control. 10° CFU/mL of the 1:1 mixture were inoculated into the river water
and an aliquot was used as “time 0” (Ri/Si» in the equation below). Microcosms were then
incubated at 30 °C for 48 h in sterile tubes which were kept static to simulate stagnant water.
The tubes were opened daily under the BL2 cabinet for 10 min to allow gas exchanges and
they were briefly shaken. All aliquots were plated onto LB agar plates and at least 50 colony-
forming units (CFU) were picked and patched on selective LB medium containing 10 pug/mL
tetracycline (Sigma-Aldrich St. Louis, MS, USA) in order to distinguish the resistant and
sensitive cells. The ratio of the sensitive to resistant cells was calculated using the Competitive
Index (CI) formula:

Rout/sout
log( Competitive Index) = —————
Rin/sin
Where:
Rout is the percentage of resistant at the day of sampling for each replica,

Sout is the percentage of sensitive at the day of sampling for each replica,
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Rin is the percentage of resistant at the initial inoculum,

Sin is the percentage of sensitive at the initial inoculum.

For each microcosm exact number of replicas are reported in each Figure’s caption.

Measurement of tetracycline. The methods is the same used in [7]. Briefly, an X-LC UHPLC
system (JASCO, UK) coupled to an API 3000 triple quadrupole mass spectrometer (Applied
Biosystems, Warrington, UK) was used. The chromatographic separation was achieved using
an Ascentis Express C18 column (Sigma Aldrich, Poole, UK). A binary gradient of A - 0.1%
formic acid in water and B - 0.1 % formic acid in acetonitrile was used. The elution profile used
started at 10% B then increased at 75% over 5 min and maintained at this level for 1 min and
then returned to 10% B for 3 min to equilibrate the column. The flow rate was set at 0.21
mL/min. A volume of 10 pyL was injected per run and the column oven temperature was set at
50°C. The MS electrospray source was operated in the positive-ion mode. The MRM
transitions for tetracycline m/z 445.3 — 410.1 and 445.3 — 154.5 were monitored
simultaneous. The detection limit (LOD) was established as the lowest concentration of the
calibration standard that was detected with a signal-to-noise (S/N) ratio = 3:1 while the
quantification limit (LOQ) was established as the lowest concentration of the calibration
standard that was detected with a signal-to-noise (S/N) ratio = 10:1. LOD and LOQ were 2
and 10 ng/mL respectively. The retention time was 3.1 min. Tetracycline was identified by
retention times (Rt) and by 2 selected reaction monitoring (SRM) transitions. Measurements

were made by using two replicas for each condition and two injections for each replica.

Statistical analyses: ANOVA and Tukey separations were performed with JMP(SAS) statistical

software. In all analyses a cut-off of p<0.05 was used. Graphs were done with Prism 8.0.

Results and Discussion



168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193

194

Preliminary experiments were performed to assure: i) that the resistance cassette was not lost
from the resistant strain; ii) that there was no acquisition of tetracycline resistance from the
environment; and iii) to check for lysis of plaque due to possible presence of phage. It is
important to implement these controls before running the fitness test. In fact, presence of
phage or loss of the resistance cassette would affect the fitness test. For example, it is
important to be sure that recovery of sensitive bacteria is due to selective pressure and not
due to phage lysis. Once these variables were excluded, the fitness tests were performed.
Shigella flexneri was first tested in a minimum M9 medium (Figure 1) as control experiment.
At time 0 the 1:1 mixture of S. flexneri 2a YSH6000 and S. flexneri 2a 1363 were inoculated.
After 48 h of incubation the sensitive strain was fully out-competing the resistant one in
absence of tetracycline or at sub-lethal concertation of tetracycline (10ng/mL) (Figure 1).
Fitness of the pair E. coli tet?/tet® showed the same results (data not shown). This was
expected, the resistant strains harbour the complex efflux machine (tetRA genes), which slows
replication in absence of selective pressure. Other studies have also confirmed the metabolic
burden of the tetRA cassette in absence of selective pressure in E. coli [21, 22]. In contrast,
in the of presence of lethal tetracycline (10ug/mL) the resistant strain was out-competing the
sensitive one (Figure 1).

Shigella flexneri isogenic pair was then tested in two different environments: Arno river water
(Florence, ltaly) and river Thames water (London, UK) (Figure 2 A and B, respectively). The
experiment performed using Arno river water showed that sensitive cells were more fit in
absence of selective pressure. Resistant Shigella was out-competing the sensitive cells in
presence of lethal concentration of tetracycline (10ug/mL) (Figure 2 A). Using Arno water we
observed similar results to those of the control (Figure 1). In contrast, in the polluted river
Thames water, sensitive Shigella strain was not out-competed by the resistant strain in
presence of lethal concentration of tetracycline (Figure 2 B). The highest level of degradation
that was observed was around 40% and this was not enough to deplete lethal selective

pressure (Table 1). Therefore, variations of fitness in Figure 2 is an example of the contribution
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of the chemical environment, showing the tetracycline was still present but not bioavailable in
river Thames water.

Finally, fitness of E. coli was measured in Arno river water (Figure 3). After 48h of incubation
the resistant strain was out-competing the sensitive at lethal concentration (10 pug/mL), as
expected. In Arno water we can conclude that the chemical environment of the water was not
affecting bioavailability of tetracycline. This can be ascribed to a number of different factors:
anthropogenic pollution, natural presence of colloidal substances (which chelate antibiotics),
heavy metals [6, 23]. It may be difficult to study absorption of tetracycline. Recent papers have
reported surface-bridging mechanism between calcium salts, clay and tetracycline at alkaline
pHs. Similar studies should be done by using river water [23]. lonic strength is involved in
sorption of tetracycline on different clay particles [23]. As mentioned by Aga and co-workers
(2016) there is a need to complement chemical analysis with biological assays that can
provide information on bioavailability [6]. Our manuscript shows a biological assay that could
be used for this purpose. It would be appropriate to see more studies linking the fitness tests
proposed in this manuscript with multiresidue methods, designed to measure sub-ng
concentrations in complex mixtures [6].

A number of fithess tests have been reported in the literature that can be used to achieve the
same semi-quantitative assessment, some involving studies on communities [24], other
studying relative abundance of bacteria in urban wastewater treatment plants [25]. A different
approach was used by Chait and collaborators [26]: in their study they used YFP- labelled,
tetracycline-sensitive (green) and CFP-labelled, tetracycline-resistant (red) E. coli that were
mixed and grown together over a diffusing gradient in agar containing tetracycline [26].
Heterogeneous conditions were found to influence the selective advantage or disadvantage
of antibiotic resistance, resulting in detection of prevalence of green or red fluorescence on
the plate [26].

Another type of bioassay uses a E. coli MC4100/pTGM bioreporter strain. In this system, the
deactivation of the TetR repressor protein in the Pwya promoter, activates gfp gene

transcription. Tetracycline that enters the cell was measured using fluorescence detection.
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The level of emission was found to be directly related to the amount of tetracycline that
accumulated inside E. coli cells [27].

Although advances in LC/MS/MS instrumentations have facilitated the detection of trace level
of antibiotics, assays for the direct effect of bioavailability are important tools to better
understand the impact of antibiotics in agroecosystems and accurately predict their
contribution to the development of antibiotic resistance in bacteria [6]. Fitness test can provide
additional tools for risk assessment. An example: the use of fitness tests during mock release
of antibiotics in a specific environment would allow the study of the fate in terms of persistence

and replication of dangerous resistant pathogenic bacteria [7].

Captions

Figure 1. Fitness of the pair S. flexneri tet®/tet® exposed to different concentrations of
tetracycline in M9 salt medium. When the Log(Cl) is 0 there is not fithess cost, both strains
replicate at the same speed. When the Log(Cl) is negative the sensitive bacteria are out-
competing the resistant ones. When the Log(Cl) is positive the resistant bacteria are out-
competing the sensitive ones. Error bars represent the standard error. At time 48h error bars
were absent because all samples behaved the same. Different letters represent different
means. Fitness of the pair E. coli tet?/tet> showed the same results (data not shown). Two
biological replicas were performed (50 colonies were screened in each replica for a total of

100 colonies screened using each condition).

Figure 2. Fitness of the pair of S. flexneri tet?/ tet® in Arno river and river Thames water.
The interpretation of the Log(Cl) is reported in caption of Figure 1. Panel A shows the fithess
of S. flexneri tet?/ tetS in Arno river water at different concentrations of tetracycline. Panel B
shows the fitness of S. flexneri tet®/ tetS in river Thames downstream river water. Error bars
represent the standard error. Different letters represent different means.

Two biological replicas were performed (300 colonies were screened in each replica for a total

of 600 colonies screened in each condition).
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Figure 3 Fitness of the pair of E. coli tet?/ tet® in Arno river water. The interpretation of

the Log(Cl) is reported in caption of Figure 1. The fitness of E. coli tet?/ tet® in Arno river water

is shown at different concentrations of tetracycline. Error bars represent the standard error.

Different letters represent different means. Three biological replicas were performed (100

colonies were screened in each replica for a total of 300 colonies screened in each condition).

Supplemental Material 1: Arno river (Florence, Italy) sampling site. Detailed sampling sites for

river Thames (London, UK) are available at [7].
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