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~ The control

However, it is uncertain whether copper can effectively inhibit /
antibiotic-resistant bacterial (ARB) biofilm formation, which is
crucial for water supply safety. This study examined the difference
in biofilm formation between ARB and antibiotic-sensitive bacteria
(ASB) on copper surfaces by measuring the extracellular polymeric
substance (EPS) content. In the blank control group, ASB biofilms
outperformed ARB biofilms; however, when exposed to copper, the

bacterial abundance of ARB biofilms was 10>°—10'C times higher - ;‘
than that of ASB biofilms, and the EPS content was also 10*!—10" Susceptible Antibiotic-resistant Viablebut o e
times higher. This disparity was mainly attributed to the varying L bacteria bacteria unculturable bacteria

fitness costs of the ARB in different environments. Furthermore,

the oxidative stress response of ARB was significantly lower than that of ASB on a copper substrate, and the intracellular reactive
oxygen species (ROS) level in ARB was only 78.7% of that of ASB. Gene expression patterns revealed that ARB biofilm formation on
the copper substrate was mainly caused by the c-di-GMP-activated signaling pathway rather than the SOS stress system activated by
ROS. These findings have implications for the choice of copper products in water supply systems.

KEYWORDS: antibiotic-resistant bacteria, antibiotic-sensitive bacteria, bacterial biofilm growth, copper substrate toxicity stress,
¢-di-GMP activated signaling

1. INTRODUCTION (ASB)."” However, the impact of copper substrates on ARB
biofilms has yet to be thoroughly investigated. This study
aimed to examine the growth of the ARB biofilm and ASB
biofilm on copper substrates from the perspective of antibiotic

Legislation and policy in countries worldwide have showcased
the challenges in achieving water security for improved quality
of life."”” Water supply safety concerns are becoming

increasingly severe due to the emergence and spread of resistance mechanisms. Various factors, including the produc-
extensive antibiotic-resistant bacteria (ARB) and antibiotic tion of hydrolases, changes in antibiotic targets, cell membrane
resistance genes (ARGS).3 Residual chlorine can persistently permeability, and the expression of efflux systems, may
alter the composition of ARGs and increase the risk of ARB in influence bacterial antibiotic resistance.'* Most antibiotic
water supply system.' Drinking water safety is significantly resistance mechanisms are associated with adaptation costs,
related to gastrointestinal diseases, including those caused by typically resulting in a reduced bacterial growth rate.">'® The
pathogenic Escherichia coli (E. coli).> magnitude of this cost is the main biological parameter that

Various measures have been implemented to improve water influences the development rate of antibiotic resistance and the
quality.” Copper pipes and products are popular choices for stability of antibiotic resistance.'” Plasmids play a significant

water supply and heating systems due to their natural ability to
kill bacteria by destroying cell membranes,” causing leakage of
intracellular components that ultimately leads to cell death.”"
However, there has been an increasing number of reports
concerning ARB,'"'” bringing into question whether copper
products can still inhibit their growth; because of this, the
formation of ARB biofilms on copper products needs to be
further investigated.

Previous research has indicated that copper substrates can
inhibit the formation of biofilms by antibiotic-sensitive bacteria

role in bacterial ecology and evolution through horizontal gene
transfer,'® but carrying plasmids can burden bacterial
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physiology and decrease adaptiveness;'” the fitness cost
associated with plasmids can also limit their persistence in
bacterial populations.’® Although the fitness cost of bacteria
carrying ARG plasmids has been studied,””" their impact on
ARB biofilms in different environments is still unclear.

Two representative E. coli strains (ASB) E. coli DHSa and
ARB E. coli DHSa (CTX) (carrying a cefotaxime (CTX)
resistance plasmid) were used to culture biofilms on a copper
substrate, with a blank substrate serving as a control. The
resistance of the ARB biofilm and ASB biofilm to different
antibiotics was characterized, and the intrinsic reasons behind
the differences in antibiotic resistance between the two were
assessed by examining efflux pump-related gene expression.
Finally, the changes in oxidative stress in bacteria in biofilms
were examined through evaluating the expression of oxidative
stress- and biofilm growth-related genes. The study demon-
strated varying fitness costs and intrinsic causes for the growth
of the ARB biofilm and ASB biofilm under copper substrate
stress, raising concerns regarding the use of copper pipes and
products in water supply and heating systems.

2. MATERIALS AND METHODS

2.1. Construction of Target Strain and Culture
Conditions. As E. coli is an enteric pathogenic bacterium
that is significantly associated with §astrointestinal diseases
related to drinking water distribution,””** E. coli DHSa and E.
coli DHSa (CTX) were used as representative strains of ASB
and ARB, respectively. E. coli DHSa (CTX) was created by
introducing the Incl-2 plasmid containing the bla,, ; gene
(resistance to CTX) by us as described in Text S1 and Figure
S1. The specific construction operations (extraction of
plasmid, transformation of competent cells, and introduction
of plasmid) are presented in Texts S2—S4. These strains were
cultured overnight in Luria—Bertani (LB) broth medium at 37
°C and then transferred to the biofilm culture device for
biofilm cultivation.

2.2. Biofilm Formation and Culture Conditions. Each
bacterial strain (200 L, 10° colony-forming units (CFU)/mL)
was inoculated in the multichannel biofilm culture device
(Figure S2) with copper substrate as the biofilm attachment
material. In real-world conditions, bacterial attachment is the
first step of biofilm growth and is very time-consuming.**
However, in this study, artificial attachment was used to
accelerate the formation of biofilms. More details regarding the
biofilm culture device are provided in Text S5. A 200 uL
aliquot of the bacterial culture was absorbed and dropped
along the upper edge of the device. The peristaltic pump was
started after air drying and complete attachment of the culture
to the copper surface in the bacterial liquid path for 2 h. The
M9 low salt broth (Sangon Biotech) (to simulate the low
nutrient environment in a real pipeline) was added into the
culture tank at a flow rate of 1.2 mL/min to culture the biofilm.
The concentration of active ingredients in M9 low salt broth
with that in the real water supply systems was compared in
Table S1. After a few days of culture, the biofilm grew along
the solution trickle path. The image of the mature biofilm is
shown in Figure S3.

Simultaneously, another group (only quartz glass as the
attachment material) was also cultured to obtain biofilms of
both strains. Biofilm samples were taken every 8 h until 96 h of
culture for further characterization. Whenever a fixed sampling
time was reached, the biofilms from one device were scraped
off and resuspended in 5 mL of 0.01 M phosphate-buffered
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saline (PBS) for further analysis. Our previous findings indicate
that biofilms reach maturity in 3—4 d, with the biomass
peaking before entering the dispersion stage.'””> As this work
mainly focused on the colonization disparities between ARB
and ASB on the copper substrate, the biofilms were sampled in
the first 4 days (96 h) for subsequent tests. Details about
bacterial incubation and biofilm development are provided in
Text S6. The surface morphology and composition of the
copper substrate were characterized using X-ray diffraction
(Rigaku Co., Japan), and diffraction peaks were perfectly
directed to the materials (Figure S4). Each experiment was
conducted independently in three repeats.

2.3. Visualization and Quantification of Biofilm
Formation. Structures of biofilms sampled at different culture
times were visualized by confocal laser scanning microscopy
(CLSM). Briefly, 10 uL aliquot of biofilms from different
channels in the biofilm culture device was placed on
microscope slides. Samples were stained with SYTO 9 from
the LIVE/DEAD Backlight kit (Thermo Fisher Scientific,
USA), and 3D morphologies were observed under CLSM
(LSM 800 with Airyscan, Carl Zeiss, Germany). Bacteria
stained with SYTO 9 emit green light when excited by a 488
nm laser. Biofilm biomass was quantified using the plate count
method."” The concentrations of protein and polysaccharide in
extracellular polymeric substance (EPS) of biofilm were
quantified with the improved Lowry Protein Assay kit (Sangon
Biotechnology, China) and a phenol-concentrated sulfuric acid
method, respectively.””*® Visualization and evaluation of
biofilm thickness were performed through 3D image
reconstruction using the CLSM Z-stacks function (LSM 800
with Airyscan, Carl Zeiss, Germany).”” The biofilms were also
characterized with scanning electron microscopy, as detailed in
Text S7.

2.4. Determination of Biofilm Antibiotic Resistance.
The biofilm samples in the culture device were removed with a
sterilized scraper and resuspended in a 10 mL centrifuge tube
with 0.01 M PBS. Biofilm concentration was adjusted to 10°
CFU/mL. A sterilized bacteriostatic ring was inserted into a
prepared LB agar plate, and a series of gradient concentrations
(4, 8, 16, 32, 64, 128, 256, 512, and 1280 ppm) of CTX and
polymyxin B (PB) were added to the bacteriostatic ring using
sterilized LB culture medium as diluent. The biofilm sample
was then placed in each ring. Three parallel experiments were
performed with the same concentrations of antibiotics. The
plates were cultured overnight at 37 °C and imaged on a gel
imager system (Gel Doc XR, Bio-Rad, USA). The diffusion
ability of biofilm in the antibiotic ring according to the gradient
antibiotic concentration was used as the basis of antibiotic
resistance. This was an original method for measuring biofilm
resistance to antibiotics in our laboratory, combined with
previous methods.””

2.5. Evaluation of Oxidative Stress in Bacterial
Biofilm. Determination of bacterial intracellular reactive
oxygen species (ROS) in biofilms was carried out by using
the fluorescence probe method. First, 1 mL of biofilm was
taken from a biofilm culture device, and 1 uL of 1 mM
dichlorodihydrofluorescein diacetate (Beyotime Biotechnol-
ogy, China) was added. The mixture was incubated at 37 °C
for 30 min in a constant temperature incubator and mixed
every S min. The mixture was then rinsed with PBS and
resuspended into 1 mL PBS. The fluorescence intensities of
the sample at 525 nm and the excitation wavelength at 488 nm
were measured in a 96-well plate using a microplate analyzer

https://doi.org/10.1021/acsestwater.4c00603
ACS EST Water 2025, 5, 1546—1556



ACS ES&T Water

pubs.acs.org/estwater

(a)= 1
£ .
= 10-
= 0 ¢
Q= : s § } ® § *
a5 97 8 = @
3 g
~ 84 §
@ &
= R |
g7 ‘
= [ ]
2 6- LI . s s ® [
= e Control-DH5a [ 3 g ¢ s
= s]e cuDHSu e e s @
= Control-DH5q¢ (CTX) &
g 4 Je CuDHSaCTX)
ng 0 24 48 72 96

Time (hour)

(c

0 Control group

DHS5a (Total Carbohydrate)
. DH5a (Protein)
DHSe (CTX) (Total Carbohydrate)

8001 1 DH50 (CTX) (Protein)

600 4 = - -
400 4 _B &

2004 - N ol -

Content of EPS (mg/total cells) ~—

=
I

0 8

Time (hour)

16 24 32 40 48 56 64 72 80 88 96

(b) 14
—a— Control-DH5u
-~12 —e— Cu-DHS5a¢
=} Control-DH5a (CTX)
= =v=Cu-DH5¢ (CTX)
N’
wn 104
172
Q
=
~ 84
=
=
- 6 d
£
g 4
-]
24
0 24 48 72 96

~~
e’

Content of EPS (mg/total cells) =
>

Time (hour)
Cu toxicity stress

800 = .

600 4 - -

400 4

2004 -~

0 8

16 24 32 40 48 56 64 72 80 88 96
Time (hour)

Figure 1. Growth condition of biofilm formed by E. coli DHSa and E. coli DHSa (CTX) on copper substrate and blank group. (a) The change of
bacterial abundance in biofilm with culture time; (b) the change of biofilm thickness with culture time; (c) the change of EPS content under blank
group with culture time; (d) the change of EPS content under cooper substrate with culture time.

(Varioskan Lux, Thermo Fisher, USA).>>*° The activities of
superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GSH-Px) were determined with SOD, CAT, and
GSH-Px assay kits (Beyotime Biotechnology, China); the
detailed steps are provided in Text S8.

2.6. Differential Gene Expression Analysis. Biofilms at
different culture times were collected, washed with PBS, and
stored at —80 °C until the RNA was extracted. Biofilms
cultured for 0 h (planktonic bacteria) were selected as an
abiotic control. The detailed steps for RNA extraction,
purification, sequencing, reverse transcription, quantitative
real-time polymerase chain reaction (qPCR) validation, and
statistical analysis are provided in Text S9. The expression of
genes related to efflux pumps, biofilm growth, and oxidative
stress was also measured. Primers for all genes were designed
by Sangon Biotech (Shanghai, China) and are listed in Table
S2.

2.7. Statistical Analyses. All experiments were performed
in at least in triplicate. All data are expressed as the means =+
SD, and significant differences were determined by an
independent t-test or one-way analysis of variance (p <
0.05). The laser confocal image Z-axis data and image pixels
were converted to 3D and the parameters were analyzed using
quantitative software (Imaris version 8.3, Bitplane AG, Zurich,
Switzerland)."?

3. RESULTS AND DISCUSSION

3.1. Fitness Cost of ARB Biofilms Varied in Different
Environments. To explore the difference in biofilm formation
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mechanisms between ASB (E. coli DHSa) and ARB (E. coli
DHSa (CTX)) on a copper substrate, their biofilm growth was
compared with that on a quartz substrate (blank). For a given
bacterium (ASB or ARB), biofilm grown on copper substrate
was generally 10°—10° times lower than that in the control
(Figure 1la), indicating that copper substrate does inhibit
biofilm growth similar to stainless steel, titanium sheet, and
nickel foam."* However, the bacterial abundance trends were
different between strains. In the control, bacterial abundance in
the E. coli DHSa biofilm was 10%°—10"?-fold higher than that
in the E. coli DHSa (CTX) biofilm (Figure la). In contrast,
under copper stress, bacterial abundance in the E. coli DHSa
(CTX) biofilm was 10*°~10"° times higher than that of E. coli
DHSa (Figure la). This indicates that ARB biofilms grew
better under toxicity stress, while ASB biofilms grew better in
the control.

Based on our previous study, ARB are more resistant to
environmental stimuli because they contain ARGs.”” However,
Andersson and Hughes'’ have mentioned that plasmids
carrying ARGs will bring fitness costs to bacteria carrying
them, resulting in decreasing growth rates. Combining
previous research and the present results, it can be concluded
that the fitness cost is relative to the environment in which it is
measured. In harsh environments, such as oxidative stim-
ulation, ARGs will help bacteria better resist adverse
environmental stimuli and form biofilms. However, in less
stressful environments, antibiotic resistance plasmids carrying
ARGs bring fitness costs and lead to the slow growth of ARB
biofilms.

https://doi.org/10.1021/acsestwater.4c00603
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Figure 2. CLSM images showed 3D imaging of E. coli DHSa biofilm and E. coli DHSa (CTX) biofilm under the copper substrate and control
group. The biofilm was stained with SYTO 9 and propidium iodide from the LIVE/DEAD BacLight kit. The green and red colors represent the
lived and dead cells, respectively (the STYO 9-stained living bacteria emit green light when excited by a 488 nm laser line, and PI-stained dead
bacteria emit red light when excited by a 560 nm laser line). The scale bar represents 20 ym.

Biofilms are a microbial community embedded in EPS,*"**

which is an important part of biofilm secreted by bacterial
cells,” making up 50%—90% of biofilms.”* EPS content differs
widely in different biofilms. In this study, the E. coli DHSa
(CTX) biofilm was thicker under the toxicity stress of copper
substrate, while the E. coli DHSa biofilm was thicker in the
blank control (Figure 1b). The change in EPS content was
consistent with this finding, as were changes in bacterial
abundance (Figure 1c,d). These results further confirmed that
the fitness cost of ARB biofilm and ASB biofilm growth was
relative. Biofilm thickness of E. coli DHSa and E. coli DHSa
(CTX) increased with prolonged culture time under copper
toxicity stress (Fi§ure 1b), consistent with previous results on
biofilm growth.”” To more intuitively determine growth
differences in ARB biofilm and ASB biofilm, changes in the
biofilms of E. coli DHSa and E. coli DHSa (CTX) on copper
substrate and control substrates were further visualized with
3D CLSM; these results were consistent with those seen above
(Figure SS).

The ratio of carbohydrate to protein also plays an important
role in detecting the formation of biofilm.*>”® A more intuitive
figure of the changes in bacterial abundance and the ratio of
total carbohydrate/protein was also drawn. Under toxicity
stress of copper substrate, polysaccharide content increased
and protein content remained almost unchanged with
increasing culture time (Figure S6), further leading to the
increase of the ratio of total carbohydrate to protein. This
might be because when they touch and attach to the copper
substrate surface, some bacteria will be killed dynamically.'’
Because of this, total carbohydrates in measured EPS might
also include cell fragments, which could be detected through
the filter membrane, resulting in high levels of carbohydrates
(Figure 1d). The protein content remained unchanged (30—50
mg/total cells), indicating that protein content leaked from
broken cells was almost negligible compared with protein
content of EPS secreted by biofilm (Figure 1d). The dynamic
characteristics of EPS in biofilm depend on its water demand.””
This result further demonstrated that ASB biofilm had more
difficulty adapting to the toxicity stress of copper substrate
than that of ARB, probably due to the ARG carried by E. coli
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DHSa (CTX) as an enhanced gene to help ARB biofilm resist
the stress of copper substrate.

The live and dead bacteria in the biofilms were imaged with
3D CLSM after the biofilms were dyed (Figure 2). More dead
bacterial cells (bacteria dyed red) in the biofilms were
observed on copper substrate than on the blank control
group. On the copper substrate, more bacterial cells died in the
E. coli DHSa biofilm than in the E. coli DHSa (CTX) biofilm,
opposite to the results of the control. This further confirmed
that ARB biofilm was more adaptable to harsh conditions than
ASB biofilm, which was more adaptable to environmental
conditions without stress. This also verified the correctness of
the above conclusions and further indicates that ARGs act as
an enhanced gene resistance to harsh environments under the
toxicity stress of copper substrate, though it has a certain
fitness cost in a blank environment.

3.2. Toxicity Stress of Copper Substrate Increased
Biofilm Antibiotic Resistance. Bacteria in the biofilm state
have higher antibiotic resistance capability than in the
planktonic state.’®*” The results also showed that the fitness
costs of ARB biofilm and ASB biofilm under copper substrate
toxicity stress were different from those in the control (Figures
1 and 2). To clarify whether the changes in antibiotic
resistance of ARGs still have the same fitness costs as growth
activity, the antibiotic resistance of biofilms was further
characterized. The changes in biofilm resistance to CTX and
PB were measured first (the action mechanism of these
antibiotics is shown in Table S3 and Figure 3a).

As expected, the E. coli DHSa (CTX) biofilm universally
had higher antibiotic resistance than the E. coli DHSa biofilm,
both in the control and on the copper substrate (Figure 3b).
The different growth trends (Figure 1) had no obvious
association with fitness costs for the antibiotic resistance of
ARGs to biofilms (Figure 3b). A similar conclusion was
reached when determining bacterial efflux pump-related gene
abundance (aaeX, acrB, and acrD) in biofilms (Figure S7).
With the blank substrate and toxicity stress of the copper
substrate, E. coli DHSa (CTX) biofilm had higher antibiotic
resistance not only to CTX but also to PB than did E. coli
DHS5a biofilm (Figure 3b), indicating that high resistance of E.

https://doi.org/10.1021/acsestwater.4c00603
ACS EST Water 2025, 5, 1546—1556
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Figure 3. (a) Experimental design and method diagram for characterization of antibiotic resistance biofilm; (b) determination of resistance of
biofilm formed by E. coli DHSa and E. coli DHSa (CTX) under copper substrate and blank conditions to antibiotics CTX and PB (gel imaging
map); (c) the SEM images of E. coli DHSa biofilm and E. coli DHSa (CTX) biofilm cultured on copper substrate and blank group.

coli DHSa (CTX) biofilm to universal antibiotics was not due
to the existence of the bla,, ; gene. This may explain why there
were so many factors influencing the mechanisms of antibiotic
resistance in biofilms, as other more important factors
eliminate differences in their fitness costs. Changes in biofilm
antibiotic resistance are related to the barrier ability of
biofilm.”* Although antibiotic resistance between the ARB
biofilm and ASB biofilm did not have different fitness costs
with either the copper substrate or control, it does not mean
that they did not produce corresponding fitness costs. Further
research is required on whether the fitness costs exist and
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whether they can affect antibiotic resistance changes in
biofilms.

There appeared to be no obvious fitness costs of ARGs to
biofilm resistance for both kinds of bacteria, although the
biofilm grown on copper substrate was more resistant to
antibiotics than that of the blank group (Figure 3b). To further
explain the intrinsic reasons behind the stronger antibiotic
resistance of biofilms grown on copper substrate, the
morphological changes of biofilms were observed. The
morphology of bacteria in biofilm formed on copper substrate
changed, with E. coli DHSa (CTX) or E. coli DHSa becoming
short rod-shaped or even spherical cells (Figure 3c). This

https://doi.org/10.1021/acsestwater.4c00603
ACS EST Water 2025, 5, 1546—1556
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significant differences between groups (Tukey’s HSD test, p < 0.0S). Control group: control-E. coli DHSa.

might be because bacteria can become persistent, becoming
viable but nonculturable cells (VBNC) or small colony variants
(SCVs).*” The changes in physiological morphology are
thought to occur because they are under stress from an
adverse environment. E. coli cells, for example, become shorter
after treatment with chlorine and chloramine.”"** Under
environmental stimulation, bacteria enter VBNC, SCV, or
other persistent states to cope with changes in the water
environment.” Bacteria in these dormant states are more
tolerant to environmental stimulation, which also explains why
the antibiotic resistance in biofilms increased under copper
substrate toxicity stress.

3.3. Antibiotic-Resistant Biofilms Better Adapted to
Substrate Toxicity Stress. When bacteria are subjected to
harmful stimulation, they will produce high levels of highly
active molecules such as intracellular ROS, resulting in an
imbalance between oxidation and the antioxidant system."* For
the antioxidant system, specific enzymes, including SOD, CAT,
and GSH-Px, will be produced when bacteria are subjected to
oxidative stress.*> In this study, the intracellular ROS content
of E. coli DHSa grown on copper substrate was 1.1—1.2 times
higher than that of E. coli DHSa (CTX) (Figure S8a),
indicating that ARB are more adaptable to the toxicity stress of
copper substrate. These results can explain the underlying
causes of the higher growth and fewer dead bacteria seen in the
E. coli DHSa (CTX) biofilm (Figures 1 and 2). In contrast, for
the blank control, the intracellular ROS levels of E. coli DHSa
(CTX) were 1.1—1.3 times higher than that of E. coli DHSa.
This also further indicates that under blank conditions
antibiotic resistance plasmids carrying ARGs place a fitness
burden on bacteria, exposing them to oxidative stress (Figure
S8a). The content changes in related antioxidant enzymes
showed the same trends as intracellular ROS content, further
explaining the changes in the level of oxidative stress (Figure
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S8a). These results explained the intrinsic reasons why E. coli
DHSa (CTX) showed different adaptability to different
environments (Section 3.1), further demonstrating the fitness
cost of ARGs in terms of oxidative stress.

To further confirm the oxidative stress in biofilm bacteria
and clarify the interactions between biofilms and copper
substrate during biofilm formation, the expression of oxidative
stress- (0smC, soxR, ompR, sodA, oxyR, yiaA, and rpoS) and
metal transporter (zupT, fieF, and zinT)-related genes was
measured. In the blank control, the expression of oxidative
stress-related genes in E. coli DHSa (CTX) biofilm was up-
regulated by 0.5—6.7 fold, higher than that in the E. coli DHS«
biofilm (—3.8 to 4.8 fold change) (negative value indicating
down-regulation) (Figure S8e). These results showed that
under no environmental selection pressure, the antibiotic
resistance plasmid of E. coli DHSa (CTX) posed a burden,
subjecting cells to strong oxidative stress during biofilm
growth, which caused fitness costs, resulting in slow growth.
This explained why the ARB biofilm had more fitness costs to
growth than the ASB biofilm under the control conditions
(Section 3.1; Figures 1 and 2). The highly expressed soxR and
oxyR genes encode two transcriptional activators that regulate
the oxidative stress defense mechanism; they further induce
the expression of genes related to membrane repair (yiaA),
DNA repair (rpoS), and the SOS response (ompR).**

Under copper substrate toxicity stress, the expression of
oxidative stress-related genes in the E. coli DHSa biofilm was
up-regulated by 1.2—10.2 fold, much higher than that in the E.
coli DHSa (CTX) biofilm (—0.9 to 4.9 fold changes) (Figure
S8e¢). These results demonstrate that under the stress of the
copper substrate, the ARG (bla,, ;) in E. coli DHSa (CTX)
helped the cells resist adverse environmental stimuli, reducing
their oxidative stress response. The expression of metal
transporter-related genes (zupT, fieF, and zinT) in E. coli

https://doi.org/10.1021/acsestwater.4c00603
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DHSa (CTX) was also significantly lower than that in E. coli
DHSa on a copper substrate. The expression of metal
transporter-related genes would cause the Cu surface to be
oxidized to Cu®', which could then enter bacterial cells
through metal transporters, resulting in intracellular redox
imbalance and compromising cell membrane permeability.*®
These findings indicated that the bla,,.; gene in the E. coli
DHSa (CTX) biofilm inhibited metal transporter expression.
Overall, these results explained the intrinsic reasons behind
how ARGs both help bacteria resist adverse environmental
stimuli and bring fitness costs.

3.4. Antibiotic-Resistant Biofilm Had Better Fitness
under Copper Substrate Stress due to c-di-GMP
Activated Signaling. The expression of genes related to
biofilm growth was further measured to explore how the bla,, ;
gene enhanced genes, facilitating bacterial resistance to adverse
stimuli. Biofilm growth is related to many factors, including
flagellar motility, quorum sensing (QS), and c-di-GMP
signaling."’~*’ The expression of genes related to flagella and
motility, (motA, glgS, and bssR), polysaccharide synthesis
(pgaA and pgaB), c-di-GMP signaling (bhsA and bdcA), and
QS (sdiA and IsrK) was measured after 72 h of biofilm growth.

In the blank control, the expression of motA and bssR in E.
coli DHSa (CTX) biofilm was up-regulated by 0.5—2.6 fold,
while that in E. coli DHSa biofilm was up-regulated by 2.4—9.3
fold (Figure 4). This indicated that after 72 h of biofilm
growth, flagella production and bacterial motility in ASB
biofilm were more active, indicating that it may grow better
than ARB biofilm. The biofilm is at the growth and maturity
stage after 72 h of culture, at which biofilm thickness, bacterial
abundance, and EPS content reach their highest values.”
When the biofilm growth enters the dispersion sta%e, the
flagella of bacteria regrow and cell motility increases.”” The
glgS gene is related to glycogen synthesis and negative motility
regulation."” Expression of this gene was also up-regulated at
72 h of culture (Figure 4). This indicated that flagellar motility
had not been completely regulated at this time, indicating that
the biofilm had not yet completely entered the dispersion
stage. These conclusions further explained why the growth of
ASB biofilm was higher than that of ARB biofilm (Section 3.1).

As EPS is an important component of biofilm, and
polysaccharides are an important component of EPS,**
expression of genes related to polysaccharide synthesis in E.
coli DHSa (CTX) and E. coli DHSa was further measured
(Figure 4). The specific up-regulation of genes related to
biofilm growth of E. coli DHSa (3.4—7.6 fold) was higher than
that in the ARB E. coli DHSa (CTX) (0.7—2.8 fold) in the
blank control, further explaining the higher growth of ASB
(Section 3.1) from the level of molecular regulation.

Biofilm formation-related gene expression was further
analyzed under copper stress. The gene related to c-di-GMP
signaling (bhsA) was up-regulated more (4.7—7.7 fold) than
other QS-related genes such as sdiA and IsrK (2.1-3.9 fold) on
copper substrate. The bhsA gene of E. coli DHSa (CTX)
biofilm was up-regulated by 4.7—7.7 fold, while that in the E.
coli DHSa biofilm was only up-regulated by 2.2—4.4 fold
(Figure 4). The transition from planktonic bacteria to biofilm
formation is characterized by a series of physiological,
metabolic, and phenotypic changes, which are coordinated
with secondary messenger c-di-GMP.* Elevated concentration
of c-di-GMP induces biofilm formation, while low concen-
tration of c-di-GMP causes biofilm dispersion.”® Under the
toxicity stress of copper substrate, the bdcA gene down-
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regulated for both bacterial strains, although the down-
regulation of the bdcA gene for E. coli DHSa (CTX) was
more obvious than that for E. coli DHSa (Figure 4). These
results further indicate that E. coli DHSa (CTX) grows better
than E. coli DHSa under the toxicity stress of the copper
substrate. It is because bdcA is a gene regulating biofilm
diffusion, inhibiting its expression is beneficial to biofilm
formation.>

The expression of the QS-related gene sdiA in E. coli DHSa
(CTX) and E. coli DHSa was also up-regulated by 4.4- and 3.0-
fold, respectively (Figure 4). The protein encoded by sdiA is a
receptor for QS signal molecules.*® These results further
indicate that QS signal molecules are produced in both ARB
and ASB during biofilm formation on a copper substrate,
which promotes the synthesis of receptor protein encoded by
sdiA. Another gene associated with the QS system, IsrK,
encodes the phosphorylated kinase of self-inducing conductor
autoinducer 2 (AI-2).”" In the blank control, the expression of
IsrK was down-regulated both in E. coli DHSa (CTX) biofilm
(=2.4 t0 0.3 fold) and E. coli DHSa biofilm (—3.4 to 0.5 fold).
This may be caused by the formation of a mature biofilm;
decreases in QS signal AI-2 molecules usually occur in mature
biofilms, inhibiting IsrK gene expression®> and reducing the
synthesis of AI-2 (Figure 4). Comparatively, under the toxicity
stress of copper substrate, the expression of IsrK was up-
regulated both in E. coli DHSa (CTX) biofilm (2.1—3.5 fold)
and E. coli DHSa biofilm (3.4—6.7 fold), indicating that
bacteria were in an active stress state under the toxicity stress
of copper substrate, and up-regulation of IsrK helped bacterial
aggregation to promote biofilm formation (Figure 4). This
result indicates that at the mature stage of biofilm growth, the
IsrK gene is down-regulated to inhibit biofilm formation, while
when biofilm formation is stimulated, its expression is up-
regulated to promote biofilm formation. Under copper stress,
the up-regulation of IsrK in E. coli DHSa (3.4—6.7 fold) was
higher than that in E. coli DHSa (CTX) (2.1-3.5 fold). This
also indicated that, compared with the ASB biofilm, the ARB
biofilm was more adaptable to the toxicity stress of the copper
substrate.

Combined with the expression of oxidative stress-related
genes (Figure S8b) and biofilm growth-related genes (Figure
4) under the toxicity stress of copper substrate, the expression
of biofilm growth-related genes in the E. coli DHSa (CTX)
biofilm was significantly higher than that of oxidative stress-
related genes. This indicates that although copper substrate
toxicity stress improved the expression of biofilm growth-
related genes and bacterial abundance, biofilm thickness, and
EPS content in the E. coli DHSa (CTX) biofilm, this effect was
not mainly caused by oxidative stress. When bacteria are
stimulated by environmental conditions (such as phthalate
esters released from plastics and low concentrations of
polyvalent bacteriophages), biofilm formation occurs due to
the promotion of oxidative stress.'”*> However, the results
showed that the oxidative stress response of the E. coli DHSa
(CTX) biofilm (including intracellular ROS content and the
concentration of the antioxidant enzymes SOD, CAT, and
GSH-Px) increased under the toxicity stress from the copper
substrate, but not as much as that of the E. coli DHSa biofilm.
This was confirmed by the expression measurements of
oxidative stress-related genes (Figure S8ab). These results
show that another signaling pathway that was more important
than the oxidative stress signal pathway led to biofilm
formation in the ARB under copper substrate toxicity stress.
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Figure S. Response mechanism during biofilm formation of DHSa (CTX) under the stress of copper substrate.

The c-di-GMP signaling plays a significant role in biofilm
formation.””>* On copper substrate, the bhsA gene associated
with c-di-GMP signaling in E. coli DHSa (CTX) was up-
regulated much higher (4.7—7.7 fold) than that of E. coli
DHSa (2.2—4.4 fold) (Figure 4). It can be concluded that
under the toxicity stress from the copper substrate, the biofilm
formation of ARB was dominated by c-di-GMP signaling rather
than signaling activated by intracellular ROS. This led to better
adaptation of the ARB biofilm to the harsh environment,
resulting in better biofilm formation. The specific signal
pathways are demonstrated in detail in Figure 5. The
intracellular c-di-GMP concentration of bacteria in biofilms
after 72 h of culture was measured with an enzyme-linked
immunosorbent assay, further supporting this conclusion. The
specific operation of c-di-GMP determination is shown in Text
S10, and the results are shown in Figure S9.

This study emphasizes the potential for ARB spread and the
formation of ARB biofilms in water supply and heating systems
using copper products. ARB are more capable of surviving
under the environmental stress imposed by copper than ASB.
This raises concerns about the potential for copper products to
contribute to the proliferation of ARB and increase the risk of
their spread, posing potential risks to people who rely on water
sources outfitted with copper. Although M9 low salt broth was
used in this study to maximize the simulation of the real water
supply environment, it is important to note that this study was
conducted under controlled laboratory conditions and real-
world outcomes may differ. Also, the long-term monitoring
and assessment of the colonization of ARB in actual water
supply systems is necessary. Additionally, various factors in
actual pipelines could cause fluctuations in the concentration
of copper ions, affecting biofilm growth. However, in this work,
the effect of the copper ion concentration on biofilm growth
was not assessed. It is important to further explore the growth
differences of ARB biofilms under different copper ion
concentrations in the future. Despite these limitations, this
study provides valuable insights for future research into the
colonization of ARB biofilms in copper pipes in real-world
settings.

4. CONCLUSIONS

This study mainly revealed the differences in biofilm growth on
copper substrate between ASB and ARB. The biofilm carrying

antibiotic resistance plasmids grew better than the antibiotic-
sensitive biofilm on the copper substrate due to ARGs, which
enabled bacteria to resist adverse environmental conditions.
The biofilm formed by ARB had higher bacterial abundance,
larger thickness, and higher EPS concentration than that of
ASB on the copper substrate. ARB biofilms also had lower
oxidative stress levels and were better adapted to the copper
substrate. The biofilm formation of ARB was primarily
triggered by the signal pathway activated by c-di-GMP, rather
than the SOS signal pathway activated by intracellular ROS. In
conclusion, although further study is needed to determine
whether there is a fitness cost associated with antibiotic
resistance, the findings of this study help us to understand ARB
biofilm colonization on copper substrates. This can aid in
avoiding the selection of copper products in water supply and
heating systems to reduce the growth of ARB biofilms and the
spread of antibiotic resistance.
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