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With the total number of annual deaths related to antimicrobial resistance estimated to reach ten million
globally by 2050, it is essential to evaluate the impact of every process such as adsorption on horizontal
gene transfer. Activated carbon is the most frequently applied adsorbent for elimination of a broad range
of chemicals like antibiotics from water. The current study assessed the influence of three types of granular
activated carbons (GACs) on the transfer frequency of vancomycin resistance genes from donor to
recipient Enterococcus faecalis strains. The bacterial attachment on the GAC surfaces was evaluated using
scanning electron microscope (SEM) imagery, and a method was developed to correlate bacterial spatial
proximity and cell-to-cell contacts on the GAC surface with gene transfer frequency in SEM micrographs.
The results indicated that regardless of different surface properties, all studied GACs supported bacterial
attachment and facilitated horizontal gene transfer. For example, loading 0.5 g of Filtrasorb-400 into 5 mL
growth media increased the gene transfer frequency by more than 28700 times, from 3.33 x 107 (in the
bulk) to 9.55 x 107°. The response patterns of gene transfer frequency between bacteria and GAC dose
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were similar across GAC types but varied in amplitude. The normalized values of cell-to-cell contacts on
the number of bacteria on a unit surface area of activated carbon showed a high correlation with its
DOI: 10.1039/d5ew01295¢ observed gene transfer frequency. Findings of this research emphasized the importance of considering
adsorbents' (e.g. activated carbon) contribution in stimulation of horizontal gene transfer, along with

rsc.li/es-water operational parameters in designing water treatment processes.

Water impact

Granular activated carbon is widely used in drinking water treatment due to its unique characteristics. However, this study shows it can strongly promote
the transfer of antibiotic resistance genes between bacteria during water treatment processes. Findings of this research emphasize the need to consider
horizontal gene transfer, alongside operational parameters in designing adsorption process for water treatment systems and contaminant removal.

1. Introduction without a significant strategy to stop the current trend, it is
likely to approach ten million annual deaths by 2050,**
highlighting the importance of investigating horizontal gene
transfer in all processes related to public health. Importantly,
conjugative transfer, as the predominant mechanism for
dissemination of antibiotic resistance genes in environment
strictly depends on direct physical contact between donor and
recipient cells as plasmids and other mobile genetic elements
are transferred through cell-to-cell interaction.>””” Therefore
any process like adsorption that enhance bacterial
aggregation, surface attachment, or spatial proximity may
substantially increase the probability of effective plasmid
transfer and allows for the rapid dissemination of antibiotic-

The World Health Organization has identified antimicrobial
resistance and its spread as one of the top threats to global
public health." Emergence and dissemination of antimicrobial
resistance have raised global attention in various sectors,
especially in water treatment processes, purification plants,
storage, and distribution systems due to their close relation to
public biosafety.” It is estimated that 4.95 million deaths
occurred in 2019 globally due to antimicrobial resistance, and
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resistant bacteria in the environment.®
Adsorption, as a stand-alone process or in combination
with other processes, is widely applied in water treatment
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due to its versatility in removing a wide variety of compounds
including pharmaceuticals, chemicals and trace metal ions
even at extremely low concentrations Ze. ug L™ or ng L%
Activated carbon as the most frequently applied adsorbent is
an ideal choice for elimination of a broad range of chemicals
like antibiotics in various sectors including pharmaceutical
industries, water and wastewater treatment plants,'> and
medical applications like gastrointestinal
decontamination.”*™*® Activated carbon consists of significant
roughness and a huge surface area compared with other
adsorbents, turning it into a desirable substance for many
microorganisms, such as bacteria, some of which can easily
attach to its surface and form a biofilm.>" These
characteristics of activated carbon have benefited different
water treatment processes in biodegradation or removal of
various contaminants via biological activated carbon.>'®?°
However, the high density of biomass and the possibly high
nutrient content on biological activated carbon provide an
ideal environment for microbial growth.”> Thus, it is a
medium that can concentrate antibiotic resistance genes on
its surface, which is likely to facilitate the horizontal gene
transfer and dissemination of antibiotic-resistant bacteria
after activated carbon filter treatment.”

Since activated carbon filtration is frequently used in
drinking water purification plants with an upward trend,*" its
contribution to horizontal gene transfer may affect public
drinking water safety. This is important to consider because
bacterial leakage (bio-leakage) from activated carbon filters
has been reported by various studies, and the presence of
bacteria (including pathogens) has been detected in filter
effluent, even if the filter is integrated into a disinfection
unit.*»** Yu et al (2019) have reported that leakage of
Enterococcus faecalis (E. faecalis) from activated carbon filters
into the effluent ranged 8-18% depending on ambient
liquid's ionic strength values.>' This phenomenon is likely to
involve the deposition and migration of bacteria on activated
carbon, as has also been observed on other porous solid
materials such as quartz sand, soil, and glass beads.>"**°

Bio-leakage from filters in water treatment represents a
potential source of human exposure to fecal bacteria,
compounded by antibiotic resistance and in 2012, unsafe
drinking water, along with a lack of sanitation and personal
hygiene, was reported as the main cause of 88% of diarrheal
diseases and 1.7 million deaths globally.>"

Other than water treatment-related applications, activated
carbon in edible and medical grades is utilized for
elimination of compounds, controlling the overdose
poisoning and removing gut microbiota-associated
problems."*'* Coincidence of the targeted contaminants in
the gut microbiota besides the present bacteria may lead to
facilitating horizontal gene transfer in presence of activated
Carbon.13,14,26728

With the significantly increasing number of annual deaths
due to antimicrobial resistance,*" it is crucial to evaluate the
impact of any process on horizontal gene transfer. Currently,
there is a notable research gap on understanding the direct
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contribution of activated carbon on facilitating horizontal
gene transfer and majority of the related research has been
conducted on macro-assessments, e.g measuring the
frequency of antibiotic resistance genes (ARG) before and
after treatment processes rather than focusing on the fine
details. The novel aspect of this study is to experimentally
evaluate the potential stimulation of horizontal gene transfer
by granular activated carbon (GAC), with particular attention
on bacterial attachment conditions, aggregations and spatial
densities on its surface, as an attempt to tighten the
knowledge gap in the micro-scale assessment of this
phenomenon. To conduct the study, various doses of
different activated carbons were introduced into the mixture
of donor and recipient E. faecalis strains, and their gene
transfer frequencies were determined and analyzed. After
confirming the contribution of activated carbon in enhancing
gene transfer frequency, the bacterial attachments on its
surface were examined using scanning electron microscopy
(SEM), both qualitatively and quantitatively. During this
study, reliable and replicable methods were developed to
detach bacteria from the GAC surface (for gene transfer
studies) and to fix the cells on GAC surfaces for SEM analysis
with minimized defects on them.

2. Materials and methods
2.1. Chemicals

Tryptic soy agar (TSA), tryptic soy broth (TSB), and
phosphate-buffered saline (PBS) were obtained from Thermo
Scientific (UK) and prepared as described in their manual
and autoclaved (121 °C, 15 min) before use. Chemicals,
including methanol, ethanol, and acetone were purchased
from Fisher Chemical (UK). Deionized water was used to

prepare all aqueous solutions (PURELAB Option, ELGA).

2.2. Granular activated carbon (GAC) types

Three types of GAC were selected based on the differences in
their attributes and adsorption performance according to the
authors' previous research, which comprehensively studied
the characteristics of various GACs and their performances in
the removal of antibiotics from aqueous environments.*
GACs were kindly supplied by their manufacturers upon
request (Filtrasorb-400 by Chemviron, Belgium, Norit-PK1-3,
and Norit-RB4W by Cabot Norit, Netherlands). The selected
GACs were different in their relevant material properties like
surface  morphology, specific  surface area, pore
characteristics, point of zero charge pH (pHp,), and
functional surface groups. Filtrasorb-400 possesses higher
mesopore volume, mesopore width, and specific surface area
than the other two GACs. Norit-RB4AW has intermediate
values for these parameters, while Norit-PK1-3 has the lowest
values.”® After rinsing in deionized water and oven drying at
105 + 5 °C for 72 h, GACs were stored in a desiccator until
the time of use.

This journal is © The Royal Society of Chemistry 2026
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2.3. Bacterial strains

In this study, two strains of E. faecalis were used as the donor
(MF06036Y™") and the recipient (MWO01105%) to assess
horizontal gene transfer by conjugation. The donor strain
was susceptible to rifampicin, but resistant to vancomycin
due to containing vancomycin resistance genes (vanAd). In
contrast, the recipient strain was susceptible to vancomycin
and resistant to rifampicin. The different resistance profiles
of the strains enabled tracking the transfer of the vanA gene
from donors to recipients and generating transconjugants, as
donors were resistant against vancomycin, recipients were
resistant against rifampicin and transconjugants (as product
of horizontal gene transfer) resistant to both
vancomycin and rifampicin.

It is reported that rifampicin-resistant strains of E. faecalis
are able to receive vancomycin-resistance genes via
pheromone-inducible conjugation in aqueous environments
and can thus become multi-resistant.’**' Vancomycin-
resistant enterococci (VRE) have been considered a serious
threat by the US Department of Health and Human
Services,*” and infections associated with them cause a high
mortality rate and longer hospital stays, measured by the
number of days spent in the hospital which leads to higher
healthcare costs.** It has been reported that substantial
numbers of enterococci isolates from clinical patients were
resistant to vancomycin (approximately 30% in the US and
20% in Europe and Africa) in 2019.>* These organisms are
able to survive in dry hospital environments for more than
seven days,*” and can be extensively transmitted by proximate
surfaces.*®

During the project, the strains were kept in 50% glycerol in
2.0 mL cryogenic tubes (Thermo Scientific, UK), at =80 + 2 °C
for the duration of the experiment. Before conducting the
experiments, the minimum inhibitory concentration (MIC) of
each strain was determined. The regrowth of overnight
bacterial cultures in TSB at 37.0 + 0.5 °C was used to initiate
conjugation assays. For each experiment, 5 mL of autoclaved
TSB was inoculated with a specific strain and left in an
incubator (37.0 + 0.5 °C) for overnight growth (18-24 h). Then,
1.0 mL of the overnight growth was diluted 10 times by
autoclaved TSB (9.0 mL) in a universal tube and incubated
(37.0 £ 0.5 °C) for 240 + 15 min to achieve a bacterial
population in exponential growth phase. Then, the
concentration of cells in the culture was adjusted to
approximately 1.0 x 10° CFU mL™', corresponding to an
optical density of 0.12 + 0.01 at 600 nm (ODgg). This protocol
was the starting point for all experiments.

were

2.4. Viable colony counting method for determining the
concentration of bacteria

Viable colony counting was used in this study to evaluate the
concentration of cells in different conditions by the
heterotrophic plate counting (HPC) method. To carry out the
measurement, 100 uL of the sample was serially ten-fold
diluted. For each dilution step, 100 uL of bacterial
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suspension was transferred into 900 uL of PBS in Eppendorf
tubes. Counting involved 100 pL subsamples of suitable
dilutions spotted (5 spots per each disk, 20 uL per spot) onto
standard petri dish plates (100 mm x 15 mm) containing
suitable agar media (e.g. antibiotic containing TSA). Then the
plates were incubated at 37.0 + 0.5 °C for approximately 24 h.
Fig. S1 illustrates the schematic protocol of this method for
counting viable colonies.

Only results from plates with colony counts between 30
and 300 were considered in calculations.’” The concentration
of bacteria in the liquid media was calculated using the
attained number of viable colonies on the plate via eqn (1),
as follows.

Bacteria concentration, CFU mL ™"
= (number of viable colonies (CFU) x dilution factor)/
(volume of spotted liquid (mL)) )

2.5. Effect of activated carbon on conjugation

Conjugation studies were carried out in the presence of
different doses of three dissimilar types of GAC to assess its
possible contribution to horizontal gene transfer between
MF06036"*" (donor) and MWO01105% (recipient) strains,
schematically shown in Fig. S2.

To carry out conjugation assays, 1.0 mL of overnight
culture of each strain was added to 9.0 mL of TSB and
incubated for 4 h at 37.0 £ 0.5 °C to obtain regrowth and
fresh cultures. Then 9.0 mL of the regrowth of MW01105%
(recipients) and 1.0 mL of MF06036"*" (donors) were added
to a universal tube and vortexed to obtain mixed strains. The
previous research in the School of Biomedical Sciences of
Ulster University revealed that the highest efficiency of vana
gene transfer from MF06036""" (donor) to MWO01105%f
(recipient) via conjugation occurs when the volumetric ratio
of the recipient strain to the donor is adjusted on 9 to 1.%%%°
The aliquots of 0.5 mL of the mixed cultures were added to
4.5 mL of TSB in universal tubes, vortexed, and then the
defined doses of activated carbon samples were added to
them in separate universal tubes. For each type of activated
carbon, these doses were considered: 0.1, 0.25, 0.50, 0.75,
1.0, 1.5 and 2.0 g per 5 mL of liquid medium. The selected
dosage range was planned to systematically evaluate dose-
dependent effect of GACs on gene transfer frequency in
various scenarios covering low to high loadings of activated
carbon in aqueous environment. Loading more than 2.0 g
GAC per 5 mL media would leave some parts of adsorbent
granules untouched by the liquid media. This range enabled
identification of the full rise-and-fall pattern and detection of
peak value for transfer frequency. A control sample
containing no activated carbon was also considered in each
experiment. The prepared samples were shaken at 100 rpm
in the incubator for 24 h at 37.0 + 0.5 °C. After incubation,
the bacteria were detached from the activated carbon surface.
For this purpose, solid particles were separated from the
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liquid phase and immersed in 15 mL of 1% Tween-80 in PBS
solution and vortexed at 2500 rpm for 4 min.

Detaching bacteria from activated carbon was developed
based on previous reports in the literature and optimized to
separate enterococci from solid surfaces into to the liquid
phase with the lowest possible harm to the viable
organisms.*>*" In addition, the impacts of 1.0% Tween-80 in
PBS solution as well as vortexing at 2500 rpm on MF06036"*"
(donor), MW01105% (recipient) and transconjugants were
assessed to ensure that they had no significant effect on the
number of their viable-colony-forming units.

Then 100 pL of the supernatant was used for determining
the concentrations of donor, recipient, and transconjugant
bacteria by viable colony counting on four different groups of
plates as below:

- TSA plate containing 10 pg mL™" vancomycin and 100 g
1

mL~ rifampicin: to determine the number of
transconjugants.

- TSA plate containing 10 pug mL™ vancomycin: to
determine the number of MF06036Y*" (donor) plus
transconjugants.

- TSA plate containing 100 pg mL™" rifampicin: to
determine the number of MWO01105% (recipient) plus
transconjugants.

- TSA plate containing no antibiotic: to check if viability of
the strains if there is no growth on the other plate.

Then, the results of colony counting on each plate were
converted to a viable cell content of activated carbon particles

(CFU g™") by eqn (2).

Viable cell content of activated carbon, CFU g*

_ number of viable colonies on the plate(CFU) x dilution factor x volume of detaching liquid (mL)
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aliquots of an overnight culture of MF06036"*" (donor) and
MWO01105"8 (recipient) strains were added to 9.0 mL of TSB,
individually and incubated for 4 h at 37.0 + 0.5 °C to obtain
regrowth and fresh cultures. Subsequently, 9.0 mL of the
regrowth of MW01105% and 1.0 mL of MF06036"*" were
added to a universal tube and vortexed to obtain a mix of the
strains. Then, an aliquot of 0.5 mL of the mixed culture was
added to 4.5 mL of TSB in universal tubes, vortexed, and
added to defined doses of activated carbon samples in
separate universal tubes. A control sample containing no
activated carbon was produced. Prepared samples were
shaken at 100 rpm in an incubator for 24 h at 37.0 + 0.5 °C.
After incubation, activated carbon particles were separated
from the liquid phase. Since the GAC particles were in
granular shape, they were separated from their suspensions
via laboratory tweezers.

- Fixing bacteria on activated carbon surface: according to
the scanning electron microscope (SEM) working mechanism,
the samples must be free from moisture and covered by a
super-thin electrically conductive coating.””** To avoid
washing bacteria off from activated carbon particles’ surface
as well as their possible deformation during dehydration,
they must be fixed. To fix bacteria, activated carbon granules
were immersed in 4.0% glutaraldehyde solution in PBS for
24 h at 4 °C. Then, the particles were immersed in PBS for 5
minutes at ambient temperature to be washed."*

- Dehydration: activated carbon particles with fixed
bacteria were dehydrated by serial immersion in 0, 25, 50, 75,
and 100% ethanol solutions in PBS. The particles were

volume of spotted liquid on the plate (mL) x activated carbon dose (g)

The gene transfer frequency of samples (based on recipients)
in the solid phase i.e. activated carbon was calculated by

eqn (3).

Gene Transfer Frequency = Transconjugant content of
activated carbon, CFU g '/Recipients content of activated
carbon, CFU g™ (3)

Each sample was counted in triplicate to confirm the
observations, and the experiment was repeated three times.

2.6. Sample preparation for scanning electron microscopy
(SEM)

To approach a profound understanding of the contribution
of GAC in horizontal gene transfer, GAC granules containing
bacteria were sampled and analyzed by SEM. Sample
preparation for SEM analysis was carried out in several steps,
as follows (Fig. S3).

- Preparing activated carbon particles containing bacteria
on their surface: similar to the conjugation study, 1.0 mL

Environ. Sci.. Water Res. Technol.

(2)

immersed for 15 min in each solution. The outcome of 100%
ethanol was immersed in acetone for 15 min to remove the
remaining ethanol from solid particles' structure and left to
be air dried for 15 min at ambient temperature.

- Covering the samples with a conductive layer: since
bacteria and the products of their reaction with
glutaraldehyde are not conductive they were covered by a
gold sputter coating before the SEM analysis to avoid the
creation of negative charges and electrostatic repulsion. The
samples were kept in aseptic, dust-free, and tightly closed
boxes until to be analysed by SEM.

2.7. Statistical analysis, image processing, and plotting
graphs

All tests were carried out in triplicate within three
independent experiments, and the statistical analyses of
results were conducted via GraphPad Prism 10.0. The normal
distribution of samples was analyzed by the Shapiro-Wilk
test. Since the resulting data were not normally distributed
and there were several groups of samples in each experiment

This journal is © The Royal Society of Chemistry 2026
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(e.g., 10 series of samples in the effect of GAC dose study),
the Kruskal-Wallis was used as a non-parametric test.*”*°
The significance threshold was set to P < 0.05. In the cases
of significant differences, Dunn's test was carried out as a
post hoc pair-wise test. For quantitative analysis of SEM
micrographs and to study whether the micrographs, taken
from various granules (as one group) and several points of a
random granule (as another group) are significant, Mann-
Whitney U test was utilized.

The graphs were plotted by GraphPad Prism 10.0. SEM
micrographs were processed by Image], as an open source
Java-based image processing program. The schematics are
prepared using BioRender-Scientific Image and Illustration
Software.

3. Results

3.1. Effect of activated carbon dosage on conjugation

Gene transfer frequencies of multiple samples containing
doses in the range 0.1 to 2.0 g of the three tested GACs were
evaluated and the obtained results are shown in Fig. 1. The
control in the graphs contained no activated carbon. All
tested GACs augmented the conjugation process and led to a
significant increase in gene transfer frequency between the
studied strains (Fig. 1(a)—(c)), and the observed change in the
magnitude of gene transfer frequency was associated with
the dosage of activated carbon.

As shown in Fig. 1, loading 0.1 g Filtrasorb-400 into 5 mL
medium augmented the frequency of vancomycin-resistant
genes from the donor to the recipient strain by more than
4350 times (i.e., from 3.33 x 10~ in the control sample to 1.45
x 107°). Further increase of the GAC dosage resulted in a
remarkable ascent with the peak value of 9.55 x 10~ for 0.5 g
of activated carbon in 5 mL of media, which exceeded the
result for the control sample by factor 28 700. A sharp decline
in gene transfer frequency was observed for a further
augmentation of the GAC dosage from 9.55 x 10 in 0.5 g GAC
per 5mL to 1.7 x 10"% in 0.75 g GAC per 5 mL of media without
significant changes in samples containing larger GAC doses.

A similar pattern with a rise and fall in horizontal gene
transfer frequency as dosage increased was observed for
Norit-PK1-3, even though the domains of influence were
slightly different. Exposing 0.1 g Norit-PK1-3 to 5 mL media
increased the dissemination of vancomycin-resistant gene by
factor 637 to 2.12 x 10™® compared to the control sample
(3.33 x 107%), illustrated by Fig. 1(b).

A significant change in conjugation was also observed for
adding Norit-RB4W to the media, but the observed changes
were more gradual with increasing of GAC dosage. Addition of
0.1 g Norit-RB4W into 5 mL medium increased gene transfer
frequency from 3.33 x 10~ (in control sample) to 3.16 x 10" an
upward trend in values of gene transfer frequency was observed
up to 0.5 ¢ GAC in 5 mL approaching 9.45 x 10™°, as the peak
value with an insignificant difference for dosage 0.75 g GAC in
5 mL, followed by a gradual downward trend to 9.39 x 10”7 in
2.0 g GAC in 5 mL (Fig. 1(c))-

This journal is © The Royal Society of Chemistry 2026
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Activated Carbon Dose, g.(5 mL)-1

Fig. 1 Variation of gene transfer frequency by activated carbon
dosage; (a) Filtrasorb-400 (P-value < 0.0008), (b) Norit-PK1-3
(P-value < 0.0007), and (c) Norit-RB4W (P-value < 0.0013); gene
transfer frequency value of control is 3.33 x 10™%; ns: non-significant;
error-bars represent standard deviations.
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Fig. 2 Effect of the three tested GAC types on gene transfer frequency across a GAC dosage range of 0.1 to 2.0 g (5 mL)™. Gene transfer
frequency value of control (0.00) is 3.33 x 107°; error-bars represent standard deviations.

For comparison between tested GAC types, Fig. 2 shows all
observed gene transfer frequencies of conjugation between
the donor and recipient strains in a combined graph. It
illustrates that the magnitude of the observed impact on gene
transfer frequency varied substantially between GAC types,
with a maximum for Filtrasorb-400, followed by Norit-PK1-3,
and the minimum for Norit-RB4W. Yet overall, the observed
pattern was the same, ie. there was an inclining trend by
increasing activated carbon dosage up to a peak value at 0.5
¢ GAC per 5 mL, and a downward trend for a further increase
of the GAC dosage.

The evaluation of GAC surface properties in detail in the
authors' previous study recognized that studied GACs are
substantially ~ different in their morphology, pore
characteristics, and the quantity of functional groups on their
surface.>® The size of the donor and recipient bacteria in this
study i.e. E. faecalis is approximately 500 to 1000 nm,*”*® which
is far larger than micropores, mesopores, and the majority of
macropores, inhibiting these bacteria from diffusing into pores
of the activated carbon structure. As a result, the attachment of
donor and recipient bacteria is confined to the external surface
of activated carbon and possibly some parts of super-large
macropores, as documented in the literature.***° In this
regard, these dissimilar surface properties may affect bacterial
attachment or distribution on their surface, contributing to the
observed differences in the dissemination of vancomycin
resistance genes between the studied strains. Therefore, their
role warranted the demand for further investigations by SEM.

3.2. SEM study on bacteria on activated carbon

GAC surface morphology in assays with bacteria was
studied by SEM, as a determining factor in interactions

Environ. Sci.. Water Res. Technol.

between microorganisms and the adsorbent. These
assessments were carried out in three categories to shed
light on the results, shown in Fig. 1 and 2 by SEM, as
follows.

(i) assess the condition of bacteria, attached to the GAC
surface.

(ii) qualitative analysis of the relation of GAC dosage and
the spatial distribution of bacteria on the adsorbent surface.

(iii) quantify spatial distribution of bacteria on the GAC
surface and investigate the potential association with gene
transfer frequency.

3.2.1. Conditions of bacteria on the surface of different
granular activated carbons (GACs). SEM micrographs with
24k magnifications shown in Fig. 3 illustrate E. faecalis
bacteria on studied granular activated carbons. The bacteria,
shown in the micrographs belong to the donor (MF06036""),
the recipient (MW01105%), or transconjugants (resistant to
both rifampicin and vancomycin because of transfer of
vancomycin resistance by conjugation).

All micrographs confirm that bacteria adhered to all types
of topographic features of the uneven GAC surface including
voids, flat surfaces and edges, even though the distribution
density was not homogenous. Moreover, as shown in all
micrographs, the bacteria attached to the activated carbon
surface were probably viable, since some cells appeared to be
actively dividing. It is consistent with the documented results
in the literature that activated carbon provides neutral
conditions for bacteria to attach and stay adhered to it due to
ionic interactions and a wide variety of weak but effective
chemical bonds such as hydrogen bonds, van der Waals,
etC.ll'SLSZ
Fig. 4 presents a higher magnification with evidence of
close contact between cells as well as between bacteria and
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Fig. 4 Exemplary evidence of cell to cell contact of E. faecalis on GAC surface in SEM micrographs; (a) 50k magnification, (b) 100k magnification
(the higher magnification obtained a closer look on cell-cell and cell-GAC contact interfaces).

activated carbon by providing micrographs with 50k and  closer observation of interfaces of cell-cell and cell-GAC
100k magnification. These higher magnifications enabled  surface contacts.
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Most of the GAC attached bacteria occurred in clusters on
the activated carbon surface of organisms rather than as single
cells with even distribution, according to Fig. 3. A clustered
distribution may be formed either in the initial moments of
adsorption or by the multiplication of microorganisms. If such
a cluster contained a mixture of donors and recipients, which
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is highly probable considering the numbers of cells in the
liquid media, it would facilitate the conjugation via direct cell
to cell contact on the GAC surface, resulting in higher gene
transfer frequency between them.

The micrographs in Fig. 3 confirm that the bacterial
distribution patterns on all GAC types bear evidence of

det| HV
ETD |30.00 kV| 10

det 1% mag |[spot| WD

ETD|30.00 kV| 10000 x| 3.0 | 9.0 mm Filterasorb 400 0.5g

J B
e

det| HV mag i 10 pm
ETD [30.00 kV| 10 Filterasorb 400 1g

Fig. 5 Distribution densities of attached E. faecalis cells on GAC surfaces at different GAC dosage; SEM micrographs are taken from different
samples containing 0.1 g ((a) and (b)), 0.5 g ((c) and (d)), and 1.0 g ((e) and (f)) of Filtrasorb-400 with 10k magnification.
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spatial proximity between bacterial cells as an essential
prerequisite for horizontal gene transfer between the donor
and recipient bacteria through the pheromone-assisted
conjugation process regardless of differences in carbon
surface morphology. Activated carbon, and bacteria and their
extracellular  polymeric substances contain different
functional chemical groups on their surface, likely to enable
attachment of bacteria to the activated carbon surface. Ionic
interactions and various chemical bonds play an important
role in keeping the bacteria attached to the
adsorbent.?>*"*®>3 1t leads to substantial increase of gene
transfer frequency as shown in graphs in Fig. 1.

3.2.2. Qualitative analysis of activated carbon dosage's
effect on the spatial distribution of bacteria on the adsorbent
surface. The observed frequencies of horizontal gene transfer
between the donor and recipient bacteria were significantly
different for various doses of all studied activated carbons
(Fig. 1). Presumably this observed variation is associated with
the differences in the spatial density of bacteria on the
adsorbent To examine this assumption, the
distribution densities of adhered cells onto the surface of the
activated carbon granules, taken from different samples
containing 0.1, 0.5, and 1.0 g of Filtrasorb-400 in 5 mL of the
media, were compared by SEM micrographs (Fig. 5). The
gene transfer frequencies of these samples were remarkably
different from each other.

Micrographs related to the samples containing 0.1 g
(Fig. 5(a) and (b)) and 0.5 g (Fig. 5(c) and (d)) of GAC
exhibited a noticeably high spatial density of bacteria on the
adsorbent surface. In contrast, micrographs of samples
containing 1.0 g of activated carbon (Fig. 5(e) and (f))
illustrated comparably lower accumulation of bacteria,
adhered on the surface.

This observation is explained by considering that the
bacterial concentration was identical across all three series of
samples (containing 0.1, 0.5, and 1.0 g GAC). At 0.1 g GAC,
the available surface area was smaller than the bacterial

surface.
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demand for attachment, leading to complete surface
occupation by attached bacteria. A similar condition
persisted at 0.5 g GAC, where bacteria continued to fully
occupy the available surface. However, when the dosage
increased to 1.0 g GAC, the available surface area exceeded
the number of bacteria, resulting in lower spatial density
compared with the 0.1 and 0.5 g samples.

These results are likely to comply with the values of gene
transfer frequency in Fig. 1 for samples containing 0.5 g and
1.0 g of activated carbon. In other words, the noteworthy
lower accumulation and proximity of bacteria on the
adsorbent surface for the samples containing 1.0 g of GAC
provided less opportunities for them to contact each other,
leading to less conjugal transfer of gene from donors to
recipients, compared with the samples containing 0.1 g and
0.5 g of GAC in the media.

The micrographs of the particles taken from samples
containing 0.1 g (Fig. 5(a) and (b)) and 05 ¢
(Fig. 5(c) and (d)) of activated carbon did not reveal notable
differences in bacterial aggregation on the adsorbent surface.
However, the gene transfer frequency of the latter exceeded
that of the sample containing 0.1 g by factor 6.5 (Fig. 1).
Since the concentration of bacteria cells remained identical
across the three treatments with different doses, these
observations could be explained by the general effect of
activated carbon in facilitating the spread of antibiotic
resistance via conjugation.

In other words, by introducing activated carbon to the
media, noticeable amounts of bacteria attach to its surface
and benefit from its advantages of facilitating horizontal
gene transfer. By increasing the relative dose of activated
carbon in the range between 0.1 to 0.5 g, the total available
surface area for bacteria to adhere to will have increased, and
as spatial proximity (and thus the number of cell to cell
contacts per unit area) has remained virtually unchanged, the
total gene transfer frequency has risen. In this dosage range,
the available surface area of activated carbon determined the

det HV

ETD 30.00

Fig. 6 The distribution of sampling points for taking SEM micrographs from randomly selected granules on the stand for quantitative assessment;
(a) sampling points from one granule, (b) sampling points from granules on a stub.
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achieved gene transfer frequency, and the spatial proximity
of cells on the adsorbent surface was relatively high.

GAC dosage of 1.0 g further increased the available GAC
surface area but reduced the spatial proximity of bacteria
cells on the adsorbent surface, leading to a lower probability
of conjugation. In this dosage range, availability of GAC
surface area far exceeded the area required by bacteria cells
seeking attachment and thus decreased the chance of
attached donor and recipient microorganisms to contact each
other and transfer vancomycin-resistant genes via
conjugation (as illustrated in Fig. 5(e) and (f) for samples
containing 1.0 g GAC).

3.2.3. Quantitative analysis of SEM micrographs of E.
faecalis attachment on different doses of activated carbon.
The comparison of the results with measured gene transfer
frequencies (Fig. 1) and the qualitative analysis of SEM
micrographs of samples with different GAC dosages (Fig. 5)
revealed a close relation between the density of bacterial
spatial distribution on the adsorbent surface (as the number
of cells on the micrograph with the same area) and gene
transfer frequency.

Since presence of higher numbers of bacteria per unit
surface area of the adsorbent increased the probability of
effective contact between the donor and recipient cells, the
variation of the gene transfer frequency in treatments with
different GAC dosages was compared with the number of
bacteria per unit adsorbent surface area (spatial density) as
well as the number of cell to cell contacts between them,
quantitatively. For this purpose, several granules of activated
carbon were selected from three samples containing 0.1, 0.5,
and 1.0 g of Filtrasorb-400 and were prepared for SEM
analysis, as described in section 2.6. Then, micrographs with
the magnification of 10k were randomly taken from twelve
granules on the stand (Fig. 6(b)) as well as evenly distributed
twelve points on a single random particle (Fig. 6(a)).

The number of bacteria and the number of contacts
between them were counted in each micrograph, covering
the same surface area, ie. approximately 7.61 x 107'° m?
These values were graphed along with the gene transfer
frequency of the sample, which the granules were taken from
(Fig. 8 and 9). Fig. S4(a) and (b) show examples of counting
numbers of bacteria and contacts between them in SEM
micrographs, respectively.

To assess whether the recorded micrographs can represent
whole samples, the number of bacteria and contacts between
cells on various GAC granules (as one group) were compared
with the results for different points on a single random
granule (as another group) as shown in Fig. 7(a) and (b). For
this purpose, Mann Whitney U test was carried out. It was
hypothesized that significant difference between these two
groups reveals non-uniformity of samples, so the points of
which the micrographs are taken cannot represent all
granules. Otherwise (non-significant outcome of the
statistical analysis), the randomly selected points are roughly
similar and can appropriately represent the all GAC granules
in the samples.
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Fig. 7 The comparison of attached-cell numbers (a), and contacts
between cells (b), on various GAC granules and different points of a
random granule.

According to the results of the statistical analysis and as
shown in Fig. 7(a) and (b), the number of cells and the
number of contacts between them on several GAC granules'
surfaces were not significantly different from various points
of the random GAC granule. This result confirmed that the
micrographs taken, represent all GAC granules in the media
for the quantitative analysis.

Fig. 8 illustrates the results of the quantitative assessment
of SEM micrographs of various samples containing different
doses of activated carbon.

According to Fig. 8, the variation in the number of
bacteria per unit area (spatial density) and the contacts
between them per unit area follow a similar trend as gene
transfer frequency versus activated carbon dosage.

To attain a normalized parameter that represents the
spatial proximity of bacteria on the adsorbent surface, the

This journal is © The Royal Society of Chemistry 2026
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(squares) between them, and the gene transfer frequency (bars) in the treatment; error-bars represent standard deviations; s: significant (p-value =

0.0001), ns: non-significant, GAC type: Filtrasorb-400.

ratio between the numbers of cell-to-cell contacts to the total
number of attached bacteria in each micrograph was
calculated. Fig. 9 compares the trend of this ratio with gene
transfer frequency for each sample for the GAC dosage range
investigated.

. Normalised Cell-Contacts

According to Fig. 8 and 9 and in conformity with
qualitative comparison, the quantitative analysis reveals that
with a low dosage of activated carbon (0.1 g per 5 mL) in the
medium, the bacteria would have used all available space
suitable for their surface attachment with the highest
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Fig. 9 Association of GAC dosage with the normalized value of cell-to-cell contacts on the total bacteria number (triangles) and the gene transfer
frequency (bars); error-bars represent standard deviations, s: significant (p-value = 0.0001), ns: non-significant, GAC type: Filtrasorb-400.
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possible spatial proximity of cells. This spatial proximity was
kept approximately constant (with a slight insignificant
increase) at a higher activated carbon dosage in the media of
0.5 g per 5 mL, associated with a sharp increase in gene
transfer frequency to achieve its peak value as the available
surface for bacterial attachment increased fivefold in
Fig. 1(a). However, since the initial bacteria concentration
was identical in all treatments, further increase in the
adsorbent dosage (to 1.0 g per 5 mL) and thus increase in
GAC surface area reduced the normalised value of the
number of cell-contacts to the number of bacteria per unit
area on GAC surface, which was associated with a remarkable
drop in the horizontal gene transfer frequency.

4. Discussion

The experimental results showed a substantial increase in
gene transfer frequency by introducing activated carbon to
the growth media (as shown in Fig. 1 and 2). In addition, the
normalized number of cell-to-cell contacts based on the
spatial distribution of the bacteria on the GAC surface in
SEM micrographs revealed a direct correlation with the
measured gene transfer frequency (Fig. 9). To get a broader
comprehension of these findings, the mechanism of the
conjugation between E. faecalis strains as well as their
interactions with the studied GACs were discussed.

4.1. The promotion of conjugation between E. faecalis strains
in presence of GAC

Conjugation between two E. faecalis strains is a pheromone-
inducible process of genetic materials transfer. Regardless of
many Gram-negative bacteria, E. faecalis benefits from a
specialized signaling system to initiate “on-demand”
conjugation process instead of relying on a pilus for mating
pair formation which 1is constitutively on for gene
transfer.>*® This mechanism promotes the transfer of
conjugative plasmids that often carry important traits like
antibiotic resistance genes (vancomycin-resistance genes in
this study) and involves four key steps ie. pheromone
sensing, donor activation, cell-to-cell aggregation and DNA
transfer.®” In brief, it initiates with excreting a small
peptide pheromone by recipient cells as their tendency to
receive the conjugative plasmid, which is recognized by
donor cells carrying the plasmid and intensifies a series of
gene expression and activates the gene transfer system in
their structure. Subsequently, the donor cell generates a
surface protein called aggregation substance, causing donor
and recipient cells to clump together and enabling them for
direct cell-to-cell contact and efficient transfer of the
conjugative plasmid. Once the mating aggregates are formed,
the conjugative plasmid is transferred in a single strand of
DNA form from the donor to the recipient cell via a gate,
created between two cells. Once inside the recipient, this
single strand is replicated to restore the double-stranded
plasmid.>*>%*%7
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The observed correlation of the normalized cell-to-cell
contacts value on the spatial density of bacteria on GAC
surface with gene transfer frequency (Fig. 8 and 9), seems to
be closely related to the critical role of contacts between
mating cells in this type of conjugation mechanism, as the
GACs facilitates creation of aggregates on its surface and
surrounding, leading to more contacts between cells and
resultantly, more efficient plasmid transfer from the donor to
the recipient E. faecalis cells.

4.2. Interactions between E. faecalis and GACs

SEM micrographs in Fig. 3 to 5 showed the studied strains
cells on granular activated carbons' surface. Activated carbon
is a porous material and contains a far larger surface area
compared with a wide variety of other solid materials.”"’
Pores in activated carbon structure are categorized into three
main groups according to their average diameter i.e. less than
2 nm for micropores, 2-50 nm for mesopores, and more than
50 nm for macropores.*®*®°® As discussed in section 3.1, the
size of the donor and recipient E. faecalis bacteria in this
study is approximately 500 to 1000 nm,*”*® which is far larger
than micropores, mesopores, and the majority of macropores,
inhibiting these microbes from diffusing into pores of the
activated carbon structure. As a result, the attachment of
donor and recipient bacteria is confined to the external
surface of activated carbon and possibly some parts of super-
large macropores and the observed contribution of studied
activated carbons with horizontal gene transfer (Fig. 1 and 2)
seems to be related to interactions between E. faecalis
bacteria and the surface of the studied activated carbons.

Activated carbon's surface interactions with bacteria, e.g.
enterococci are primarily affected by surface charges. These
interactions start with ionic repulsion or attraction within
aqueous environments, followed by other bonds.”*®*%¢%¢! g,
faecalis bacteria carry slightly negative charges in the aqueous
environment and the activated carbon granules possess
various negative and positive sites, distributed on their
surface, depending on their isoelectric point (pH;ep) values.®
The pHiep values of activated carbon (Table 1) describes its
surface charge, as the solid surface carries positive charges in
pH values lower than pHj., and negative charges in pH
values above it.>>*

Regarding Table 1, GACs in this study carry slightly
positive charges in TSB, according to their pHje, values and
the pH value of the inoculated TSB media (i.e. pH = 7.5 =+
0.3). The measured zeta potentials of E. faecalis were —12.02 +
3 mV and -13.84 + 3 mV for the donor (MF06036"*") and
recipient (MWO01105%) strains, respectively. Therefore,
bacteria in the media seem to confront no serious constraint
in approaching the activated carbon's surface, because the
ionic interactions are likely to be attraction, at least in the
initial moment of interaction between bacterial cell and
carbon surface.

Another important group of interactions between bacteria
and activated carbon that come into effect once they

This journal is © The Royal Society of Chemistry 2026
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Table 1 The measured isoelectric point (pHiep) of the studied GAC
particles in aqueous environment
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Table 2 The quantity of functional groups on the surface of GAC types,
as determined by Boehm titrations®®

Adsorbent name Isoelectric point (pHjep) Functionality, mmol g*  Filtrasorb-400 Norit-PK1-3  Norit-RB4W
Filtrasorb-400 7.8+0.2 Total basicity 0.541 0.179 0.146
Norit-PK1-3 8.1+0.2 Total acidity 0.213 0.049 0.041
Norit-RB4W 7.9+0.3 Carboxylic 0.005 0.001 0.003
Phenolic 0.175 0.022 0.020
Lactonic 0.033 0.026 0.018

approach the activated carbon's surface are Lifshitz-van der
Waals forces as well as the hydrophobicity of the contacting
surfaces.®®® These bonds are capable of keeping bacteria
strongly attached to the adsorbent surface, even if the ionic
interactions are repulsion and remove waterborne
microorganisms such as like E. faecalis from drinking
water.”"** These forces along with bi-polar and hydrogen
bonds are determinants in the adhesion and mostly passive
movement of bacterial cells on the activated carbon surface,
leading to the facilitation of horizontal gene.®"**

The composition and properties of the microorganisms’
surface may change considerably in different conditions.
These alterations may cause different forces to control the
interactions of bacteria with activated carbon. Excretion of
pheromone by recipient E. faecalis cells and aggregation
proteins by the donors (for conjugation and gene transfer
purposes)®**”®> and generation of extracellular polymeric
substances (EPS, for strengthening their adhesion to solid
surfaces) are two examples of these alterations.”®*®>® As a
result, there is a wide range of functional groups and
negative or positively charged sites on bacterial assemblage
generating interactions with the activated carbon surface and
the ambient solutions. In real-scale activated carbon filtration
these interactions take place instantly, and deposition,
attachment, adhesion, and detachment occur simultaneously,
since the system is dynamic.>

As mentioned in section 4.1, aggregation of bacteria and
creation of a close contact between mating cells plays crucial
participation in E. faecalis conjugation process. It appears to
be associated with facilitation of the aggregation proteins
performance in clumping mating recipient and donor cells
via interactions formed between the functional groups on
their structure and GACs surface. In other words, activated
carbon promotes conjugation processes quantity and
efficiency by providing a favourable surface for E. faecalis
cells to attach on its surface and remain there on one hand
(Fig. 3), and holding the excreted pheromones and
aggregation proteins close to its surface on the other hand,
which ends in firmer aggregation and more efficient gene
transfer process. This interpretation complies well with the
observed difference in various GACs' ability in boosting
horizontal gene transfer (Fig. 2), as they possess
substantially dissimilar quantity of functional groups on
their surface (Table 2).

According to Table 2, Filtrasorb-400 contains the highest
number of functional surface groups, and Norit-PK1-3
contains slightly more basic, acidic, phenolic, and lactonic
groups than Norit-RB4W. These results are correlated to the

This journal is © The Royal Society of Chemistry 2026

level of measured gene transfer frequency, shown in Fig. 2,
as these groups are capable of generating hydrogen bonds
and van der Waals forces between cell walls, pheromone,
aggregation proteins and EPS polymeric structures. Overall, it
is likely that the observed difference in gene transfer
frequency between the GAC types in this study, is possibly
associated with the difference in the number of their
accessible surface sites where interactions with bacteria
result in net attraction, thus keeping the bacteria cells
attached to the GAC surface. Further targeted tests such as
functional group blocking experiments and surface
modification operations are required to support this
interpretation.

5. Limitations of research

The experiments were conducted in tryptic soy broth (TSB) in
a laboratory-scale setup to ensure attaining measurable gene
transfer frequency values under controlled conditions and
applicable time duration to identify conjugation.
Furthermore, this study included three types of granular
activated carbon (GAC) while there are numerous types of
activated carbon as well as other adsorbents, utilized in water
and wastewater treatment processes. Regardless of these
limitations, the outcome of this research is intended to
develop a base for further studies to be conducted in
wastewater or drinking water media in real-scale experiments
and other adsorbents.

6. Conclusions

The effect of three different types of activated carbon on
horizontal gene transfer of vancomycin-resistance genes
between two strains of E. faecalis was investigated. The
outcome of the studies revealed that:

- All GAC types in this study significantly facilitated the
proliferation of vancomycin resistance genes compared to
control samples (with no GAC), regardless of the differences
in their surface properties. The GAC dose response patterns
of horizontal gene transfer between bacteria were very similar
but varied strongly in amplitude.

- Activated carbon provided a favourable substrate for E.
faecalis strains to attach on its surface, confirmed by SEM
studies.

- Image processing of SEM micrographs and the developed
quantitative model validated the direct association of the
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observed gene transfer frequency with the normalized value of
cell-to-cell contacts on the number of bacteria on GAC surface.

- Among the studied GACs, Filtrasorb-400 showed the
highest boost to the gene transfer frequency. This adsorbent
exhibited substantially higher quantities of mesopore volume
and specific surface area and represented the best
performance in removal and retaining antibiotic molecules
from aqueous environment according to authors' previous
studies. This is one of the most significant findings of this
study and should be carefully considered by water treatment
process designers and engineers in cases with higher
bacterial loads. In other words, the potential of GAC to
facilitate horizontal gene transfer through its surface
properties and microbial interactions, must be evaluated
alongside its capacity to adsorb and retain antibiotics and
other micro-pollutants from water. However, further targeted
tests such as functional group blocking experiments are
required to confirm specific relation between these properties
and the magnitude of their influence on gene transfer
frequency, individually and synergistically.

According to the findings of this study a testable
hypotheses is proposed as the activated carbon with more
functional surface groups content and higher pore volume
(leading to better removal efficiency) is likely to impose more
selection pressure on spread of antibiotic resistance. In
addition, an actionable recommendation for treatment
process engineers is to evaluate the potential of activated
carbon to facilitate horizontal gene transfer by considering
its surface characteristics and associated microbial
interactions, alongside its capacity to remove antibiotics and
other contaminants. Such an integrated evaluation would
enable identification of optimal operational conditions that
achieve maximum contaminant removal while minimizing
the increment of horizontal gene transfer.
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