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Spreading of multidrug-resistant bacteria has become a growing and significant threat to environmental
and public health. Our understanding of environmental variables such as nutrients which contribute to
the dissemination of antibiotic resistance and pathogenesis is still limited. In this study, we operated out-
door mesocosm experiments to evaluate how nitrate and phosphate ions with different concentrations
influence on an adaptation of Enterococcus faecalis to aquatic environments. E. faecalis were isolated from
the mesocosms at 8 sampling events for 96 days to evaluate biofilm production, quorum-sensing-related
genes expression, and sensitivity to oxytetracycline, erythromycin, ciprofloxacin, ampicillin, vancomycin,
and chloramphenicol. Quantitative real-time PCR was used to compare mRNA levels of E. faecalis
quorum-sensing-related genes. E. faecalis isolates exhibited resistance to oxytetracycline, ampicillin,
and ciprofloxacin, respectively. We observed that the biofilm production of E. faecalis isolates on day
60 and 96 was significantly increased (p < 0.01). The expressions of quorum-sensing-related genes were
significantly up-regulated (�tenfold) at the transcriptional level in nutrient-enriched treatments. Our
findings indicate that nitrate and phosphate ions facilitate resistance to commonly used antibiotics,
increase biofilm production and intra-species communication, which could be a major reviving strategy
of E. faecalis in the aquatic environments.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Enterococcus faecalis, a low-GC ratio (37.5%), aerotolerant
Gram-positive bacterium that ubiquitously presents in the gut of
hosts, ranging from humans to insects, has emerged as a leading
causes of nosocomial infections on a global scale (Guzman Prieto
et al., 2016). Over the past three decades, E. faecalis is extensively
dispersed in a different environmental habitats, including sedi-
ments, soil, aquatic vegetation, and heterothermic environments
(temperature ranging from 10 �C to 45 �C) (Byappanahalli et al.,
2012). The spreading of E. faecalis in aquatic ecosystems is due to
industrial inputs, agricultural runoff, and domestic wastewaters
(Cho et al., 2020). Similarly, antibiotics and antibiotic resistance
genes (ARGs) are also released into the surface waters and marine
sediments, which contribute a major risk to humans health
(Amarasiri et al., 2020).

The proliferation of antibiotic-resistant bacteria/genes in the
marine environments is a growing public health threat worldwide
(Ayandiran and Dahunsi, 2017; Nasri et al., 2020; Sanjay et al.,
2020). Enterococcal ARGs have been reported in different aquatic
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environments (Naeem-Ullah et al., 2020) and the dissemination of
these genes in Enterococcus are due to horizontal gene transfer
mechanisms in marine sediments (Rashid et al., 2020). The patho-
genesis of E. faecalis is associated with numerous virulence factors.
Virulence factors are extracellular molecules released by microbial
pathogens that allow overcoming host defense mechanisms and
causing disease in a host (Islam et al., 2020; Noman et al., 2021;
Noman et al., 2019). In E. faecalis, most of these factors are con-
trolled by quorum-sensing system and biofilm formation. In
quorum-sensing; bacteria communicate with each other through
sensing molecules called autoinducers, which are regulating bacte-
rial gene expression in response to changes in cell-population den-
sity (Hmelo, 2017). In E. faecalis, two autoinducer molecules,
including, gelatinase biosynthesis-activating pheromone (GBAP)
and the small subunit of cytolysin (CylLS) are environmentally reg-
ulated by the fsr operon and cyl regulatory signaling, respectively
(Weaver et al., 2019). The mechanisms whereby quorum-sensing
contributes to antibiotic resistance and biofilm development in E.
faecalis are not completely understood. However, quorum-
sensing-related genes have been identified that play a role in bio-
film development (Li et al., 2019). In addition, Dale and coworkers
reported that fsr-mediated quorum-sensing involved in the
biofilm-associated antibiotic resistance (Dale et al., 2015).

In the fsr system, an extracellular accumulation of GBAP triggers
FsrC (transmembrane protein) and FsrA (response regulator), both
together work as two-component signal transduction (TCST) sys-
tem. The TCST is phosphorylated upon the binding of GBAP to FsrC
(Littlewood et al., 2020). The phosphorylated FsrA then binds to the
fsr promoter region that controls the regulation of downstream vir-
ulence factors genes i.e. gelE and sprE that encode gelatinase and
serine protease, respectively (Dundar et al., 2015).

Cytolysin is a two-subunit toxin of E. faecalis that is regulated by
a cyl operon (Van Tyne et al., 2013). The cyl operon contains two
promoters: PL promoter for the structural genes (cylLL, cylLS, cylM,
cylB, cylA, and cylI) and PR promoter for the two regulatory genes
(cylR1 and cylR2). The two-subunit toxin, CylLL and CylLS form a
multimeric complex that leads to pore formation in the target
(eukaryotic and prokaryotic) cells membranes. CylM post-
translationally modify the two-subunit toxin (CylLL and CylLS),
which then further processed and transported by the CylB trans-
membrane protein. In the extracellular milieu, CylA protease fur-
ther activated the subunits of cytolysin. CylR1 and CylR2 regulate
cyl operon in response to extracellular CylLS. Last but not least, CylI
confer self-immunity against the bactericidal activity of the
cytolysin (Van Tyne et al., 2013).

Aquatic sediments are significant reservoirs of enterococci. Sed-
iments provide sufficient nutrients so that E. faecalis can withstand
for three to four months in the aquatic sediments. Similarly, meso-
cosms are useful tools to study antibiotic resistance and virulence
factors in E. faecalis (Ali et al., 2016). The main advantages of meso-
cosms are to simulate realistic environmental conditions, repli-
cates of different treatments, and extended periods of
experimentation. Recently, attention has focused on mesocosms
environments to understand the mechanisms of antibiotic resis-
tance in different environmental conditions. It has been reported
that the mesocosm approaches appropriately represent the inter-
actions between E. faecalis, nutrients and soil within a complex
sediment ecosystem (Byappanahalli et al., 2012).

Previously, we found that supplementation of cornmeal and
nutrients such as nitrogen (N) and phosphorus (P) to the freshwa-
ter mesocosms lead to the antibiotic resistance in E. faecalis (Ali
et al., 2016; Chen et al., 2018; Yu et al., 2012). Therefore, the cur-
rent studies investigate the hypothesis that N and P influences
antibiotic resistance, biofilm development, and quorum-sensing
regulation in E. faecalis. In the present study, we established out-
door experimental mesocosms with different concentrations of N
2

and P. Our study seeks to explore the effects of nutrients on
survival, antibiotic resistance, biofilm development and
quorum-sensing in E. faecalis.
2. Materials and methods

2.1. Experimental design of model ecosystem

Mesocosms used in this study were located at the Fujian
Agriculture and Forestry University (Fuzhou, China, latitude:
26�05024.900 N, longitude: 119�13053.200 E). The average precipita-
tion during the study period was ranges from 74 to 288 mm.
These mesocosms were identical to those described previously
(Ali et al., 2016). Briefly, the mesocosms consisted of twelve ster-
ile plastic pails (w � d � h = 20 � 20 � 20 cm) in approximately
27 m3 polyethylene enclosure established in May 2010. Prior to
filling with five liters of tap water to each pail, uncontaminated
soil from the Fuzhou National Forest Park was placed symmetri-
cally to a depth of 5 cm at the bottom of each pail. The average
annual temperature of the water was 24 ± 4.45 �C during the
entire experiment. The pH, dissolved oxygen, Secchi Depth (SD)
and primary conductivity in mesocosms were inspected regularly
in situ, using Water Checker Field Monitor (Horiba Instruments)
to ensure that the environmental parameters of all the meso-
cosms were equivalent at the start of the study. During heavy
rain, the pails were temporarily covered with lids. To avoid the
evaporation effect, tap water was sprayed daily to nearly re-
establish the original water levels.

The mesocosms consisted of four treatments (T1; control with-
out N and P supplementation), T2 (low-dose of N and P), T3 (mid-
dose of N and P), T4 (high-dose of N and P) and were arranged in
parallel triplicates: (i) T1: unenriched control treatment (ii) T2: P
was supplemented with KH2PO4 at a final concentration of
0.15 mg/L P and N (1.5 mg/L) supplemented with NH4NO3 (iii)
T3: the concentration of P (0.45 mg/L) supplemented with KH2PO4

and N (4.5 mg/L) supplemented with NH4NO3 (iv) T4 was enriched
by 1.25 mg/L P and 12.5 mg/L N. These nutrient-enrichment con-
centrations were selected to modulate the bacterioplankton com-
munity structure under different spatial aquatic environments
and mesocosm experiments (Ali et al., 2016). Furthermore, these
nutrients were chosen since E. faecalis is likely adapted to the aqua-
tic environments containing certain nutrients including N and P.
All treatments were inoculated with E. faecalis, resulting in a final
concentration of �4 � 104 CFU/mL on day 0. Before starting the
experiment, trophic assessment standards were established and
evaluated by conducting a pre-experiment, to make sure that the
different treatment groups have different trophic levels.
2.2. Sample collection

The experiments reported here were conducted from August to
November 2015. The nutrients (N and P) were added to the treat-
ments (T2, T3, and T4) at a day 0. Ten samples from each treatment
pail were collected on different sampling points to avoid overlap-
ping. These samples (100 mL) were taken from the top of the meso-
cosms sediment in sterile Eppendorf tubes on day 0, 1, 7, 14, 28, 40,
60 and 96. At the same days, water samples (20 mL) from the pails
were also collected in glass jars for the determination of Total
Nitrogen (TN), Total Phosphorus (TP), Chemical Oxygen Demand
(CODMn), pH, and Conductivity (Cond) as described previously
(Hou et al., 2013).
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2.3. Isolation and identification of enterococci

Ten sediment samples each at 8 sampling events of the meso-
cosms were taken. Each sample was inoculated in Mueller-
Hinton (MH) broth at 25 �C for 24 h with gentle shaking. Then,
the samples were spread on Slanetz-Bartley agar medium
(CM0377, Oxoid Ltd, Hampshire, UK) at 37 �C for 48 h. Deep red
colored colonies were selected and further spread on bile-
aesculin agar plates (CM0888, Oxoid Ltd, Hampshire, UK) at
37 �C for 18–24 h and small, brown colonies were selected for sub-
sequent analyses. A total of n = 382 isolates were obtained from
day 0 to day 96. DNA of the E. faecalis isolates was extracted using
MiniBEST Bacteria Genomic DNA Extraction Kit (Takara, Dalian,
China) according to the to the manufacturer’s instructions. E. fae-
calis 16S rRNA gene was identified using primers 72-F (50-CCG
AGT GCT TGC ACT CAA TTG G-30) and 210-R (50-CTC TTA TGC
CAT GCG GCA TAA AC-30). E. faecalis ATCC 29,212 was used as a ref-
erence strain. For each sampling of the selected days, only one
strain was identified and preceded for quantitative real-time PCR
(qPCR) analysis.

2.4. Enterococcus faecalis sensitivity testing

Antibiotic resistances of all isolated E. faecalis strains (382)
were grown on MH broth overnight. Broth microdilution method
was used according to the (Wikler et al., 2007) breakpoints
(Table 1) to determine the resistance of the following antibiotics:
ampicillin (AMP), oxytetracycline (OXY), ciprofloxacin (CIP), van-
comycin (VAN), chloramphenicol (CHL), and erythromycin (ERY).
These antibiotics were selected primarily because they are most
frequently found on surface water and sediment in China due to
anthropogenic activities.

2.5. Biofilm assay

Biofilm assay of the E. faecalis isolates was performed as
described previously (O’Toole, 2010) with minor modifications.
Briefly, overnight cultures of E. faecalis isolates were diluted 100-
fold in MH broth. 150 lL of diluted cell suspensions were added
to 96-well polystyrene plates and incubated at 37 �C for 24 h. After
incubation, media from the wells were gently removed, washed
with phosphate-buffered saline, left to dry and then stained with
150 lL of 1% crystal violet for 10 min at room temperature. The
wells were then washed twice with de-ionized water and left to
dry. To destain the biofilm, 150 lL of (33%) glacial acetic acid
was added to each well. The optical densities of the wells were
measured at 630 nm (OD630) in triplicate by using a microplate
reader (Tecan, Austria).

2.6. Gelatinase assay

For the qualitative detection of gelatinase activity, cultures of E.
faecalis were transferred into gelatin broth (Guangdong Huankai
Microbial Sci. & Tech. Co. Ltd. China) having 12% gelatin in 0.8%
nutrient broth. The tubes were incubated at 37 �C for 24–48 h in
a shaking incubator (190 rpm) and then held at 4 �C for 1 h. The
solidified tubes were phenotypically considered gelatinase nega-
tive. We used E. faecalis ATCC 29,212 strain because it possesses
gelE gene and cyl operon, however, this strain does not contain
fsr operon.

2.7. Physiochemical analyses

Standard stock solution (250 mM NaOH, 55 mM K2S2O8, and
242 mM H3BO3) was prepared and stored at room temperature.
The standard calibration curves of TN and TP were constructed as
3

previously described (Lei Yanzhi, 2007). Water samples were col-
lected to measure TN, TP using a persulfate oxidation method
(Valderrama, 1981). For the simultaneous analysis of TN and TP,
10 mL of a water sample from each pail was added to 10 mL stan-
dard stock solution and autoclaved at 124 �C for 30 min and further
processed as described previously (Valderrama, 1981). The absor-
bance of the samples were analyzed for TN at 220 nm and
275 nm and for TP at 700 nm using Beckman DU-800 spectropho-
tometer (Fullerton, USA) and Milli-Q water was used in the refer-
ence cuvette. CODMn was measured by acid titration method (Ma
et al., 2016).

2.8. Quantitative real-time PCR (qPCR)

Total RNA was extracted from 28 sediment samples (5 g) (4
treatments � 7 different time point) using TRIzol method (Shang-
hai Biological Engineering Co. LTD) as previously described (Ran
et al., 2013). The purity of mRNA was determined using Nano-
200 Nucleic Acid Analyzer at 260 and 280 nm: A260/A280 optical
density ratios range from 1.8 to 2.0 was accepted for further anal-
ysis. cDNA was synthesized from 2 mg of total RNA using Prime
Script RT Reagent Kit with gDNA Eraser. In qPCR, using SYBR Pre-
mix Ex Taq II (Takara, Japan) for the subsequent genes expression
of cytolysin large subunit gene (cylLL), cytolysin small subunit
(cylLS), cytolysin synthetase (cylM), ATP-binding transporter (cylB),
component A (cylA), cytolysin regulatory genes (cylR1 and cylR2),
cytolysin immunity (cylI), and gelatinase (gelE) as described previ-
ously (Ran et al., 2013). The results of these genes were based upon
three independent experiments and the relative expression values
were internally normalized against reference gene (23S rRNA)
expression. Primers used for PCR and qPCR, along with the corre-
sponding size of the amplified fragments are listed in Table S1.

2.9. Statistical analysis

E. faecalis biofilm development was determined by one-way
ANOVA and Tukey’s multiple pair-wise comparisons among differ-
ent treatments, and quorum-sensing-related genes expression
analyses were performed using Student’s t-test. These analyses
were analyzed in MS Excel and Minitab v.18 (State College, PA)
at a 5% significance level. A canonical discriminant analysis was
conducted on the environmental variables in R version 3.4..
3. Results

3.1. Mesocosms appearance and survival of E. faecalis

After enrichment of the nutrients, no changes were seen in
the physiological appearance of the mesocosms across treatments.
The nutrient contents have impacted by several factors, such as the
type of organic matter, sediment type, water SD rate, evaporation,
and redox conditions. However, the average SD was decreased
from the beginning (day 0) to end date (day 96) of the experiment.
It was observed that TN concentrations of the different treatments
generally decreased over time. The decrease in the relative humid-
ity and longer-term (14 weeks) of the experiment offset the evap-
oration effect (Table S2). Consequently, the concentration of TN in
T3 (2.78 ± 0.35 mg/L N) and T4 (6.64 ± 1.16 mg/L N) treatments
were significantly decreased on day 96. In addition, TP concentra-
tion also significantly decreased (p < 0.05) on day 96 in the
enriched treatments (Table S2). However, control, T2, and T3 was
significantly similar on day 1. In the aquatic environments, TN
and TP both are the key factors to measure Trophic Level Index
(TLI), which indicate a gradual decreased in mesocosm TLI. In addi-
tion, the approximate ratio of N:P (14:1) in T3 and T4 treatments



Table 1
Antimicrobial sensitivity among 382 E. faecalis isolates in various treatments.

Antimicrobial agent MIC breakpoint (lg/mL) No. of resistant isolates (%)

T1 T2 T3 T4

Oxytetracycline �16 nd 43 (11.26%) 65 (17.02%) 80 (20.94%)
Erythromycin �8 6 (1.57%) 4 (1.05%) 7 (1.83%) 9 (2.36%)
Ciprofloxacin �4 nd nd 17 (4.45%) 4 (1.05%)
Ampicillin �16 nd 12 (3.14%) 29 (7.59%) 42 (10.99%)
Vancomycin �32 nd nd nd 4 (1.05%)
Chloramphenicol �32 nd 3 (0.78%) 2 (0.52%) nd

T1 = without nutrient-enrichment, T2 = low-dose of N and P, T3 = mid-dose of N and P, T4 = high-dose of N and P, nd = not determined.
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was closed to redfield value (16:1), however, this ratio was either
high or low in different mesocosms on different days. The multi-
variate linear model showed that the canonical scores of two
dimensions account for 99.2% in the environmental variables
(Fig. 1). The first dimension (horizontal) was significantly corre-
lated with conductivity, pH, CODMn, TN, and TP while the second
dimension (vertical) was significantly correlated with SD and tem-
perature. T4 treatment was more separated from control treatment
compared to the T2 and T3 treatments.

Electric conductivity of the mesocosms on day 1 in nutrient
amended treatments were 10.43 ± 0.75, 11.67 ± 0.96, and
12.27 ± 0.45 mS/cm in T2, T3 and T4, respectively, significantly dif-
ferent from control 7.43 ± 0.76. The conductivity of mesocosms
was gradually increased from day 1 to day 96 in all treatments
(Table S2).

The average pH of all the treatments was slightly decreased,
however, no significant difference was found among the treat-
Fig. 1. Multivariate linear model (canonical heplot), visualizing the two canonical
dimensions of the environmental variables, with alpha = 0.05. T1; control (without
nutrient-enrichment), T2; (low-dose of N and P), T3; (mid-dose of N and P), and T4;
(addition of nitrogen and phosphorus with high concentration) are four treatments.
The lengths of environmental variables indicate their relative contribution to
discrimination among the group means. The close angles between variables show
high correlations between them. From right to left, the first canonical dimension
(88.8%) essentially corresponds to the treatments. The variables such as conduc-
tivity (Cond), pH, chemical oxygen demand (CODMn), and Total Nitrogen (TN) are
largely associated with this dimension (Can1), indicates that they mostly explain by
T4. Whereas, Secchi Depth (SD), and Temperature (Temp) is point towards the
second canonical dimension (Can2) and negatively correlated with the other four
variables.

4

ments or days. The lowest pH was 6.8 ± 0.10 on day 14 in control
mesocosm and highest was 8.43 ± 0.05 on day 96 in T2 treatment
(Table S2). The CODMn ranged from 1.56 ± 0.17 to 11.28 ± 8.61 mg/L
in all treatments. The overall CODMn of T4 was significantly high
(p < 0.05) than T2, T3 and control treatments. The number of E. fae-
calis isolates declined over time in all treatments (Fig. S1). On day
0, the average isolation rates among all four treatments were 100%
(10 isolates). However, on day 96, the number of isolates decreased
to 5%, 5%, 0% and 15% in T1, T2, T3 and T4, respectively (Fig. S1).

3.2. Effect of nitrogen and phosphorus on Enterococcus faecalis
antibiotic resistance

The prevalence of antibiotic (AMP, OXY, CIP, and ERY) resistant
E. faecalis strains was detected in four different treatments
(Table 1). In a total of 382 isolates, ERY (MIC, 8–256 lg/mL), was
the most common of all the treatments. In the nutrient-enriched
treatments, 188 (49.2%), 83 (21.7%), and 21 (5.5%) E. faecalis iso-
lates exhibited resistance to OXY, AMP, and CIP, respectively
(Table 1). Resistance to VAN and CHL was the least prevalent in
the mesocosm experiment. Overall, statistical analysis revealed a
significant increase of antibiotic resistance in E. faecalis after expo-
sure to the water environment.

3.3. Biofilm development

To determine whether nutrients and different isolation time
point (day 0 to day 96) effect E. faecalis attachment to surfaces,
we evaluated biofilm development with the microtiter dish assay.
The biofilm development of E. faecalis isolates on day 60 and day 96
were significantly increased (F7,24 = 62.26, p < 0.01; Fig. 2). Notably,
on day 0 no significant difference (F3,8 = 2.86, p > 0.05) was found
among treatments, however, biofilm development was increased
significantly in different treatments over time (Fig. 2; Tukey’s test
(p < 0.05).

3.4. Analysis of Quorum-sensing gene expression

The expressions of E. faecalis cyl operon genes in response to dif-
ferent concentrations of nutrients in mesocosms were examined
by qPCR. The relative expression of quorum-sensing-related genes
was made between experimental mesocosms and with respect to
those obtained from day 0 (calibrator), regarding strain-
dependent expression. The level of cylLL expression for E. faecalis
isolates was determined for each of the different treatments rela-
tive to control for seven different time points (Fig. 3a). A significant
increase in cylLL expression was observed on day 7 in T4 treatment
(18.93 ± 4.31) compared to control (5.43 ± 1.36), T2 (5.90 ± 0.46),
and T3 (6.43 ± 0.83) treatments. Although, cylLL abundance was
significantly similar in all treatments on day 14 and day 28. On
day 40, down-regulation was observed in T2 treatment (10.07 ± 1.
46) compared to control (15.17 ± 4.30). Fig. 3b illustrates the rela-
tive abundance (mRNA relative level in fold difference) of cylLS at



Fig. 2. E. faecalis biofilm formation with different time points. E. faecalis biofilm formation shows in T1 (without nutrient-enrichment), T2 (low-dose of N and P), T3 (addition
of nitrogen and phosphorus with mid concentration) and T4 (addition of nitrogen and phosphorus with high concentration) treatments. Different letters indicate a significant
difference between treatments on the same day (One-way ANOVA and Tukey’s test). Error bars represent standard deviation (n = 3). Asterisks indicate statistically significant
difference of isolates on different days (* p < 0.05; ** p < 0.01).
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different sampling points of the four different treatments. On day
0, the values (3.5 ± 0.3), (2.53 ± 0.40), (1.83 ± 0.21), and (1.47 ± 0.
25) of E. faecalis cylLS were obtained for control, T2, T3, and T4
treatments, respectively. The cylLS abundances on day 1 were
slightly increased in control (3.87 ± 0.11), T2 (3.63 ± 0.21), T3 (5.
77 ± 0.15), and T4 (4.57 ± 0.15) treatments. A significant level of
up-regulation (14.7 ± 0.95) was observed in T4 treatment on day
7 compared to control (4.13 ± 0.21). Similar trends were observed
for the abundance of cylLS at day 28, day 40, and day 60. Relative
levels of cylR1 expression in the initial isolation (day 0) were less
than twofold in all treatments (Fig. 3c). However, the expression
of cylR1 in T3 treatment was approximately tenfold (10.73 ± 1.80
) increased on day 1. The gradual up-regulation of was observed
in the four treatments on day 7. The expression of cylR1was signif-
icantly different (p < 0.05) in T2 (15.83 ± 4.37), T3 (15.8 ± 0.5), and
T4 (20.16 ± 6.36) as compared to control (8.5 ± 4.43) on day 7 and
14 (Fig. 3c). In contrast, cylR gene expression was stimulated much
more in control than other treatments on day 28 and day 40. The
transcription of cylR2 gene was also showed similar trends like
cylR1 on first two isolation time points, and the patterns for the
day 7 and day 14 were parallel those observed for cylLS and cylR1
(Fig. 3b; Fig. 3c). The nutrient supplement treatments were signif-
icantly higher than control on day 7 and 14. The highest abundance
of cylR2 transcription was observed in T4 treatment on day 14 (18.
47 ± 2.53), while the lowest expression was observed in T2 (0.83
± 0.15) treatment on day 0 (Fig. 3d). The level of cylM expression
for E. faecalis isolates was determined for each of the different
treatments relative to MH broth for seven different time points
(Fig. 3e). A significant increase in cylM expression was observed
on day 1 in T3 treatment (15.9 ± 1.18) compared to control (3.27
± 1.55), T2 (2.23 ± 0.32), and T4 (3.13 ± 0.15) treatments. Although
overall cylM abundance was significantly higher in T4 treatment on
day 7, day 14 and day 28. On day 40, down-regulation was
observed in T4 treatment (8.73 ± 0.85) compared to T2 (16.6 ± 0.
92). The level of cylB gene was also showed similar trends like cylM
on first two isolation time points. However, the patterns for the
day 7 in control and T2 were down-regulated (Fig. 3f). On the other
hand, the abundances of the cylB gene were up-regulated on other
time points. On day 14 the expression of cylB in the T3 and T4
treatments were significantly different from control, nevertheless,
by day 28, 40, and 60 a student t-test of this gene abundance in all
treatments indicated that both N and P addition were not signifi-
cantly different from control mesocosm. On the other hand, neither
5

gelE expression by qPCR nor gelatinase positive phenotype by
gelatinase assay was detected throughout the experiment (Fig. S 2).

4. Discussion

4.1. Correlation of nitrogen and phosphorus concentrations on
Enterococcus faecalis survival

The persistence and survival of E. faecalis in aquatic environ-
ment have been largely influenced by environmental conditions.
Hartke et al. (1998) evaluated the survival rate of E. faecalis in
tap water over a period of 85 days in an oligotrophic model ecosys-
tem. In addition, our data indicated that the survivals of E. faecalis
strain in the mesocosm experiments were gradually decreased
from day 0 to day 96 in all treatments (Fig. S1). The natural habitat
of E. faecalis is a gastrointestinal tract of humans and animals,
however, in aquatic (secondary) environments, E. faecalis adapting
the survival strategy against environmental conditions including
complex nutrients (Lebreton et al., 2014). On the contrary, meso-
cosm experiments retain oligotrophic conditions which may
affected the survival of E. faecalis (Irankhah et al., 2016). The isola-
tion rates in nutrient-enriched treatment were similar to, or higher
than control (Fig. S1), endorses the hypothesis that oligotrophic
conditions could somehow influence the survival of E. faecalis in
a water environment. Nonetheless, other factors such as salinity,
sunlight, and temperature may influence the survival of E. faecalis
in environmental settings (Byappanahalli et al., 2012).

4.2. Correlation of nutrients with antibiotic resistance

High levels of N and P in the water environments can cause
eutrophication. Eutrophication is highly increased the spreading
of antibiotic-resistant bacteria in the aquatic environment. Thus,
we hypothesized that N and P play a role in emergence of antibiotic
resistance in the water. Consistent with this hypothesis, the sup-
plementations of N and P to mesocosms were induced resistance
in E. faecalis over time (Table 1). E. faecalis in the nutrient-
enriched treatments were shown resistance to OXY, CHL, AMP,
and CIP, indicating that this bacterium evolves resistance with
increased nutrients availability. It is apparent that nutrients would
affect E. faecalis, as this bacterium had developed resistance in
enriched treatments compared to control (Table 1). This finding
is consistent with the previous observation in which showing that



Fig. 3. Expression of E. faecalis cyl operon genes isolated at different time points, relative to expression levels in Mueller-Hinton broth. (a) Abundances of the cylLL gene (b)
cylLS gene (c) cylR1 gene (d) cylR2 gene (e) cylM gene, and (f) cylB gene, during the time course of the mesocosm experiment. Error bars represent the standard deviation
(n = 3).
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E. faecalis develop resistance to antibiotics that inhibit protein syn-
thesis (Ali et al., 2016). However, ERY resistant bacteria were found
in all treatments including control. Besides N and P, it is likely that
other environmental factors may influence antibiotic resistance in
aquatic environments. However, additional research is needed to
explore environmental factors related to wastewater and sediment
which contribute to the development of resistant bacteria.

4.3. Nutrients and biofilm formation

In the aquatic environment, like other Gram-positive bacteria, E.
faecalis is able to develop biofilms and increase their acquired and
intrinsic resistance to antibiotics. However, the factors which are
implicated in the biofilm development remain poorly understood.
The nutrients such as nitrates and phosphates are crucial for
6

bacterial growth and often found in oligotrophic environments.
To some extent, these nutrients are considered as limiting factors
of bacterial growth in drinking water (Fish et al., 2016). In this
study, biofilm-forming E. faecalis on day 0 (under nutrient-
limited conditions) were significantly similar (Fig. 2). This is in
accordance with observations by (Villanueva et al., 2011), concern-
ing the biofilm development of bacteria in a nutrient-limited
mesocosm experiment. Nutrient addition was showed a gradual
but significant biofilm production in E. faecalis (Fig. 2). It is likely
that increased total biofilm formation was favored with increased
nutrients availability in the aquatic environment (Miao et al.,
2021). Furthermore, in the presence of N and P, bacteria can stim-
ulate their growth rate and reproduction to take advantage of
nutrients (Adams et al., 2015). Similarly, bacterial attachment
and biofilm accretion to microplate wells were tended to increase
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over time. A plausible reason for this phenomenon could be the
optimal adaptability of E. faecalis in the oligotrophic microcosm
environments (Hartke et al., 1998). Based on our findings, it
appears that N and P availability in the water might be associated
with the biofilm development. In addition to nutrients, other fac-
tors, such as genetic and environmental (pH, oxygen, and temper-
ature) may influence the biofilm development (Fish et al., 2016). In
the future, it will be of major interest to explore those factors and
their mechanisms which are potentially developed bacterial bio-
film in the water.
4.4. Influence of nutrients on Quorum-sensing in Enterococcus faecalis

In the aquatic environment, quorum-sensing mechanisms in
bacteria usually depend on growth physiology and environmental
conditions. Bacteria also regulate the expression of autoinducers in
response to N and P within sequencing batch reactors (Liu et al.,
2006). To gain insight into how E. faecalis quorum-sensing
response to the nutrients, qPCR was used to determine the abun-
dance of structural and regulatory genes of cyl operon for two
months on seven different occasions (Fig. 3). In this study, we
noted a gradual increase in the expression of cylLS within
nutrient-enriched treatments compared to the unenriched control
over time (Fig. 3b). The cylLS encodes CylLS protein, a small subunit
of cytolysin toxin that is implicated in the autoinduction and con-
trol of cyl operon (Van Tyne et al., 2013). The expression of cylLS in
T4 treatment at day 7 was nearly tenfold higher compared to con-
trol, suggesting that water containing nitrate and phosphate ions
may play a pivotal role in E. faecalis quorum-sensing. In contrast,
quorum-sensing regulating genes were induced under P-limited
condition in water; N and P with ratio of 5:0.05, respectively (Liu
et al., 2006). CylLS interacts with CylR1 (membrane protein) and
further leads to the dissociation of CylR2 from the promoter region
that triggers high-level activation of cyl operon (Ali et al., 2017).
Since E. faecalis are capable of expressing a cyl operon, we expected
to see that there would be a correlation between structural and
regulatory genes of cyl operon in the nutrients enriched and con-
trol mesocosms. However, relative abundance of mRNA in the con-
trol mesocosms was either lower or uniform. This may indicate
that the expression of quorum-sensing-related mRNA degradation
or regulation might be controlled by environmental and nutritional
signals. In response to environmental signals, mRNA decay or reg-
ulations lead to express a co-transcribed genes at distinct levels
(Mohanty and Kushner, 2016). Furthermore, nutrient alterations
in a variety of bacteria can lead to altering quorum-sensing regula-
tion expression. Such studies are needed to explore the quorum-
sensing regulation mechanism at high E. faecalis density in the
nutritional environment.

E. faecalis is also used fsr quorum-sensing system that regulates
social activity, virulence and biofilm development. The role of fsr
quorum-sensing in the aquatic environment is thus far undocu-
mented. A complete fsr operon is required for the expression of
gelatinase phenotype in E. faecalis (Dundar et al., 2015). The partial
deletions or complete absence of fsr operon in E. faecalis are elim-
inating the gelatinase ability to be expressed in standard assays
(Dundar et al., 2015). Furthermore, it has been suggested that a
partial deletion of fsr operon is more likely due to recombination
and horizontal transfer (Galloway-Pen~a et al., 2011). Thus, we
postulated that as developing of antibiotic resistance, E. faecalis
might also be restored gelatinase phenotype in the aquatic envi-
ronment. However, we did not detect gelatinase positive pheno-
types which appear consistent with the previous results
(Galloway-Pen~a et al., 2011). This suggests that complete fsr
operon in E. faecalis is essential for the expression of gelE gene in
the aquatic environment.
7

5. Conclusion

Different level of N and P fertilizers from wastewater to the
aquatic environment can affect various features related to fecal
indicator bacteria. This model ecosystem study provides evidence
that E. faecalis strongly influence by nutrients such as N and P.
We found that E. faecalis can withstand approximately three
months in tap water mesocosms. The isolation rate of E. faecalis
in control mesocosm was reached to 50% on day 7, however, this
bacterium was likely to be isolated over a period of 96 days from
all treatments including control. This work also demonstrated that
nutrients not only induced antibiotic resistance but also increased
biofilm-forming capability in E. faecalis over time. In addition, the
transcriptional profiles of quorum-sensing-related genes were also
comparatively high in the nutrient-enriched mesocosms. Taken
together, these findings may yield insight into how E. faecalis
switch over from commensal to pathogenic within aquatic envi-
ronments. To address their fate in different environmental condi-
tions, future work will focus on the pathogenic response
mechanisms of E. faecalis to environmental settings.
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