
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 6

:1
6:

31
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Biofilm formation
aSchool of Civil Engineering and Architec

Nanchang, 330013, China. E-mail: hitshanl
bState Key Laboratory of Urban Water

Environment, Harbin Institute of Technolog

† Electronic supplementary informa
10.1039/d0ra04985a

Cite this: RSC Adv., 2020, 10, 31295

Received 5th June 2020
Accepted 17th August 2020

DOI: 10.1039/d0ra04985a

rsc.li/rsc-advances

This journal is © The Royal Society o
potential and chlorine resistance
of typical bacteria isolated from drinking water
distribution systems†

Zebing Zhu,ab Lili Shan, *a Fengping Hu,*a Zehua Li,a Dan Zhong,b Yixing Yuanb

and Jie Zhangb

Biofilms are the main carrier of microbial communities throughout drinking water distribution systems

(DWDSs), and strongly affect the safety of drinking water. Understanding biofilm formation potential and

chlorine resistance is necessary for exploring future disinfection strategies and preventing water-borne

diseases. This study investigated biofilm formation of five bacterial strains isolated from a simulated

DWDS at different incubation times (24 h, 48 h, and 72 h), then evaluated chlorine resistance of 72 h

incubated biofilms under chlorine concentrations of 0.3, 0.6, 1, 2, 4, and 10 mg L�1. All five bacterial

strains had biofilm formation potential when incubated for 72 h. The biofilm formation potential of

Acinetobacter sp. was stronger than that of Bacillus cereus, Microbacterium sp. and Sphingomonas sp.

were moderate, and that of Acidovorax sp. was weak. In contrast, the order of chlorine resistance was

Bacillus sp. > Sphingomonas sp. > Microbacterium sp. > Acidovorax sp. > Acinetobacter sp. Thus, the

chlorine resistance of a single-species biofilm has little relation with the biofilm formation potential. The

biofilm biomass is not a major factor affecting chlorine resistance. Moreover, the chlorine resistance of

a single-species biofilm is highly related to the physiological state of bacterial cells, such as their ability

to form spores or secrete extracellular polymeric substances, which could reduce the sensitivity of the

single-species biofilm to a disinfectant or otherwise protect the biofilm.
Introduction

Characterizing microbial communities and ensuring the
microbiological safety of drinking water is a major public
health challenge. In drinking water distribution systems
(DWDSs), microorganisms can present in the bulk water
(planktonic bacteria) and along pipe walls (loose deposits and
biolm bacteria).1,2 Most of the bacterial biomass is present in
biolms, in which active bacteria account for about 95% of all
bacteria.3,4 Biolms formed in DWDSs can consume disinfec-
tant and increase the bacterial resistance to disinfection,
resulting in bacterial regrowth leading to color, turbidity,
odor, and corrosion problems, higher pathogen concentra-
tions and outbreaks of water-borne diseases.4,5 Generally, the
disinfection strategies for drinking water are based on dis-
infecting bulk water samples; however, this is an insufficient
basis to inhibit the microbial contamination caused by bio-
lms in a DWDS.6 Given that microorganisms in a biolm will
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resuspend into the bulk water,7 an effective strategy for
monitoring and controlling biolm development in DWDSs is
highly desirable.

In recent years, complex microbial communities have been
increasingly found in DWDSs by high-throughput genetic
sequencing. The phyla associated with the Proteobacteria (a-,
b- and g-Proteobacteria), Actinobacteria, Firmicutes, and
Bacteroidetes are ubiquitous in DWDSs, and the genera
Sphingomonas, Pseudomonas, Acidovorax, Brevundimonas, Aci-
netobacter,Methylobacterium,Microbacterium, and Bacillus also
are ubiquitous in DWDSs.8–12 Such microbial communities can
survive in extreme conditions in DWDSs.13 In a DWDS, growth
of bacteria in a biolm helps reduce the sensitivity of bacterial
cells and helps them survive in oligotrophic conditions and in
the presence of high chlorine concentration.14,15

In an actual DWDS, the biolms are usually consisted of
complex communities.16 Biolm studies in situ are not common
due to the complex systems in DWDSs and difficult accessi-
bility.16 Typical approaches for establishing multispecies bio-
lm communities to utilize strains isolated from similar
environments and assumed to coexist in the same environment
are applied in vitro studies. Generally, these large-scale studies
focus on the overall diversity but oen lack of the single-species
microhabitat and spatial information, which are driving factors
for microbial interaction and diversity maintaining.17
RSC Adv., 2020, 10, 31295–31304 | 31295
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Simplied single-species biolms are important tools to
understand the contributions of individual species to commu-
nity functions in a variety of environments.18 Sun et al.19 and
Zhang et al.20 found that Sphingomonas sp. survived in an
extremely high concentration of chlorine, and that some were
sterilized at a residual chlorine concentration of 4 mg L�1 and
contact time of 240 min with only approximately 5% of viability
reduction.19 Szabo et al.21 found that the log reduction of
Bacillus sp. was just 1.4-log at a 25 mg L�1 free chlorine (pH 7)
for 44 h. There are many similar in-depth studies of biolms in
DWDSs, but the results vary from study to study. It is difficult to
compare the formation potential and chlorine resistance of
different biolms cultured in vitro under different conditions
because they are frequently inuenced by their environments,
such as nutrient conditions, incubation time, hydraulic condi-
tions, biolm structure, and spatial location.22–24 Therefore,
more accurate results can be provided by simultaneously
compare multiple bacteria isolated from similar DWDSs.

Biolm studies in situ are not common due to the complex
systems in DWDSs and difficult accessibility.

Hence, the objective of this study was to characterize the
contributions of individual species to biolm formation in
DWDS using ve simplied single-species isolated from
a previously simulated DWDS.25 The ve species (Sphingomonas
sp., Acidovorax deuvii, Acinetobacter sp., Bacillus cereus, and
Microbacterium laevaniformans) are common and abundant in
drinking water systems worldwide8–12 and could be considered
to represent simplied model bacteria to study the contribu-
tions of individual species to biolm formation in the drinking
water environment.18 Biolm studies in situ are not common16

while the in vitro biolm formation assays performed in 96-well
microtiter plates are common in biolm studies.16,26 A single-
species-biolm-based model was introduced to assess forma-
tion potential and chlorine resistance of different biolms
cultured in vitro under same conditions in this study. The
single-species biolm formation was investigated at different
incubation times (24 h, 48 h, and 72 h). Then the 72 h incubated
biolms were treated with different chlorine concentrations
(0.3, 0.6, 1, 2, 4, and 10mg L�1), the inactivation efficiency of the
different bacteria was analysed,27,28 and the biological mecha-
nism of bacteria with strong chlorine resistance was further
studied. As there is still in a phase of reinforcing previous
ndings in the study of single-species biolms of bacteria found
in DWDSs, the results of the present study could provide valu-
able insights on the ability in initial biolm formation and
chlorine resistance.

Materials and methods
Bacterial strains

Five bacterial strains were isolated from a previous simulated
DWDS with cast iron and 304 stainless steel materials, and the
biolms incubated for 3 months at chlorine concentrations of
1 mg L�1, 3 mg L�1 and 4.2 mg L�1.25 Table S1† summarizes the
basic information about the ve tested bacterial strains:
Sphingomonas sp., Acidovorax deuvii, Acinetobacter sp., Bacillus
cereus, and Microbacterium laevaniformans. The bacteria
31296 | RSC Adv., 2020, 10, 31295–31304
affiliated with Proteobacteria were Gram-negative (G�), while
the bacteria affiliated with Firmicutes and Actinobacteridae
were Gram-positive (G+). All sequences of tested bacterial
strains were deposited in Genbank of the National Center for
Biotechnology Information (NCBI) under accession numbers
MT279967 to MT279971. Scanning electron microscope images
of the bacterial strains are shown in Fig. S1.† All bacteria were
rod shaped and differed only in morphology (short, long,
straight and irregular).
Biolm formation

Biolm formation was conducted using the microtiter plate
method andmodied.29 R2A broth (Teknova, CA, USA) was used
as growth medium. R2A broth, which is a low nutrient growth
medium with a high content of nutrients, was widely used to
incubate bacteria presented in drinking water.2,18,27,30 Briey,
a volume of 200 mL of a standardized bacterial suspension (1.0
� 106 cells per mL in R2A broth) in mid-log phase was revived in
biolm-inducing media and dispensed in a sterile 96-well
microtiter plate (Corning Incorporated, USA). R2A broth
without bacterium was used as the control. The plates were
incubated for 24, 48 and 72 h in a shaking incubator at 150 rpm
at 25 �C with capping. Fresh R2A broth was gently exchanged at
a clean bench every 24 h during the incubation period. For
biolm sampling, R2A broth was carefully removed from plates
with a pipette, and then rinsed three times with 250 mL steril-
ized phosphate buffered saline (PBS, pH 7.0) to remove non-
adherent and loosely attached planktonic bacteria in each
well. The plates were air-dried at a clean bench for 30 minutes
for further experiment and analyses.
Biolm chlorination experiment

Generally, biolm formation could reach a relatively stable state
aer 72 h inoculation in microtiter plates.16,26,31 To understand
the chlorine resistance of the ve different bacteria, the 72 h
incubated biolms were used in chlorination experiments. The
chlorination experiments were performed in 250 mL PBS (pH
7.0) free from chlorine. Briey, NaClO (Sinopharm Chemical
Reagent Co., Ltd, Shanghai, China) was diluted with PBS to
create a working solution with chlorine concentrations of
0.3 mg L�1, 0.6 mg L�1, 1 mg L�1, 2 mg L�1, 4 mg L�1 and
10 mg L�1, which were calibrated using a residual chlorine
meter (PC II, HACH, USA). The negative control comprised of
only 250 mL of PBS, and the positive control was each species of
biolm cultured in 250 mL of PBS without chlorine. Biolm
chlorination experiments were conducted in a shaking incu-
bator at 150 rpm at 25 �C to ensure sufficient contact between
the working solution and biolm. Fresh working solution was
gently changed every 20 min during the chlorination period of
1 h. Wells were rinsed two times with 250 mL 0.5% (w/v) NaS2O3

to stop the chlorination reaction, and then rinsed one time with
sterilized PBS to remove non-adherent and loosely attached
planktonic bacteria in each well. The plates were then air-dried
at a clean bench for 30 minutes for further analyses.
This journal is © The Royal Society of Chemistry 2020
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Analytical methods

The crystal violet (CV) assays have been commonly suggested as
a method for the estimation of biomass quantity.26,29,31 Biolm
biomass was determined by the method described by Stepa-
novic29 andmodied. Briey, each biolm was xed with 250 mL
98%methanol (v/v) for 15 minutes, then removed and air-dried.
The xed biolm was stained for 5 min with 250 mL of CV. The
dyed biolm was then rinsed with sterilized distilled water to
remove excess CV and air-dried. Following washing, 250 mL 33%
glacial acetic acid (v/v) was used to release and dissolve epibiotic
CV, then 100 mL aliquots were transferred to a fresh microtiter
plate for absorbance measurement at 570 nm (OD570) using
a microtiter plate reader (Model-680, Bio-Rad, Hercules, CA,
USA). Each biolm was analyzed in triplicate.

Biolm activity was determined using the method described
by Simoes32 and modied. Briey, 200 mL XTT (Sigma, USA) and
menadione (Sigma, USA) was added to each biolm, conrming
a nal concentration of 50 mg mL�1 of XTT–menadione. The
plates were incubated on a shaker at 150 rpm at 25 �C for 3 h in
dark conditions. Then, 100 mL of supernatant was absorbed into
a new microporous plate, and the OD value was determined at
490 nm (OD490). Each biolm was analyzed in triplicate. For the
low value of OD490, the activity of a biolm was described as the
specic respiratory activity of the biolm using OD490/570

(OD490/OD570, OD490 is biolm activity while OD570 is biolm
biomass).

To better compare chlorine resistance of the different
bacteria, the inactivation rate of single-species biolm for
60 min was investigated at different chlorine concentrations in
the present study. The 72 h incubated biolms were used for
bacterial counts, which were measured by counting heterotro-
phic bacteria on plates of R2A solid medium (HPC-R2A). The
determination process involved adding 200 mL sterilized
distilled water to each well, and then resuspending the attached
biolm using a sterilized toothpick. To detach bacteria from the
attached surface (suspended solids, loose deposits, and pipe
specimens), the biolm samples were placed in an ultrasonic
ice water bath for 5 min (oscillated for 1 minute and letting
stand for 1 minute, repeated three times).3,4,16,33 Then the
suspension was oscillated in a whirlpool for 30 seconds to
assure that the bacteria from the biolm were evenly distributed
in the suspension. This diluted suspension with R2A solid
mediumwas incubated and counted. Each biolm was analyzed
in triplicate.
Biolm formation potential

The biolm formation potential is mainly determined based on
the OD570 value of the biolm biomass. The determination
method described by Stepanovic et al.29 was used as follows: no
biolm formation potential (0): OD570 # ODc; weak biolm
formation potential (+): ODc < OD570 # 2 ODc; medium biolm
formation potential (++): 2 ODc < OD570 # 4 ODc; and strong
biolm formation potential (+++): OD570 > 4 ODc. This classi-
cation was based upon the cut-off of the optical density (ODc)
value dened as three standard deviation values above the
mean OD of the negative control. The negative control is culture
This journal is © The Royal Society of Chemistry 2020
R2A broth without bacteria. As long as it is measured on the
microtiter plate reader, there will be a certain value, which may
be very low.
Efficiency and mechanism of chlorination

The inactivation efficiency of the ve different bacteria was
calculated with the following three parameters: biolm biomass
reduction, biolm activity reduction and logarithmic reduction
of biolm.27,28

Biofilm biomass reduction

¼
�
1� OD570ðchlorinationÞ �OD570ðnegative controlÞ

OD570ðpositive controlÞ �OD570ðnegative controlÞ
�

� 100%

(1)

Biofilm activity reduction

¼
�
1� OD490ðchlorinationÞ �OD490ðnegative controlÞ

OD490ðpositive controlÞ �OD490ðnegative controlÞ
�

� 100%

(2)

Logarithmic reduction of biofilm ¼ log10
N0

N

¼ log10
bacteria counts ðpositive controlÞ
bacteria counts ðchlorinationÞ (3)

The biolm biomass reduction and the biolm activity
reduction of the biolms were dened as 100% when the
absorbance was less than that of the negative control. The log-
arithmic reduction of a biolm was expressed as the base-10
logarithm of bacteria count of the positive control (log10(N0)),
when its bacteria count was lower than the detection limit of the
R2A plate count (5 CFU mL�1). The lower biolm biomass
reduction or the lower logarithmic reduction shows the stronger
resistance to chlorine.

The spore counts of each biolm were measured using
a modied Szabo34 method. Briey, the fully mixed suspension
was incubated for 10 minutes at 80 �C to kill the vegetative cells
of the biolm. The resulting suspension was then subjected to
HPC-R2A plate counting, which dened the spore count. The
spore proportion of each biolm was counted before and aer
treatment at 80 �C.
Statistical analysis

The statistical analysis was applied by the method described by
Vaz-Moreira35 and modied. Data of biolm biomass, biolm
activity, and HPC-R2A at different incubation time were
compared using one-way or two-way analysis of variance
(ANOVA) and a post hoc Tukey test. The relationship between
biolm biomass and HPC-R2A in 72 h incubated biolms was
assessed based on a Pearson correlation analysis. Statistical
calculations were based on a condence level$ 95%, assuming
RSC Adv., 2020, 10, 31295–31304 | 31297

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04985a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 6

:1
6:

31
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
a signicance level for the separation set at p < 0.05. These
analysis were supported by SPSS soware 16.0 for Windows.

Results
Biolm biomass and biolm formation potential of single-
species

The single-species biolm formation was investigated free from
chlorine at different incubation times (24 h, 48 h, and 72 h).
Fig. 1 shows the biolm biomass of ve species incubated for
24 h, 48 h, and 72 h. The biolm biomass of all ve species was
signicantly (p < 0.05) affected by incubation time (Table 1), and
all biolms obtained the largest biomass at 72 h. Except for
Microbacterium laevaniformans, the biolm biomass gradually
increased as a function of incubation time. The biolm biomass
of Acinetobacter sp., Bacillus cereus, and Microbacterium laeva-
niformans at 72 h was signicantly (p < 0.05) larger than at 24 h
and 48 h. The biolm biomass of Acidovorax deuvii at 72 h was
signicantly (p < 0.05) larger than at 24 h, while the biolm
biomass at 48 h was not signicantly (p > 0.05) different from
that at 24 h. Acinetobacter sp. had a larger biolm biomass at
24 h and 72 h than the other four species of biolms, and it was
signicantly (p < 0.05) higher than that of Sphingomonas sp. at
24 h, but not signicantly (p > 0.05) different from the other
three species of biolm at 24 h. Acidovorax deuvii had the
largest biolm biomass at 48 h, and it was signicantly (p <
0.05) larger than others at 48 h. Interestingly, the biolm
biomass of Acidovorax deuvii was the smallest of the ve bio-
lms at 72 h. This might be due to the biolm maturity of
Acidovorax deuvii at 48 h. The order of biolm biomass at 24 h
was Acinetobacter sp. > Microbacterium laevaniformans > Bacillus
cereus > Acidovorax deuvii > Sphingomonas sp. The order of
biolm biomass at 48 h was Acidovorax deuvii > Acinetobacter
sp. > Bacillus cereus > Sphingomonas sp. > Microbacterium lae-
vaniformans. The order of biolm biomass at 72 h was Acineto-
bacter sp. > Bacillus cereus > Sphingomonas sp. > Microbacterium
laevaniformans > Acidovorax deuvii.

Table 2 indicates the biolm formation potential of the ve
species as a function of incubation time. The biolm formation
potential can be divided into four types: no potential, weak
Fig. 1 Biofilm biomass of single-species at different incubation times.
The average error bar percentages are 35.11% for Acidovorax defluvii,
31.30% for Acinetobacter sp., 25.08% for Bacillus cereus, 28.42% for
Microbacterium laevaniformans, and 38.60% for Sphingomonas sp.

31298 | RSC Adv., 2020, 10, 31295–31304
potential, medium potential, and strong potential.29 As pre-
sented in Table 2, the biolm formation potential gradually
increased as a function of incubation time. Acinetobacter sp. and
Microbacterium laevaniformans showed weak biolm formation
potential when incubated for 24 h, while the other species
exhibited no biolm formation potential. Except for Micro-
bacterium laevaniformans, the biolm formation potential of the
other four species became apparent only when incubated for
48 h. All ve tested species had biolm formation potential
when incubated for 72 h; Acinetobacter sp. especially showed
strong biolm formation potential.

Specic respiratory activity of single-species biolm

For the low values of OD490 (most values < 0.09) (Fig. S2†), the
activity of a biolm was described as the specic respiratory
activity of biolm using OD490/570. Fig. 2 shows the specic
respiratory activity of the ve species incubated for 24 h, 48 h,
and 72 h. Except for Acinetobacter sp., the specic respiratory
activity of the biolms was not signicantly (p > 0.05) affected by
incubation time (Table 1). The specic respiratory activity of
Acinetobacter sp. at 72 h was signicantly (p < 0.05) lower than at
24 h and 48 h. The specic respiratory activity of Acidovorax
deuvii was the lowest at 48 h, while the other four species had
the lowest specic respiratory activity at 72 h. The specic
respiratory activity of Microbacterium laevaniformans and
Sphingomonas sp. increased rst and then decreased as incu-
bation time increased, while that of Acinetobacter sp. and
Bacillus cereus steadily decreased. In the initial stage of incu-
bation (24 h), the specic respiratory activity of all species of
biolm was not signicantly (p > 0.05) different, but were
signicantly (p < 0.05) different at incubation times of 48 h and
72 h. The specic respiratory activity of Microbacterium laeva-
niformans at 48 h and 72 h was signicantly (p < 0.05) higher
than that of the other four species, for which the specic
respiratory activity was not signicantly (p > 0.05) different. The
order of specic respiratory activity of the biolms at 24 h was
Acinetobacter sp. > Microbacterium laevaniformans > Bacillus
cereus > Sphingomonas sp. > Acidovorax deuvii. The order of
specic respiratory activity of biolms at 48 h was Micro-
bacterium laevaniformans > Sphingomonas sp. > Acinetobacter sp.
> Bacillus cereus > Acidovorax deuvii. The order of specic
respiratory activity of biolms at 72 h was Microbacterium lae-
vaniformans > Bacillus cereus > Sphingomonas sp. > Acinetobacter
sp. > Acidovorax deuvii.

Bacterial counts of single-species biolm

Only the bacterial counts of biolms incubated for 72 h were
determined due to the huge workload required in plate count-
ing. Fig. 3 shows the HPC of the single-species biolms incu-
bated for 72 h. The HPC of Acinetobacter sp. was 1.81 � 106 CFU
cm�2, which was signicantly (p < 0.05) higher than that of the
other four species of biolms, while the HPCs of the other four
species of biolms were <9 � 105 CFU cm�2 and were not
signicantly (p > 0.05) different. The order of HPCs at 72 h was
Acinetobacter sp. > Bacillus cereus > Sphingomonas sp. > Acid-
ovorax deuvii > Microbacterium laevaniformans. Among the
This journal is © The Royal Society of Chemistry 2020
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Table 1 Analysis of variance table (ANOVA) for bacteria species as a function of incubation time or chlorine

Parameters Effect DFa F valueb P-Value

Biolm biomass A – Bacteria 4 4.409 0.006sc

B – Incubation time 2 46.442 <0.001sc

AB 8 2.885 0.017sc

Specic respiratory activity A 4 10.937 <0.001sc

B 2 4.772 0.057nsd

AB 8 2.064 0.072nsd

Bacterial counts (HPC) A 4 10.850 0.001sc

Biolm biomass reduction A 4 26.342 <0.001sc

C – Chlorine 5 47.035 <0.001sc

AC 20 1.735 0.052nsd

Biolm activity reduction A 4 18.884 <0.001sc

C 5 112.121 <0.001sc

AC 20 5.580 <0.001sc

Inactivation rate A 4 70.582 <0.001sc

C 5 141.615 <0.001sc

AC 20 8.363 <0.001sc

Spore C 6 11.147 <0.001sc

Vegetative cell + spore C 6 11.147 <0.001sc

a Degree of freedom. b Test for comparing model with residual (error) variance. c sSignicant at P < 0.05. d nsNot signicant at P > 0.05.

Table 2 Biofilm formation potential of single-species at different
incubation timesa

Bacteria

Incubation time (h)

24 48 72

Acidovorax deuvii 0 + +
Acinetobacter sp. + + +++
Bacillus cereus 0 + ++
Microbacterium laevaniformans + 0 ++
Sphingomonas sp. 0 + ++

a “0” shows non-biolm forming abilities; “+” shows the biolm
forming abilities: weak biolm formation potential (+); medium
biolm formation potential (++); strong biolm formation potential
(+++).
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HPCs, that of Acinetobacter sp. was the largest and was about 55
times higher than the smallest HPC (Microbacterium
laevaniformans).
Fig. 2 Specific respiratory activity of single-species biofilm at different
incubation times. The average error bar percentages are 44.73% for
Acidovorax defluvii, 35.23% for Acinetobacter sp., 20.20% for Bacillus
cereus, 41.86% for Microbacterium laevaniformans, and 25.85% for
Sphingomonas sp.

This journal is © The Royal Society of Chemistry 2020
Biolm biomass reduction of single-species

The contact time for chlorination experiments was 60 min at
different chlorine concentrations (0.3 mg L�1, 0.6 mg L�1,
1 mg L�1, 2 mg L�1, 4 mg L�1, and 10 mg L�1). Fig. 4 indicates
the removal of single-species biolm biomass at different
chlorine concentrations. The biolm biomass reduction for all
ve species was signicantly (p < 0.05) affected by the chlorine
concentration (Table 1). Microbacterium laevaniformans had the
strongest chlorine resistance at chlorine concentration of
0.3 mg L�1, followed by Sphingomonas sp. The chlorine resis-
tance of Sphingomonas sp. and Bacillus cereus gradually stronger
than the other three bacteria with increasing chlorine concen-
tration; at 2 mg L�1 of chlorine and higher the chlorine resis-
tance of these two species of biolms was signicantly (p < 0.05)
Fig. 3 Bacterial counts (HPC) of single-species biofilm at 72 h incu-
bation time. The average error bar percentages are 49.20% for Acid-
ovorax defluvii, 38.82% for Acinetobacter sp., 46.62% for Bacillus
cereus, 43.89% for Microbacterium laevaniformans, and 46.70% for
Sphingomonas sp.

RSC Adv., 2020, 10, 31295–31304 | 31299
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Fig. 4 Biofilm biomass reduction of single-species at different chlo-
rine concentrations. The average error bar percentages are 2.30% for
Acidovorax defluvii, 1.52% for Acinetobacter sp., 13.13% for Bacillus
cereus, 3.95% for Microbacterium laevaniformans, and 6.29% for
Sphingomonas sp.
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higher than that of the other three species of biolms. Bacillus
cereus had relatively strong chlorine resistance because the
biolm biomass reduction was not signicantly (p > 0.05)
affected by chlorine concentration, while the resistance of the
other four species of biolms was signicantly (p < 0.05)
different. Among the four species of biolms (excluding Bacillus
cereus), the removal of Acidovorax deuvii and Acinetobacter sp.
biolm biomass was not signicantly (p > 0.05) different at
chlorine concentrations of 2 mg L�1 and higher, but were
signicantly (p < 0.05) different at chlorine concentration of
1 mg L�1 and lower. The removal of Sphingomonas sp. and
Microbacterium laevaniformans biolm biomass was signi-
cantly (p < 0.05) different at chlorine concentrations of 2 mg L�1

and 4 mg L�1.
At chlorine concentration of 10 mg L�1, the removal of

Bacillus cereus biolm biomass was less than 87%, while
removal of biomass for all other species exceeded 92%. Because
the removal of Acinetobacter sp. biolm biomass was the largest
of the ve species under the different chlorine concentrations
evaluated, it was likely that Acinetobacter sp. was highly sensitive
to chlorine. Acidovorax deuvii was also sensitive to chlorine at
concentrations higher than 0.6 mg L�1. In general, the order of
chlorine resistance was Bacillus cereus > Sphingomonas sp. >
Microbacterium laevaniformans > Acidovorax deuvii > Acineto-
bacter sp. As described in Fig. 4 and S2† and Table 3, the biolm
biomass was not signicantly (p > 0.05) affected by chlorine
resistance and bacteria species (biolm biomass reduction)
(Table 1). For example, Acinetobacter sp. had the largest biolm
biomass and bacterial cell counts (Table 3), but was very highly
sensitive to chlorine.
Biolm activity reduction of single-species

Fig. 5 indicates the biolm activity reduction of single-species
biolms under different chlorine concentrations at a contact
time of 60 min. The biolm activity reduction for all ve species
was 100% at chlorine concentrations of 4 mg L�1 and
10 mg L�1. The OD490 of most of the single-species biolms was
31300 | RSC Adv., 2020, 10, 31295–31304
less than that of the control, and the OD490 of all ve species of
biolms was less than 0.125 before the chlorination experi-
ments began (Table 3). Unfortunately, biolm activity deter-
mined by the XTT–menadione method was limited due to low
values, low discrimination ability and large errors. Therefore,
use of the XTT–menadione method to determine the biolm
activity reduction during chlorination experiments cannot be
recommended.
Inactivation rate of single-species biolm

The inactivation rate was measured by the logarithmic reduc-
tion log10(N0/N), where N0 and N represent the number of
bacteria before and aer inactivation.33,36 Fig. 6 indicates the
inactivation rate of single-species biolms under different
chlorine concentrations at a contact time of 60 min. The inac-
tivation rate of Bacillus cereus was slightly greater than that of
Sphingomonas sp. at the low chlorine concentration of
0.3 mg L�1, while Bacillus cereus was the least inactivated at all
other chlorine concentrations, suggesting that Bacillus cereus
had a strong resistance to chlorine. The inactivation rate of
Microbacterium laevaniformans was greatest at chlorine
concentrations of 0.3 mg L�1 and 1mg L�1, but inactivation rate
of Acinetobacter sp. was greatest at the other chlorine concen-
trations, suggesting that these two species of biolms were
sensitive to chlorine.

The inactivation rate of the single-species biolms was not
signicantly (p > 0.05) different at low chlorine concentrations
of 0.3 mg L�1 and 1 mg L�1, and inactivation rate of Bacillus
cereus was signicantly (p < 0.05) less than that of the other four
species of biolms at chlorine concentration of 0.6 mg L�1.
When the chlorine concentration increased to 2 mg L�1 or
higher, the inactivation rate of the ve species of biolms was
signicantly (p < 0.05) different. Bacillus cereus and Sphingo-
monas sp. showed the least inactivation rate, and were signi-
cantly (p < 0.05) different from the other three species of
biolms. In contrast, at chlorine concentrations of 2 mg L�1 or
higher, Microbacterium laevaniformans and Acinetobacter sp.
were the most inactivated, and the extents of inactivation rate
were signicantly (p < 0.05) greater than that of the other three
species of biolms.

The inactivation rate of single-species biolms was not
signicantly (p > 0.05) different at chlorine concentrations of
1 mg L�1 or lower. When the chlorine concentration increased
from 1 mg L�1 to 10 mg L�1, the inactivation rate of Acineto-
bacter sp. increased signicantly (p < 0.05) from 1.23-log to 4.20-
log. When the chlorine concentration increased from 2 mg L�1

to 10 mg L�1, the inactivation rate of Acidovorax deuvii and
Microbacterium laevaniformans increased signicantly (p < 0.05)
from 1.11-log to 2.35-log and from 1.74-log to 4.15-log, respec-
tively. The inactivation rate of Sphingomonas sp. and Bacillus
cereus was signicantly (p < 0.05) different only at chlorine
concentrations from 4 mg L�1 to 10 mg L�1, increasing from
1.12-log to 2.20-log and from 1.08-log to 1.44-log, respectively.

Similar to results determined using the crystal violet (CV)
method, the order of biolm resistance to chlorine was Bacillus
cereus > Sphingomonas sp. > Acidovorax deuvii >Microbacterium
This journal is © The Royal Society of Chemistry 2020
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Table 3 Initial (before disinfection) biofilm biomass, biofilm activity and HPC of single-species biofilm

Bacteria
Biolm biomass
(OD570 � SD)

Biolm activity
(OD490 � SD)

Bacterial counts
(log10 CFU cm�2 � SD)

Acidovorax deuvii 0.169 � 0.055 0.029 � 0.012 4.72 � 0.21
Acinetobacter sp. 0.431 � 0.141 0.103 � 0.015 6.23 � 0.39
Bacillus cereus 0.293 � 0.090 0.089 � 0.019 5.90 � 0.27
Microbacterium laevaniformans 0.209 � 0.080 0.124 � 0.023 4.49 � 0.28
Sphingomonas sp. 0.236 � 0.110 0.068 � 0.024 5.75 � 0.20

Fig. 5 Biofilm activity reduction of single-species at different chlorine
concentrations. The average error bar percentages are 12.24% for
Acidovorax defluvii, 5.38% for Acinetobacter sp., 1.40% for Bacillus
cereus, 4.35% for Microbacterium laevaniformans, and 8.31% for
Sphingomonas sp.
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laevaniformans > Acinetobacter sp. These results showed that
Acinetobacter sp. and Microbacterium laevaniformans were
sensitive to chlorine, while Acidovorax deuvii, Sphingomonas
sp., and Bacillus cereus had a relatively strong resistance to
chlorine. In addition, the relatively positive correlation between
the inactivation rate and the HPC bacterial counts of single-
Fig. 6 Inactivation rate of single-species biofilm at different chlorine
concentrations. The average error bar percentages are 14.65% for
Acidovorax defluvii, 16.50% for Acinetobacter sp., 34.80% for Bacillus
cereus, 21.21% for Microbacterium laevaniformans, and 30.46% for
Sphingomonas sp.

This journal is © The Royal Society of Chemistry 2020
species biolms was observed at a chlorine concentration of
2 mg L�1 (r ¼ 0.52; P ¼ 0.044), while the inactivation rate was
not signicantly (p > 0.05) affected by the bacterial cell counts at
other chlorine concentrations.

Spore counts and proportions of Bacillus cereus

To better understand the mechanism of chlorine resistance, the
vegetative cell counts and spore counts of Bacillus cereus were
determined because the Bacillus cereus exhibited the strongest
chlorine resistance of all single-species biolms examined.
Based on the method described by Szabo et al.,34 the vegetative
cell counts and spore counts of Bacillus cereus before and aer
disinfection were determined, and the proportion of spores was
also analyzed (Fig. 7). The counts and the proportion of spores
did not signicantly increase (p > 0.05) at a low chlorine
concentration of 0.3 mg L�1, but the spore counts did signi-
cantly increase (p < 0.05) at a chlorine concentration of
0.6 mg L�1, and both the counts and the proportion of spores
signicantly increased at a chlorine concentration of 1 mg L�1

(p < 0.05). When the chlorine concentration increased to
2 mg L�1, the spore counts gradually decreased, while the
proportion of spores gradually increased. In fact, the spore
counts gradually decreased to 3.1 � 104 CFU cm�2, which was
signicantly (p < 0.05) higher than that before disinfection and
at a chlorine concentration of 0.3 mg L�1. The proportion of
spores was 105% (due to standard error) so the proportion of
spores was considered to be 100%. Bacillus cereus was sensitive
Fig. 7 Vegetative cell counts and spore counts of Bacillus cereus, and
proportion of spores before and after disinfection. The average error
bar percentages are 28.67% for vegetative cells, and 35.83% for spores.

RSC Adv., 2020, 10, 31295–31304 | 31301
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to a chlorine concentration of 0.6 mg L�1. This is likely because
the vegetative cells (which were sensitive to chlorine) were
mainly incubated in R2A broth before disinfection, and
changed to spores as the chlorine concentration increased. The
spores had strong chlorine resistance.

Discussion

All ve bacterial strains examined in this study had biolm
formation potential when incubated for 72 h (Fig. 1). The
specic respiratory activity of the ve species of biolms was
negatively correlated with the biolm biomass to some extent
(Fig. 1 and 2). The bacterial cells adhered to the material
surface, which led to the increased production of complex
extracellular polymeric substances (EPS), and the proportion of
biolm biomass associated with non-metabolically active
biomass also increased; as a result, the specic respiratory
activity of the biolms decreased.37,38 At 72 h of incubation,
Acinetobacter sp. showed strong biolm formation potential;
Bacillus cereus, Microbacterium laevaniformans, and Sphingomo-
nas sp. exhibited medium biolm formation potential; and
Acidovorax deuvii showed weak biolm formation potential.
Acinetobacter sp. has been found to co-aggregate with bacteria
commonly found in drinking water, and has been shown to be
responsible for promoting biolm formation.7,39 These results
corresponded to the bacterial counts in the biolm (Fig. 1 and
3). Microbacterium laevaniformans showed weak biolm forma-
tion potential when incubated for 24 h, but it showed no biolm
formation potential in the following 24 h. Previously,
researchers showed that the initially strong adsorption and
biolm formation potential of bacteria on pipes does not mean
that they will have strong biolm formation potential later; in
other words, a bacterium's initial performance cannot ulti-
mately determine the characteristics of the biolm it forms.37,40

The chlorine resistance of the single-species biolms as
determined using the CV method was similar to that deter-
mined using the HPC method. Bacillus cereus showed the
strongest chlorine resistance (except at a chlorine concentration
of 0.3 mg L�1). Previous researchers reported that the chlorine
resistance of G� bacteria is stronger than that of G+ bacteria,
even though the latter has a thick cell wall. However, the cell
wall of G+ bacteria has a simple composition (mainly containing
peptidoglycan and a certain amount of teichoic acid) without an
extracellular membrane, and contains multiple sites that are
sensitive to disinfectants. While the G� bacteria have a thinner
cell wall than that of G+ bacteria, the wall is relatively complex in
its composition, having an extracellular membrane as a special
feature containing phospholipid, lipopolysaccharide and
protein, which enables the bacteria to tolerate disinfectants.27,41

However, opposing results are available that show some G+

bacteria have stronger chlorine resistance than G� bacteria, and
this resistance is also associated with cell wall and membrane
construction. To achieve sterilization, the effective chlorine
concentration for G+ bacteria has been shown to be 0.3–
0.5 mg L�1, while that for G� bacteria is much lower
(z0.05 mg L�1).42 However, a similar tendency was not
observed in this study. Bacillus cereus (affiliated with G+
31302 | RSC Adv., 2020, 10, 31295–31304
bacteria) had the strongest chlorine resistance, and the Sphin-
gomonas sp. (affiliated with G� bacteria) also had strong chlo-
rine resistance. In view of the lack of consensus in previous
research, as well as the fact that both the G+ bacteria and G�

bacteria had strong chlorine resistance in this study, it must be
accepted that the chlorine resistance of some G� bacteria is
stronger than that of G+ bacteria. However, the main reason for
bacterial resistance to chlorine is complex. The chlorine resis-
tance of a bacterial biolm could be due mainly to some special
structures, such as glycocalyx included in the capsular and
mucous lm, spores and other features.

Sphingomonas sp. can secrete extracellular material (muco-
polysaccharide/glycocalyx),38 which can mix with proteins,
nucleic acids and extracellular adsorption materials to form
EPS.43 Microbial cells that have EPS consisting of glycocalyx as
the main component can be expected to be more easily adsor-
bed on the surface of materials, relatively secluded from the
interference of an unfavorable environment.7,43–45 Sun et al.19

and Zhang et al.20 found that Sphingomonas sp. can survive in an
extremely high concentration of chlorine, and some can be
sterilized only at a chlorine concentration of 4 mg L�1 and
contact time of 240 min with low inactivation rate (0.03-log).19

Bacteria associated with Bacillus will form spores in the later
period of their growth or in an unfavorable environment.46

Spores are the most resistant structure in the living world, and
are extremely prominent in imparting heat resistance, chemical
disinfectant resistance and radiation resistance.21,47,48 Thus,
Bacillus has strong chlorine resistance due to its large propor-
tion of spores.46,48 Spores can withstand the effects of disinfec-
tants owing principally to the cumulative effect of spores in
respect of their structure, chemistry and biochemistry.47,48

The spores of Bacillus were examined before and aer
disinfection in this study. The proportion of spores was only
0.02% before disinfection and the vegetative cell accounted for
the vast majority of Bacillus. Both the spore counts and
proportion of spores gradually increased with increasing chlo-
rine concentration until most of the vegetative cells were inac-
tivated by chlorine and many were transformed into spores. As
one vegetative cell could be transformed into only one spore,
the spores could not reproduce. Therefore, the inactivation rate
of vegetative cells of Bacillus greatly increased with increasing
chlorine concentration while at the same time the number of
vegetative cells transformed into spores decreased; therefore,
the spore counts initially increased and then decreased as the
chlorine concentration increased.

Based on the initial spore counts, the optimum chlorine
concentration for spore germination was between 0.6 mg L�1

and 1mg L�1, which is the range of chlorine concentration used
in most water treatment plants. Thus, the Bacillus was not
inactivated by chlorine; rather, the spore counts and proportion
of spores were increased by the chlorine. This nding highlights
a serious challenge for the control of Bacillus sp. in DWDSs.
Interestingly, although the Bacillus showed the strongest chlo-
rine resistance of the ve single-species biolms examined, it
had only medium biolm formation potential. On the other
hand, Acinetobacter sp. exhibited strong biolm formation
potential, but was very highly sensitive to chlorine. Thus, the
This journal is © The Royal Society of Chemistry 2020
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results from this study (Fig. 1 and 4 and Table 3) showed that
there was no positive correlation between biolm formation
potential and chlorine resistance of the ve biolms examined.
These results indicated that the chlorine resistance of a single-
species biolm was mainly associated with the intrinsic mech-
anism of chlorine resistance by individual bacterial cells and
showed little relation to the overall biolm biomass.

From the results of this study, the chlorine resistance of
single-species biolms can be summarized as one of three
types:

(a) The single-species biolm associated with spore-
formation exhibited the strong chlorine resistance. Spores can
protect the single-species biolm against a disinfectant and
subsequently transform into vegetative cells under suitable
environmental conditions.

(b) The single-species biolm associated with secretions of
EPS also showed strong chlorine resistance. EPS can shield
a single-species biolm from the interference of an unfavorable
environment.

(c) The single-species biolm that did not have special
structures (e.g., neither spores nor EPS) was oen sensitive to
disinfectant.

In summary, the special structures of single-species biolms
had a signicant inuence on the chlorine resistance of the
biolms; and single-species biolm that formed spores or
secreted EPS exhibited a stronger chlorine resistance. The
chlorine resistance of single-species biolm had little relation
with the biolm formation potential; biolm biomass was not
a major factor affecting chlorine resistance.
Conclusions

The ve tested strains isolated from the simulated DWDS had
different biolm formation potentials. Acinetobacter sp.
exhibited strong biolm formation potential; Bacillus cereus,
Microbacterium laevaniformans, and Sphingomonas sp. showed
medium biolm formation potential; and Acidovorax deuvii
had weak biolm formation potential. In contrast, the order of
chlorine resistance was Bacillus cereus > Sphingomonas sp. >
Microbacterium laevaniformans > Acidovorax deuvii > Acineto-
bacter sp. The chlorine resistance of single-species biolms has
little relation with biolm formation potential. The single-
species biolm with the strongest biolm formation potential
was highly sensitive to disinfectant. The single-species biolm
associated with spore formation exhibited the strongest chlo-
rine resistance. The ability of a single bacterial biolm to
change physiological state, such as by forming spores or
secreting EPS, can protect the biolm against a disinfectant and
reduce the biolm's sensitivity to the disinfectant.
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