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mmonia removal and cell growth
of the heterotrophic nitrifier, Acinetobacter sp.,
facilitated by exogenous N-acyl-homoserine
lactones

Xiujie Wang, a Weiqi Wang,a Yun Li,b Jing Zhang,a Yang Zhanga and Jun Li*a

In the present study, the heterotrophic nitrification–aerobic denitrification strain, Acinetobacter sp.

JQ1004, was treated with three typical N-acyl-homoserine lactone (AHL) molecules (C6-HSL, C8-HSL,

and 3-oxo-C10-HSL) during the nitrogen removal process. The effects of AHLs on biofilm formation,

flocculation, extracellular polymeric substance characteristics, and nitrogen removal were investigated.

Findings revealed that low concentrations of these three AHLs could promote ammonia removal and cell

growth as follows: C8-HSL > C6-HSL > 3-oxo-C10-HSL, whereas high concentrations suppressed

nitrogen removal. Transcript levels of the amoA gene in the heterotrophic nitrification process were

detected by real-time PCR, indicating that the addition of each AHL with 10 nmol L�1 could stimulate

expression of amoA. Notably, the addition of C6-HSL at relative lowly concentrations significantly

accelerated biofilm formation and self-aggregation of strain JQ1004. Many microbial-flocs were

observed between cells using scanning electron microscopy when strains were dosed with 10 nmol L�1

C6-HSL. Excitation emission matrix spectra revealed that the addition of C6-HSL and C8-HSL at 10 nmol

L�1 did not change the components and structures of the extracellular polymeric substance (EPS), but

the fluorescence intensity of various components increased substantially. However, the addition of 3-

oxo-C10-HSL reduced the fluorescence strength of EPS, which had no remarkable effect on biofilm

formation, self-aggregation, and nitrogen removal of the strain.
1 Introduction

Nitrogen in wastewater is oen removed by traditional biological
technologies, which require autotrophic nitriers and hetero-
trophic denitriers to operate separately in strict aerobic and
anaerobic reactors; sewage plant construction is correspondingly
expensive.1 Recently, increasing bacteria with heterotrophic
nitrication and aerobic denitrication capabilities were isolated
from nature, such as Janthinobacterium sp. M-11, Acinetobacter
harbinensis HITLi7, Diaphorobacter polyhydroxybutyrativorans SL-
205, Enterobacter cloacae CF-S27, Pseudomonas tolaasii Y-11, Aci-
netobacter junii YB,2–7 and others. These kinds of bacteria can
convert ammonium into nitrogenous gas using organic carbon
sources under aerobic conditions and transform nitrate/nitrite
into nitrogenous gas under aerobic/anaerobic conditions. The
discovery of these bacteria made it possible to achieve nitrica-
tion and denitrication in a single reactor, greatly reducing
sewage treatment plant construction costs.
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It has been widely reported that bacteria can release signal
molecules or autoinducers to regulate social behavior and
metabolism, such as biolm formation, extracellular poly-
meric substance (EPS) production, substrate degradation,
luminescence, and virulence factors.8–10 Gram-negative
bacteria coordinated bacterial behaviors have been found to
use acyl homoserine lactones (AHLs) as quorum-sensing
signals, whereas Gram-positive bacteria uses small molecule
peptides for regulation.11 Although heterotrophic nitrica-
tion–aerobic denitrication bacteria have been well-
characterized, mainly focusing on morphological features,
substrate removal, gene expression, enzyme determination,
and adaptability to extreme environments, the quorum-
sensing effect of heterotrophic nitriers on nitrogen degra-
dation, biolm formation, and occulation remains unknown.
We previously isolated a heterotrophic nitrication–aerobic
denitrication strain, Acinetobacter sp. JQ1004, from activated
sludge, which can convert ammonium/nitrate into nitroge-
nous gas under aerobic conditions.12 Acinetobacter is a typical
class of Gram-negative bacteria, regulating bacterial behaviors
and gene expression via quorum sensing using AHLs as
autoinducers. Kang et al.13 reported that the Acinetobacter sp.
strain DR1 could generate three acyl homoserine lactones (C6-
RSC Adv., 2018, 8, 30783–30793 | 30783
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HSL, C8-HSL, and C12-HSL) to regulate hexadecane degrada-
tion and biolm formation through quorum sensing. The
strain Acinetobacter junii BB1A, a novel metal-tolerant bacte-
rium, has been shown to produce AHL signal molecules to
control cell growth and biolm formation in the presence of
metal/metalloid ions.14 Acinetobacter baumannii strain M2 has
been proved to release distinct AHL signals using an Agro-
bacterium tumefaciens traG-lacZ biosensor. The N-(3-
hydroxydodecanoyl)-L-HSL (3-hydroxy-C12-HSL) was identi-
ed as a primary signal molecule in the quorum-sensing
system of strain M2.15 Moreover, the strain Acinetobacter sp.
TW appeared to modulate extracellular polymeric substance
and biolm formation by releasing N-3-oxo-hexanoyl-
homoserine lactone (3-oxo-C6-HSL) and N-hexanoyl-
homoserine lactone (C6-HSL).16 Besides, the common auto-
trophic nitrier, Nitrosomonas europaea, was reported
producing AHL molecules, including 3-oxo-C6-HSL, C6-HSL,
C8-HSL and C10-HSL, in wastewater treatment systems.9 In
other studies, C12-HSL, C8-HSL, and C6-HSL were detected in
the supernatant of anammox cultures.17

Thus far, however, the effects of exogenous signal mole-
cules on heterotrophic nitrication have not been investigated
in heterotrophic nitriers. In order to explore the role of AHLs
in interspecic and intraspecic communication between
microorganisms, we conduct a series of batch experiments to
investigate Acinetobacter sp. JQ1004 responses to some
common AHL molecules secreted by Acinetobacter strain and
other functional bacteria, including N-hexanoyl-homoserine
lactone (C6-HSL), N-octanoyl-L-homoserine lactone (C8-HSL),
N-(3-oxodecanoyl)-L-homoserine lactone (3-oxo-C10-HSL),
under aerobic conditions in terms of nitrication efficiency,
occulating ability, biolm formation, and EPS characteris-
tics. Results revealed that C6-HSL and C8-HSL affected the
nitrication process and biolm formation signicantly,
whereas 3-oxo-C10-HSL did not inuence biolm formation
and cell self-aggregation in the strain JQ1004.

2 Materials and methods
2.1 Microorganism and medium

Acinetobacter sp. JQ1004 (Genbank no. MF033517.1), which can
effectively carry out heterotrophic nitrication and aerobic
denitrication, was isolated from a pilot reactor12 and preserved
in China General Microbiological Culture Collection Center for
type strain collection (CGMCC no. 15414). The strain was
a Gram-negative bacterium with a short rod shape.

Nitrication medium (per liter, NM): 0.47 g (NH4)2SO4,
4.219 g (CH2COONa)2$6H2O, 50 mL of trace elements solution.
The trace elements solution (per liter): 6.55 g K2HPO4$3H2O,
2.5 g MgSO4$7H2O, 2.5 g NaCl, 0.038 g MnSO4$H2O, 0.05 g
FeSO4$7H2O. The denitrication medium (per liter, DM): 0.72 g
KNO3, 4.219 g of sodium succinate, 7.9 g Na2HPO4$7H2O, 1.5 g
KH2PO4, 0.1 g MgSO4$7H2O, and 2 mL trace elements solution.
The trace elements solution contained (per liter) 50.0 g Na2-
EDTA, 2.2 g ZnSO4$7H2O, 5.5 g CaCl2, 5.06 g MnCl2$4H2O, 5.0 g
FeSO4, 1.57 g CuSO4$5H2O, and 1.60 g CoCl2$6H2O.7 All
chemicals were of AR grade.
30784 | RSC Adv., 2018, 8, 30783–30793
2.2 Effects of different AHLs on nitrogen removal process
and cell growth of the strain

Strains were collected via centrifugation (8000 g, 10 min, 4 �C)
aer 12 h cultivation under the following conditions: 30 �C, pH
7.2, and 160 rpm in NM. The cells were suspended in phos-
phate buffer (pH 7.4) three times to obtain homogeneous
bacterial suspension as inoculum. To investigate the effects of
AHLs on the nitrogen removal ability and cell biomass of the
strain, 2 mL of homogeneous bacterial suspension with an
OD600 of approximately 0.5 and a concentration of 100 mg L�1

of NH4
+–N or NO3

�–N for the nitrication or denitrication
process was added into a 250 mL Erlenmeyer ask and then
incubated under aerobic conditions of 160 rpm and 30 �C for
48 h. Each AHL (C6-HSL, C8-HSL, and 3-oxo-C10-HSL) was
separately dosed into respective asks at varying concentra-
tions (10, 30, and 50 nmol L�1). Each experimental group was
performed in triplicate, and the same volume of methanol was
added to the control group. Samples were taken periodically to
determine the optical density at 600 nm (OD600) and concen-
trations of either NH4

+–N or NO3
�–N. The nitrogen removal

rate was calculated using the equation N (%) ¼ [Ni � Nf]/Ni �
100. The specic growth rate (m, h�1) of the strain was esti-

mated by
�
dX
dt

�
¼ mX � KdX ; 18 where X is the cell concentra-

tion (mg L�1), and Kd is the endogenous attenuation
coefficient (h�1). As Kd can be disregarded during the loga-
rithmic growth period, the equation was changed to

m ¼ 1
X

dX
dt

¼ d ln X
dt

¼ ln X � ln X0

t� t0
: C6-HSL, C8-HSL, and 3-

oxo-C10-HSL were purchased from Sigma-Aldrich (China) and
stored at �20 �C.
2.3 Effects of different AHLs on occulability and
hydrophobicity of the strain

To evaluate the effects of different AHLs on occulability and
hydrophobicity of the strain, 2 mL bacterial suspension with an
OD600 value of 0.5 was inoculated into 100 mL of NM. Three
AHLs (C8-HSL, C6-HSL, and 3-oxo-C10-HSL) were dosed sepa-
rately into different asks at concentrations of 10, 30, and 50
nmol L�1, respectively. The mixed cultures were incubated at
30 �C and 160 rpm for 24 h. Each experimental group was
treated in triplicate, with the same volume of methanol added
to the control group. The DLVO approach, named aer Derja-
guin, Landau, Verwey, and Overbeek, was used to determine the
occulability of the strain as described by Liu et al.19 Acineto-
bacter sp. JQ1004 was harvested via centrifugation at 12 000 rpm
and 4 �C for 10 min and washed twice with phosphate buffer.
The strain was subsequently re-suspended in the phosphate
buffer at various concentrations; the initial optical density of
the bacterial suspensions was measured at 650 nm (A0). Then,
the nal optical density of the PBS suspensions was measured
again at 650 nm (At) aer centrifugation by 1000 rpm for 2 min.
The occulability was calculated by the following equation: F%
¼ (1 � At/A0) � 100. The surface hydrophobicity of the strain
was determined by measuring bacterial adhesion to hexadecane
as previously reported by Padhi et al.20
This journal is © The Royal Society of Chemistry 2018
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2.4 Biolm formation assay

The culture treated with different AHLs at concentrations of 10,
30, and 50 nmol L�1 for 24 h were inoculated individually into
different test tubes containing 2 mL of NM. The tubes were
cultured at 30 �C for 12 h to promote biolm formation. Each
experimental group was treated in triplicate, and the same
volume of methanol was added to the control group. Biolm
formation was measured by a modied crystal violet staining
assay as described by Wang et al.8
2.5 EPS characterization of Acinetobacter sp. in response to
AHLs

10 mL of the aforementioned strain treated separately with
different AHLs was extracted for EPS analysis using a modied
heat extraction method in the previous study.8 The pellet har-
vested by centrifugation (10 000 g, 10 min, 4 �C) was washed
twice and re-suspended by PBS. Subsequently, the bacterial
suspension, aer being heated at 80 �C for 45 min, was
centrifuged at 12 000 g and 4 �C for 20 min to removal solid
residues. Finally, a supernatant ltered with a 0.22 mm acetate
lter was applied to analyze EPS components and characteris-
tics. Extracellular polysaccharides (PS) of EPS were quantied
via phenol–sulfuric acid assay,21 and the extracellular protein
(PN) content was determined using the modied Bradford
protein assay kit (Sangon Biotech, China).

Excitation emission matrix (EEM) spectra were used to
further study EPS components and characteristics. A uores-
cence spectrometer (F-7000; Hitachi, Japan) was set at the
excitation (Ex) wavelength at 200–400 nm and emissions wave-
length of 240–600 nm in 2 nm increments and a scanning speed
of 1200 nm min�1. Fluorescence data were processed using
Panorama Fluorescence 3.1 soware.
2.6 Amplication of gene amoA and expression level analysis
by real-time PCR

The total genomic DNA was obtained from bacterial suspension
using a DNA extraction kit. The 16S rDNA gene was amplied by
the polymerase chain reaction (PCR) using universal primers
27F/1492R as shown in Table 2. The sequence analysis and
homology comparison were carried out using an online
program, BLAST, from the National Center for Biotechnology
Information (http://www.ncbi.nlm.-nih.gov/blast/Blast.cgi). The
amoA gene in strain JQ1004, an important functional gene of
heterotrophic nitrication, was amplied and analyzed using
gene cloning technology. All amoA gene published in Genbank
databases were applied to design the primers. This dataset
included DNA and protein sequences from Acinetobacter schin-
dleri, Acinetobacter pittii, Acinetobacter towneri, and Acinetobacter
gyllenbergii. Conserved regions were searched by the program
MEGA 7.0. Subsequently, conserved domains were used as the
target to design degenerate primers. The primers amoA-1F/
amoA-2R were used for the PCR reaction. The PCR reaction
mixture (20 mL) consisted of 12 mL Taqmix, 1 mL primer F (10
mM), 1 mL primer R (10 mM), 1 mL cDNA, and ddH2O added to 20
mL. Reaction conditions for PCR amplication were as follows:
This journal is © The Royal Society of Chemistry 2018
2min of denaturation at 95 �C; 36 cycles of 30 s at 95 �C followed
by 30 s at 55 �C and 30 s at 72 �C; extension for 8 min at 72 �C;
and holding at 20 �C.

To investigate the expression levels of amoA gene in strain
JQ1004 dosed with different AHLs, the total mRNA was extrac-
ted from bacterial suspensions using the Trizol method.22 The
strain was treated with different AHLs at 10 nmol L�1 and
cultivated for 12 h (in log phase). Next, the strain was obtained
by centrifugation (8000 rpm, 4 �C) and washed out before being
re-suspended by PBS to obtain the bacterial suspension. Reverse
transcription was carried out to acquire cDNA using the kit
according to manufacturer's instructions. Different transcript
levels of amoA gene in strain JQ1004 treated with various AHLs
were measured by real-time PCR using the SYBR Green master
mixture (Roche, Switzerland). Relative expression levels of amoA
gene in the control group (without added AHLs) and experi-
mental groups (with various AHLs added) were compared and
analyzed using 16S rRNA as reference gene. Primers for amoA
and the 16S rRNA gene used in RT-PCR are listed in Table 2. The
reaction conditions for PCR included 3 min of denaturation at
95 �C; 45 cycles for 5 s at 95 �C followed by 10 s at 55 �C, 15 s at
72 �C, 1 min at 95 �C, 30 s at 55 �C, and 30 s at 95 �C. Finally, the
relative transcript levels of the amoA gene in the control group
and experimental groups were analyzed using the comparative
threshold cycle method (2�DDCT method).23 All experiments were
carried out with three replicates under the same experimental
conditions.
2.7 Analytical methods and statistical analysis

The concentrations of NH4
+–N and NO3

�–N were analyzed in
accordance with standard methods.24 The morphological char-
acteristics of the strain were observed using scanning electron
microscopy (SEM; Hitachi S-4300). Temperature and pH were
determined using a WTW/Multi 3420 multiparameter device.
The cell density of the strains was measured using a spectro-
photometer at a 600 nm wavelength. Figures and dynamic
model tting in this study were constructed using Excel 2016
and OriginPro 8.0 soware. All data were expressed as the mean
� standard deviation. One-way ANOVA was carried out in SPSS
soware for statistical analysis. Signicant differences were
assessed using a post hoc least signicant difference test.
Differences between samples were considered signicant at p <
0.05.
3 Results and discussion
3.1 Effect of different AHLs on nitrogen removal process and
cell growth of the strain

Signicant differences in nitrogen removal and cell growth of
the isolate were observed in all experimental groups. As shown
in Fig. 1 and 2, the addition of signal molecules C6-HSL, C8-
HSL, and 3-oxo-C10-HSL each facilitated ammonia removal,
indicating that these three short-chain AHLs played a positive
role in inducing nitrication behavior by strain JQ1004.
Apparently, 100 mg L�1 ammonia was completely degraded
aer 24 h cultivation of Acinetobacter sp. JQ1004 grown in the 10
RSC Adv., 2018, 8, 30783–30793 | 30785
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Fig. 1 Effects of short chain AHLs on nitrogen removal and cell growth by strain JQ1004.

Fig. 2 Growth curves of strain JQ1004 treated with different AHLs using ammonia as nitrogen source.
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nmol L�1 C8-HSL treated condition. In the C8-HSL treated
groups, however, the ammonia removal rate of each group
varied signicantly (p < 0.05). Compared with the control, the
ammonia removal rate in the C8-HSL treated group increased
by approximately 19.46% and 11.79% aer dosing the signal
molecule at lower concentrations (10 nmol L�1 and 30 nmol
L�1), whereas a 22.95% reduction occurred aer adding 50
nmol L�1. These results suggest that ammonia removal was
promoted by low AHLs concentration and suppressed by high
concentrations of the signal molecule. Similar to the C8-HSL
treated group, the ammonia removal efficiencies of C6-HSL
treated groups exhibited signicant differences compared
with the control (p < 0.05). Aer different concentrations of C6-
HSL were added, the removal efficiency of ammonia was 18.29%
and 17.25%, higher than that of the control group, at concen-
trations of 10 nmol L�1 and 30 nmol L�1, respectively, whereas
the removal efficiency was 12.56% less than that of the control
at 50 nmol L�1. Furthermore, the average ammonia degradation
rates of dosed 3-oxo-C10-HSL at 10, 30, and 50 nmol L�1 were
88.83%, 82.88%, and 74.09%, respectively. Increases of 8.29%
and 2.34% occurred at 3-oxo-C10-HSL concentrations of 10
nmol L�1 and 30 nmol L�1, respectively. These ndings indicate
that the nitrication process in strain JQ1004 was closely related
to the chemical structure of exogenous AHLs, of which the N-
side chain length increased and its role in accelerating
ammonia degradation declined. AHLs without a b-position
substituent group exerted a greater impact on improved
ammonia removal compared to AHLs of the same side chain
length but with a carbonyl as the substituent group.9 These
trends suggest that quorum-sensing systems play ecologically
important roles in the heterotrophic nitrication of
heterotrophic-nitrifying bacteria.

The expression of many enzymes involved in heterotrophic
nitrication was induced by more than one kind of signal
molecule. The growth curves of strain JQ1004, using ammonia
as nitrogen source and treated with different AHLs, are dis-
played in Fig. 2. The addition of C8-HSL at concentrations of 10
nmol L�1 and 30 nmol L�1 caused the lag time of the strain to
fall substantially. In the absence of C8-HSL, the lag phase was
approximately 4 h, whereas the addition of this signal molecule
reduced the lag phase to around 2 h. Similar to C8-HSL, the
addition of C6-HSL made the strain in the experimental group
enter the logarithmic growth phase earlier than the control
group. The addition of oxo-C10-HSL at concentrations of 10 and
30 nmol L�1 also shortened the lag period of bacteria to
a certain degree. The impact of exogenous N-(3-oxohexanoyl)-
homoserine lactone (3-oxo-C6-HSL) on the lag phase prior to
the regrowth of starved biolm formed by Nitrosomonas euro-
paea was investigated in 1997. In that study, the simultaneous
addition of ammonium and 3-oxo-C6-HSL to ammonium-free
medium markedly shortened the lag time of low-density N.
europaea cell suspensions.25 Further, a signicant improvement
appeared in the cell growth (OD600) of strain JQ1004 using
ammonia as nitrogen source in response to the addition of
these three AHLs to the culture media. The maximum specic
growth rate of groups dosed with 10 and 30 nmol L�1 of C8-HSL
were 0.794 h�1 and 0.652 h�1, respectively; that of the 10 and 30
This journal is © The Royal Society of Chemistry 2018
nmol L�1 C6-HSL treated groups were 0.737 h�1 and 0.620 h�1;
all higher than that of the control (0.391 h�1). Quorum-sensing
appeared to function as a cell density-dependent regulatory
mechanism in regulating the expression of certain genes and
coordinating bacterial behaviors. Bacteria could monitor pop-
ulation densities by secreting and sensing chemical signal
molecules.26 The expression of specic genes was activated only
when quorum-sensing signal molecules accumulated and
reached a specic threshold secreted by a sufficiently high
population density.27 As a result, the addition of exogenous
AHLs caused the signal-molecule concentration in the envi-
ronment to reach a threshold earlier than usual and triggered
the expression of specic genes in the heterotrophic process. To
respond to the signal molecules, bacteria accelerated growth
and metabolism to regulate the population density and bacte-
rial behaviors; therefore, the growth rate and ammonia removal
rate of experimental groups dosed with signal molecules were
faster than those of the control group.

No signicant difference (p > 0.05) was identied in the
nitrate removal rate and cell growth using nitrate as nitrogen
source between each experimental group dosed with varying
concentrations of signal molecules and the control group,
implying that these three AHLs might not be implicated in
inducing the denitrication ability of the strain. The nitrate
consumption rate was notably suppressed in the C6-HSL
treated group at a concentration of 50 nmol L�1 under
aerobic conditions; the rate declined from 53.10% (control
group) to 49.99%. The same phenomenon was observed in
a study on the effect of exogenous short-chain N-acyl homo-
serine lactone on the denitrication process of Paracoccus
denitricans. Cheng et al.10 discovered that 2 mmol L�1 of C6-
HSL had little effect on cell density, although the rate of
nitrate consumption was suppressed due to the addition of
AHL under anaerobic conditions. Toyofuku et al.28 found that
the addition of C4-HSL to QS mutants in Pseudomonas aeru-
ginosa also suppressed denitrication activity. We could thus
rule out that quorom-sensing systems played a negative role in
aerobic denitrication for heterotrophic nitrication–aerobic
denitrication bacteria; however, the regulating mechanism
controlled by QS systems with the addition of AHLs requires
further study.
3.2 Biolm information and EPS characterization in
response to exogenous AHLs

Bacteria in most biological wastewater treatments usually take
the form of microbial aggregating groups such as sludge ocs,
biolms, and granules. EPS, a main component in biolms,
reportedly varies in proportions from 50% to 80% (w/w) of total
biolm weight.29–31 Some studies have found AHL-mediated QS
systems to play important roles in biolm development, namely
by mediating biolm activities through the regulation of EPS
production in some species.32,33 To elucidate the impact of
exogenous AHLs on biolm activities and EPS production by
strain JQ1004, we used three typical autoinducers (C6-HSL, C8-
HSL, and 3-oxo-C10-HSL) at respective concentrations of 10, 30,
and 50 mg L�1 to treat the strain. As shown in Fig. 3 and 4,
RSC Adv., 2018, 8, 30783–30793 | 30787
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Fig. 3 Effect of different AHLs on biofilm formation.
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a promising increase in biolm content and EPS secretion was
observed upon dosing with C6-HSL and C8-HSL, revealing
a direct effect of these two autoinducers on EPS secretion and
consequent biolm formation. In particular, 10 nmol L�1 of C6-
HSL and C8-HSL elicited a signicant increase in biolm
content (p < 0.05), whereas 30–50 nmol L�1 of these auto-
inducers promoted biolm formation to varying degrees.
However, no differences were found in biolm formation of the
strain in response to treatment with 10 nmol L�1 and 50 nmol
L�1 of 3-oxo-C10-HSL compared with the control group (p >
0.05), although the addition of 30 nmol L�1 of 3-oxo-C10-HSL
greatly enhanced biolm content (p < 0.05).

Wang et al.16 reported that N-3-oxo-hexanoyl-homoserine
lactone (3-oxo-C6-HSL) and N-hexanoyl-homoserine lactone
(C6-HSL) mainly modulated EPS production and biolm
formation in the strain Acinetobacter sp. TW through quorum
sensing. Accordingly, trends in the release of EPS by strain
JQ1004 aer being treated with various signal molecules were
similar to the biolm content. EPS was characterized and
quantied based on polysaccharide and protein contents, and
the effect of exogenous C6-HSL on EPS composition was
signicant (p > 0.05). Protein content in EPS by strain JQ1004
dosed C6-HSL at concentrations of 10, 30, and 50 nmol L�1

reached 71.89, 59.89, and 52.13 mg mg�1 DCW, respectively,
substantial increases compared to that at 45.21 mg mg�1 DCW
30788 | RSC Adv., 2018, 8, 30783–30793
of the control group. However, polysaccharide contents were
28.78, 25.76, and 17.47 mg mg�1 DCW at these concentration
levels, respectively, revealing fewer polysaccharides in EPS
compared with 30.07 mg mg�1 DCW in the control group.
Similar trends in changes in the content of proteins and poly-
saccharides in EPS by strain JQ1004 aer being treated with C8-
HSL at varying concentrations was observed. These ndings
suggest that C6-HSL and C8-HSL were positively related to
protein production in microorganisms by quorum sensing.
Protein, as a major constituent substance of EPS, has been re-
ported to promote biolm formation and maintain the struc-
tural stability of granules.9 Moreover, the strain could increase
cell-surface hydrophobicity, which favored cell aggregation, by
using extracellular proteins in aerobic starvation.34 Considering
the role of proteins in sludge granulation and biolm forma-
tion, the high protein content in EPS might be more benecial
to achieving colonization in bioaugmentation for strains in
biolms or granular sludge. Therefore, the autoinducers of C6-
HSL and C8-HSL might enhance biolm formation by
promoting the production of more extracellular proteins from
strain JQ1004. Although the addition of C6-HSL and C8-HSL
decreased the polysaccharide contents, EPS increased signi-
cantly (p < 0.05) when dosed with these two AHLs at a concen-
tration of 10 nmol L�1. Previous studies have found that
a substantial increase regulated by the quorum-sensing system
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra05545a


Fig. 4 The EPS content of the strain JQ1004 in response to different AHLs with concentrations of 10, 30, 50 nmol L�1.
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in EPS production and biolm activity was observed upon
adding AHLs to SBBR with mature biolm,35 bacterial culture
for Pseudomonas sp. HF-1,8 and nitrifying sludge.9 The addition
of functional strains, gene, or bacterial consortium into indig-
enous microbial population to facilitate removal of pollutants is
termed bioaugmentation, which requires the strain to have
persistent survival rates during colonization. Biolm formation
caused the added strain to exhibit stronger resistance to
indigenous microorganisms and toxic substrates, thereby
promoting successful bioaugmentation. Thus, adding appro-
priate signal molecules in the bacterial colonization stage could
stimulate the release of EPS and hence promote biolm
formation to encourage bioaugmentation.

The components and structures of EPSs were further
analyzed using EEM uorescence spectra. As described in Fig. 5
and Table 1, the EEM spectra revealed two main components in
the EPSs of strain JQ1004 treated with or without AHLs.
Component 1 had uorescence excitation peaks at 275 nm and
emission at 328 nm for the control group versus 326 nm for the
C6-HSL treatment group, 324 nm for the C8-HSL treatment
group, and 330 nm for the 3-oxo-C10-HSL treatment group,
respectively, all indicative of tryptophan protein-like
substances.36 The uorescence excitation peaks belonging to
Component 2 occurred around 225 nm, with emission at
324 nm for the control group and C6-HSL treatment group
compared to 326 nm for the C8-HSL and 3-oxo-C10-HSL
This journal is © The Royal Society of Chemistry 2018
treatment groups, indicative of aromatic protein-like
substances.36 These ndings highlight that the addition of
AHLs had no signicant effect on the EPS components and
structures released by the heterotrophic nitrier, Acinetobacter
sp. JQ1004. However, a remarkable change was observed in the
uorescence intensity of various EPS components; as shown in
Table 1, the addition of C6-HSL caused the uorescence
intensity of Peaks A and B to increase from 966.34 and 1907.89
(control group) to 1444.38 and 2813.01 a.u., respectively. In the
C8-HSL treated group, Peaks A and B increased to 1152.73 and
2247.89 a.u. These results imply that the signal molecules of C6-
HSL and C8-HSL promoted cellular metabolite production,
demonstrating that these signal molecules also stimulated cell
growth and metabolism. Conversely, the signal molecules of 3-
oxo-C10-HSL decreased the uorescence intensity of Peaks A
and B to 533.29 and 1009.01 a.u., respectively, indicating that
the addition of this signal molecule might suppress strain
JQ1004 growth and metabolism. No humic acid-like and fulvic
acid-like substances were found, considered non-biodegradable
organics found in cultures of heterotrophic nitriers.
3.3 Effects of different AHLs on occulability and
hydrophobicity of the strain

Relative hydrophobicity (RH) is an important characteristic that
regulates microbial adhesion and affects cell aggregation in the
water environment and thus inuences the formation of cell
RSC Adv., 2018, 8, 30783–30793 | 30789
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Fig. 5 EEM distribution of Acinetobacter sp. EPS in the presence of different AHLs with concentration of 10 nmol L�1.
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ocs and biolm. Some studies have demonstrated that the
hydrophobic–hydrophilic structure of interacting surfaces
between cells has a direct effect on microbial adhesion,
a fundamental step for biolm formation.37 Malik et al.38 re-
ported that the cell-aggregation ability exhibited by some
organisms played an important role in bacteria host coloniza-
tion, biolm development, and occulation of activated sludge.
Therefore, the effects of different AHLs on cell aggregation and
hydrophobicity by the strain JQ1004 were investigated in our
study. Fig. 6 shows that 10 nmol L�1 of C6-HSL and C8-HSL
added into the culture media led to a substantial increase in
cell self-aggregation and hydrophobicity of the strain JQ1004
Table 1 The fluorescence spectra parameters of EPS in the samples tre

Samples Peaks Ex/Em (nm)
Fluorescence
intensity Che

Control group A 275/328 966.34 Tryp
B 225/324 1907.89 Arom

C6-HSL treated group A 275/326 1444.38 Tryp
B 225/324 2813.01 Arom

C8-HSL treated group A 275/324 1152.73 Tryp
B 225/326 2247.89 Arom

3-oxo-C10-HSL treated group A 275/330 533.29 Tryp
B 225/326 1009.01 Arom

a The experimental groups were all treated with 10 nmol L�1 AHLs and cu

30790 | RSC Adv., 2018, 8, 30783–30793
(p < 0.05). However, 30–50 nmol L�1 of C6-HSL and C8-HSL did
not stimulate occulability or hydrophobicity of the isolate,
implying that these features were likely not dependent on the
signal-molecule concentration in this study. Notably, the addi-
tion of C6-HSL at 10 nmol L�1 increased bacteria occulation
from 3.50% (control group) to 11.44%, and bacteria hydro-
phobicity increased from 58.65% to 78.18%. These ndings
indicate that C6-HSL played an important role in quorum
sensing to stimulate self-aggregation of Acinetobacter sp. in
response to environmental pressure. In Fig. 7, microscopic
observation revealed that Acinetobacter sp., treated with 10 nmol
L�1 of C6-HSL aggregated to produce many microbial-ocs,
ated with different AHLsa

mical components PN (mg mg�1 DCW) PS (mg mg�1 DCW)

tophan PN-like substances 45.21 30.07
atic PN-like substances
tophan PN-like substances 71.89 28.78
atic PN-like substances
tophan PN-like substances 63.34 27.19
atic PN-like substances
tophan PN-like substances 33.11 16.22
atic PN-like substances

ltivated for 24 h.

This journal is © The Royal Society of Chemistry 2018
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Table 2 The PCR primers used in the present study

Gene name Forward primer Reverse primer Product size (bp) Reaction temperature (�C)

16S rDNA 27F 1492R 1450 55
AGAGTTTGATCCTGGCTCAG TACGGTTACCTTGTTACGACTT

amoA amoA-1F amoA-2R 606 55
AAGGATTGGCCATTGCTCTG GTGGACCTAAAATCCAAGCATT

16S rDNAa GCTAGGTAGCAACCCTTTGTAC CAGCTCGTGTCGTGAGATGT 203 55
amoAa AAGTCGTTGCTGCCCATAG TACCCACAAACAGAGCCAGAC 168 55

a Primers were used in real-time PCR.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 7
/2

7/
20

25
 6

:2
6:

40
 P

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
related to EPS substances, between cells. Treatment with 10
nmol L�1 of C8-HSL led to a 4.19% increase in cell aggregation
and a 16.53% increase in strain hydrophobicity. Relatively high
hydrophobicity has been shown to promote inter-cell aggrega-
tion.39 No remarkable differences in cell aggregation were noted
in strain JQ1004 following treatment with 10–50 nmol L�1 of 3-
oxo-C10-HSL (p > 0.05), suggesting that this signal molecule did
not participate in cell aggregation of strain JQ1004. EPS, origi-
nating from microbial release or cell lyses and surrounding the
bacterial aggregates, is directly responsible for cell-surface
hydrophobicity; the amino acid compositions and secondary
structures of proteins in EPS signicantly inuence cell hydro-
phobicity and further affect high aggregation activity, whereas
polysaccharides have demonstrated no appreciable inu-
ence.40,41 The results in Section 3.2 indicated an increase in
proteins, including tryptophan protein-like and aromatic
protein-like substances, which might promote increased cell
hydrophobicity and a further increase in aggregation activity.
Fig. 6 The flocculability and hydrophobicity of strain JQ1004 in respon

This journal is © The Royal Society of Chemistry 2018
3.4 amoA gene amplication and transcription-level analysis

Quorum sensing could activate specic gene expression and
further regulate microbial behaviors through the release of
diffusible chemical signals when the population reaches
a critical threshold. The expression of genes involved in the
nitrogen cycle inuenced by AHL signal molecules has been
reported in previous studies. Cheng et al.10 found exogenous
2 mmol L�1 of C6-HSL to exert little inuence on cell density
and nitrate reduction activity in strain Paracoccus deni-
tricans; however, C6-HSL markedly affected the transcrip-
tion of nitrite reductase and nitric oxide reductase genes, and
exogenous C6-HSL could promote the release of N2O under
anaerobic conditions. Toyofuku et al.28 also discovered that
the expression of specic genes involved in the denitrifying
process in Pseudomonas aeruginosa PAO1 was regulated by
exogenous C4-HSL and 3-oxo-C12-HSL under aerobic and
anaerobic conditions. The AMO enzyme has three subunits
(AmoA, AmoB, and AmoC) and was the key enzyme involved
se to different AHLs.

RSC Adv., 2018, 8, 30783–30793 | 30791
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Fig. 7 The characteristics of strain JQ1004 observed under scanning electron microscopy (�20 000): (a) without any AHLs; (b) treated with 10
nmol L�1 C6-HSL.
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in ammonia oxidation with an active site in AmoA.23 The
amoA gene, encoding putative AmoA, was amplied from the
strain JQ1004 in this study. The PCR product size of amoA
(606 bp) and 16S rDNA (1450 bp) genes was detected by 1.8%
agarose gel electrophoresis. The transcriptional expression
levels of the control group and experimental groups were
analyzed and compared to further investigate the effect of
various AHLs on the heterotrophic nitrication process by
strain JQ1004. The standard deviation was measured from
three sets of parallel experiments. The mRNA transcript
levels of the amoA gene, which were normalized to those of
16S rRNA, are displayed in Fig. 8. Results show 0.96-fold in
the mRNA transcript levels of amoA observed in the control
group, indicating rapid production of ammonia mono-
oxygenase in the log phase of the strain JQ1004. The amoA
gene expression level increased substantially to 1.43-fold
when strains were treated with C8-HSL for 12 h. Moreover,
the transcript levels of amoA gene in the C6-HSL and 3-oxo-
C10-HSL treated group were 1.19-fold and 1.07-fold, respec-
tively. Findings from Section 3.1 suggest that the addition of
Fig. 8 Different expression levels of amoA gene in the presence of
different AHLs with the concentration of 10 nmol L�1. Data are mean
values for three independent experiments.

30792 | RSC Adv., 2018, 8, 30783–30793
these three typical signal molecules (C6-HSL, C8-HSL, and
3-oxo-C10-HSL) could facilitate ammonia degradation and
cell growth in the heterotrophic nitrication process. The
promotion of the amoA gene by exogenous AHL was in
accordance with a previous result from Section 3.1, which
showed heterotrophic nitrication activity to be facilitated by
exogenous C6-HSL, C8-HSL, and 3-oxo-C10-HSL. From these
ndings, it can be presumed that the quorum-sensing system
plays an ecologically important role in the regulation of the
heterotrophic nitrication process by activating the tran-
scription of amoA gene. AHLs released by microbial pop-
ulation appeared to potentially regulate intraspecic and
interspecic behaviors in different bacteria to balance
nitrogen cycling in nature. The addition of synthetic exoge-
nous signal molecules could articially control the physio-
logical behavior of through bacterial population via the
quorum-sensing system, which may offer an effective and
promising method for regulating biological water treatment
processes in the future.
4 Conclusions

Three exogenous molecules (C6-HSL, C8-HSL, and 3-oxo-C10-
HSL) could improve the nitrication efficiency, cell growth
rate, and expression level of amoA gene of a heterotrophic
nitrier, strain JQ1004, although these three AHLs were not
involved in the induction of the denitrication process. The two
signal molecules (C6-HSL and C8-HSL) could stimulate oc-
culability, hydrophobicity, and biolm activity at lower
concentrations (10 nmol L�1), whereas adding higher concen-
trations of AHLs might repress these abilities in strain JQ1004.
Notably, C6-HSL played an important role in quorum sensing to
stimulate self-aggregation of Acinetobacter sp. in response to
environmental pressure. C6-HSL, C8-HSL, and 3-oxo-C10-HSL
could promote the expression of amoA gene with relative
mRNA levels of amoA at 1.19-fold, 1.43-fold, and 1.07-fold,
respectively, all higher than 0.96-fold in the control group. As
seen from EEM spectrum analysis, the release of EPS was also
stimulated in strain JQ1004 by treatment of C6-HSL and C8-
HSL, whereas exogenous 3-oxo-C10-HSL weakened EPS
This journal is © The Royal Society of Chemistry 2018
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production. One important nding of this study revealed that
cell-to-cell communication between bacteria during the
heterotrophic nitrication process was driven by AHL mole-
cules. These ndings also provide a method to control the
nitrication process by strain JQ1004 in wastewater treatment
systems.
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