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In bioaugmented wastewater treatment systems, it is essential for recalcitrant pollutant-
degrading bacteria to form biofilms. Inducing biofilm formation in these bacteria, however,
is challenging as it involves multiple inter-related regulating pathways and environmental
factors. Herein, we report the remarkable promoting effect of Ca2+ on biofilm formation of
two novel pyridine-degrading bacteria with poor innate biofilm-forming capabilities,
Pseudomonas sp. ZX01 and Arthrobacter sp. ZX07. The roles of Ca2+ in different
biofilm development stages were investigated. Our data showed strong influences of
Ca2+ on the initial attachment of the two strains onto positively charged glass surfaces by
altering cell surface charge as well as the cation bridging effect. Contrary to many other
biofilm promoting mechanisms, Ca2+ downregulated the extracellular polymeric
substances (EPS) production per cell in both Pseudomonas sp. ZX01 and
Arthrobacter sp. ZX07, while increasing biofilm biomass. This is attributed to the
strong cationic bridging between Ca2+ and EPS which can elevate the efficiency of the
extracellular products in binding bacterial cells. Furthermore, Ca2+ increased the protein-
to-polysaccharide (PN/PS) ratio in biofilm EPS of both strains, which favored cell
aggregation, and biofilm establishment by increasing the hydrophobicity of cell
surfaces. More intriguingly, the intracellular c-di-GMP, which can drive the switch of
bacterial lifestyle from planktonic state to biofilm state, was also elevated markedly by
exogenous Ca2+. Taken together, these results would be of guidance for applying the two
strains into bioaugmented biofilm reactors where Ca2+ supplement strategy can be
employed to facilitate their biofilm formation on the surfaces of engineering carriers.

Keywords: biofilm formation, calcium cation, cell-to-surface attachment, cationic bridging, extracellular polymeric
substances (EPS), c-di-GMP

INTRODUCTION

Nitrogenous heterocyclic compounds (NHCs) such as pyridine and quinoline are toxic organic
pollutants commonly found in wastewater from coal coking, gasification, and refining processes in
coal chemical industries (Bai et al., 2010; Xu et al., 2015). Due to their high polarity, once released
into the environment, they can spread quickly, and exert harmful effects on ecological systems and
human health (Kaiser et al., 1996; Thomsen and Kilen, 1998; Bi et al., 2006). Furthermore, their stable
structures make them highly resistant to conventional biological wastewater treatment employing
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common microorganisms (Liang et al., 2018). Therefore,
bioaugmentation, which utilizes selected microorganisms
capable of degrading these recalcitrant organic pollutants, is
getting increasing attention and is regarded as an effective,
and economically feasible solution (Herrero and Stuckey,
2015). For example, taken pyridine as a target pollutant,
various bacteria belonging to the genus of Micrococcus (Sims
et al., 1986), Rhizobium (Shen et al., 2015), Shinella (Bai et al.,
2009), Paracoccus (Bai et al., 2008), and Pseudomonas (Mohan
et al., 2003) have been isolated and used for degradation of
pyridine in wastewater treatment. However, the application of
the bioaugmentation strategy also faces many challenges. In
particular, the inoculated bacteria often fail to colonize in the
microbial community due to inhospitable conditions or intense
competition from indigenous species (Raper et al., 2018). Fu et al.
(2009) reported that the inoculated strain disappeared from a
biological aerated filter (BAF) within 3 days and attributed it to its
poor biofilm-forming ability. On the other hand, strategies that
promote the formation of stable biofilms by the inoculated
bacteria on carriers have been shown to improve the
degradation of target pollutants in bioaugmented systems
(Zhao B. et al., 2018; Yue et al., 2018). However, the existing
knowledge of efficiently regulating bacterial biofilm formation is
obscured especially in the field of wastewater treatment
engineering.

Biofilms are well-organized microbial communities, in which
cells adhere to biotic or abiotic surfaces and are covered by a self-
secreted extracellular polymeric substances (EPS) matrix. They
represent the most widespread lifestyle for microbes (Stoodley
et al., 2002; Flemming and Wuertz, 2019). Compared to the
planktonic lifestyle, biofilms provide a range of advantages for
microbial cells to enhance the stability of community structures,
and their resistance to unfavorable conditions or environmental
shock loads by enhancing intercellular communication and
cooperation (Jefferson, 2004; Flemming et al., 2016). Biofilm
formation is a complex, multi-step process involving various
self-regulated mechanisms, e.g., quorum sensing (QS) (da Silva
et al., 2017), bis-(3′-5′)-cyclic dimeric guanosine monophosphate
(c-di-GMP) signaling (Wu et al., 2015), and flagella and pili
mediated motility (Van Houdt and Michiels, 2005), as well as
multiple surface properties including hydrophilicity and surface
charge (Renner and Weibel, 2011). Moreover, biofilm
development is influenced by many environmental factors
such as temperature, pH, nutrients, hydraulic shear force,
osmotic pressure, and divalent cations (Rinaudi et al., 2006;
Zhou et al., 2013; Gomes et al., 2014). Therefore, to promote
biofilm formation of the inoculated bacteria in bioaugmented
reactors, it is important to identify the most crucial ones from
those intricate factors.

Calcium cation (Ca2+) has been widely recognized as the
important second messenger in bacterial cells, participating
in modulating many cellular activities and metabolic
pathways (Dominguez et al., 2015; Parker et al., 2016).
Many studies noted that calcium played non-negligible
roles in the formation of bacterial biofilms, yet the effects
varied widely in different bacterial species. For instance,
calcium was found to stimulate cell-to-cell adhesion and

biofilm establishment of Pseudomonas mendocina NR802
(Mangwani et al., 2014), Citrobacter werkmanii BF-6
(Zhou et al., 2016), Bacillus sp. (He et al., 2016),
Flavobacterium columnare (Cai et al., 2019), and Vibrio
fischeri (Tischler et al., 2018); but it was also shown to
inhibit biofilm formation of Staphylococcus aureus (Shukla
and Rao, 2013), and Vibrio cholerae (Bilecen and Yildiz,
2009). In these previous studies, calcium was found to
alter cell surface charge and the electrical double layer
(Marcinakova et al., 2010), elevate the production of
extracellular proteins and polysaccharides (Mangwani
et al., 2014; He et al., 2016), and enhance cationic bridging
between bacterial cells via its interactions with EPS
components such as extracellular DNA (eDNA) (Das et al.,
2014). However, the specific mechanisms through which
calcium mediates bacterial adhesion and subsequent
biofilm formation remain inconclusive and even a subject
of controversy. Moreover, the bacteria species ever studied
are mainly model species or from clinical, food-related, plant-
related, and marine environments. Thus, it necessitates
investigating more bacterial strains from wastewater
treatment plants.

In this study, we evaluated the effects of calcium on the biofilm
establishment and architecture of two pyridine-degrading
bacteria, Pseudomonas sp. ZX01 and Arthrobacter sp. ZX07.
The underlying mechanisms of calcium-mediated regulation
were also explored from the perspectives of initial cell-to-
surface attachment, EPS production, and c-di-GMP signaling.
The purpose of this study was to provide a fundamental
understanding of the roles that calcium plays in regulating
bacterial biofilm-forming behaviors, and practical guidelines
for more efficient application of the two NHC-degrading
strains in bioaugmented biofilm reactors.

MATERIALS AND METHOD

Chemicals
Tryptone and yeast extract were purchased from Oxoid
(United Kingdom). 1% (w/v) crystal violet solution, phosphate
buffered saline (PBS), and BCA Protein Assay Kit were purchased
from Solarbio (China). The fluorescent dyes, SYTO9 and
tetramethyl-rhodamine conjugates of concanavalin A (conA-
T), were obtained from Invitrogen (United States). All the
other conventional inorganic or organic chemicals used in the
study were of analytical grade.

Bacterial Strains and Medium
Pseudomonas sp. ZX01 and Arthrobacter sp. ZX07, isolated from
the activated sludge of a coking wastewater treatment plant, were
chosen as the representative research objects, for they were Gram-
negative and Gram-positive, respectively. The two strains could
grow by taking pyridine as the sole carbon and nitrogen source
and showed highly efficient pyridine-degrading abilities. Their
16S rRNA gene sequences can be obtained in GenBank database
of NCBI with accession numbers MG760359 and MG760365.
The main biochemical characteristics of the two strains were also
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summarized in Supplementary Table S1. Particularly, the
motility of the two strains was tested using the method
described in Supplementary Text S1. The Luria-Bertani (LB)
medium (Sezonov et al., 2007) containing 10 g/L tryptone, 5 g/L
yeast extract, and 10 g/L NaCl was used for bacteria enrichment
and biofilm formation.

Biofilm Cultivation and Quantification
Microtiter plate biofilm formation assay (O’Toole, 2011) was used
to culture and quantify biofilm with some modifications, for its
advantages in accuracy, repeatability, and batch processing.
Firstly, the bacterial strain was grown in LB medium at 37°C
to middle exponential phase until OD600 = 1.0 and washed twice
with 0.9% NaCl. Then the harvested cells were resuspended in LB
medium with a final OD600 of 0.5. Next, 1 ml cell suspension was
seeded in each well of 12-well polystyrene plates (Corning,
United States) and incubated at 35°C for 24 h with a shaking
speed of 150 rpm. The plates containing LB medium only were
taken as the negative control. After incubation, the OD600 of
bacterial suspension in each well was measured to represent the
planktonic cell growth. Then the suspension was discarded and
each well was washed three times with sterile water to remove
non-adherent cells. The 12-well plates were air-dried at 60°C for
1 h and 2 ml 0.1% crystal violet solution was added into each well
to stain the attached biofilm cells for 25 min. Subsequently, the
excess dye was rinsed off with sterile water. After drying at 35°C
for 1 h again, 4 ml 95% ethanol was added into each well to
redissolve the cell-bound crystal violet. Finally, 125 μl solution
from each well was transformed to 96-well plates and OD595 was
determined using a microplate reader (BioTek Synergy,
United States) to represent the biofilm biomass.

In the experiments studying the effects of Ca2+ on biofilm
formation of the two strains, different concentrations of CaCl2
(i.e., 1, 2, 4, 8, 16, 32, and 64 mM) were added into the medium.
For each of the experimental conditions, the assay was performed
in triplicate.

Bacterial Initial Attachment Assay
To investigate the effects of Ca2+ on bacterial initial
attachment, the attachment of the two strains to the glass
slides under different Ca2+ concentrations were analyzed
according to Ramsey and Whiteley (2004) with
modifications. Briefly, the bacterial cells in the middle
exponential phase were diluted in 15 ml LB medium to a
final OD600 of 0.5; different concentrations of CaCl2 (i.e., 1,
4, 16, 32, and 64 mM) were also added into the medium. The
prepared bacterial culture was then poured into a 90 × 14 mm
Petri dish in which a glass slide (75 × 25 mm; Jingan, China)
was placed and incubated at 35°C for 1 h with a shaking speed
of 90 rpm. After incubation, the glass slide was taken out and
rinsed twice with PBS to remove non-adherent cells. Then the
glass slide was put into a centrifuge tube with 25 ml 0.9% NaCl
and vibrated intensely with a vortex mixer for 30 min to detach
the cells. The number of the bacterial cells in the solution was
determined using a standard plate counting method and
normalized to the area of glass slides as the initial
attachment index. All the assays were performed in triplicate.

EPS Extraction and Analysis
EPS was extracted from both planktonic cells and biofilms using a
heating method following Bourven et al. (2011) with certain
adjustments. The bacterial strain was firstly inoculated in 12-
well plates as previously described. Then the suspension in each
well was collected and centrifuged. The cell pellets were
resuspended in 15 ml 0.9% NaCl and heated in 85°C water
bath for 35 min. After filtration with 0.22 μm filters, the filtrate
was collected as EPS from planktonic cells. The 12-well plate with
biofilms was rinsed gently twice with sterile water and 1 ml 0.9%
NaCl was added into each well of the plate. Then the plate was
heat-treated and the suspensions in each well were combined.
The resulting filtrate was considered EPS from the biofilms.
Moreover, planktonic cells and biofilm cells on the filter were
also dried and weighed.

The polysaccharide (PS) and protein (PN) content of the EPS
were determined using the phenol-sulfuric acid method (Dubois
et al., 1956) and the bicinchoninic acid (BCA) protein assay
(Redinbaugh and Turley, 1986), respectively. The final
concentrations of PN and PS were normalized by the weight
of the planktonic or biofilm cells. The experiments for each
condition were conducted in triplicate and each measurement
was performed at least 3 times. Furthermore, the fluorescence
excitation-emission matrix (EEM) analysis of the EPS from both
biofilms and planktonic cells was performed using a HORIBA
Aqualog spectrofluorometer. The details of EEM analysis were
described in Supplementary Text S2.

Biofilm Observation by Confocal Scanning
Laser Microscopy
The architecture and composition of biofilms formed by the two
strains under different Ca2+ concentrations were analyzed using
CLSM combined with a double staining method (Yu et al., 2016).
Briefly, 700 μl of the bacterial suspension (OD600 = 0.5) were
inoculated in a µ-Slide chambered coverslip with four wells (ibidi,
Germany) and cultured at 35°C at 90 rpm in a rotary shaker for
24 h. After incubation, the chambered coverslip was rinsed twice
with PBS to remove planktonic cells. Then the cells and
polysaccharides in the biofilms were stained with 10 μM
SYTO9 and 200 μg/ml conA-T in the dark for 30°min,
respectively. After washing with PBS, the chambered coverslip
was observed by a CLSM system (Leica TCS SP8, Germany) and
Z-stack two-dimensional images (scanned every 0.5 μm) were
obtained from at least three random areas for each sample. The 3-
D images were rebuilt using IMARIS software (V9.2.1; Bitplane,
Switzerland) and analyzed using COMSTAT (Heydorn et al.,
2000).

Intracellular c-di-GMP Extraction and
Analysis
The intracellular c-di-GMP was extracted according to the
method reported by Spangler et al. (2010). Briefly, the
bacterial cells were cultured in 12-well plates to the late
exponential growth phase under the same conditions as
described above and harvested (5 ml culture volume) by
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immediate centrifugation at 4°C for the subsequent extraction.
For each culture, the extraction was performed in triplicate. The
relative quantitative analysis of c-di-GMP was conducted using a
Dionex Ultimate 3000 UPLC system coupled to a TSQ Quantiva
Ultra triple-quadrupole mass spectrometer (Thermo Scientific,
United States). Moreover, 1 ml of the bacterial culture was
collected and the cell pellet obtained by centrifugation was
dissolved in 800 μl of 0.1 M NaOH. After being heat-treated at
95°C for 15 min, the protein content in the solution was
determined using a BCA Protein Assay Kit. The final
concentration of c-di-GMP (relative content) was normalized
as peak area per mg of bacterial protein and presented as the ratio
to the control group.

Statistical Analysis
All the experimental data in figures or tables were presented in the
form of mean ± standard deviation. One-way ANOVA and
multiple comparisons were also performed using SPSS
software (V19.0; IBM, United States) to illustrate the results of
different experimental conditions (i.e., Ca2+ concentrations). The
appropriate statistical test method was selected from Fisher’s LSD
test and Tamhane’s T2 test for multiple comparisons according to
the homogeneity of variance. In general, a p-value of <0.05 was
regarded as significantly different.

RESULTS

Effects of Calcium on Biofilm Formation
The biofilm formation and planktonic bacterial growth in the
presence of different concentrations of Ca2+ (0–64 mM) were
monitored using the microtiter plate assay. As shown in
Figure 1A, calcium, when added at sufficient
concentration, and significantly promoted biofilm
formation of Pseudomonas sp. ZX01. In the range of
0–8 mM, Ca2+ had little effect on the biofilm formation;
while in the range of 16–64 mM, the biofilm biomass was

increased sharply in a concentration-dependent manner. The
maximum amount of biofilm biomass was observed in the
presence of 64 mM Ca2+, which was 24.7 times that of the
control (0 mM Ca2+). However, the addition of Ca2+ reduced
the planktonic bacterial growth of ZX01 by 13.3–41.6%, and
the minimum bacterial density was found in the presence of
4 mM Ca2+. Significantly increased biofilm formation by
Arthrobacter sp. ZX07 was observed in the presence of
exogenous calcium at a much lower Ca2+ concentration
(2 mM) (Figure 1B); in addition, when Ca2+ concentration
increased from 2 to 64 mM, the biofilm biomass increased in a
more even manner; the biofilm biomass of ZX07 at 16, 32, and
64 mM Ca2+ was 24.4, 42.2, and 50.8 times as that of the
control. These results indicated that calcium had a stronger
promoting effect on ZX07 than ZX01. Furthermore, Ca2+ did
not affect the planktonic growth of ZX07 at concentrations up
to 8 mM but repressed planktonic growth by 8.4–30.2% at
higher concentrations (16–64 mM).

The effect of Ca2+ on biofilm formation can be clearly seen
in digital photos of the 12-well microtiter plates (Figure 2).
Figure 2A shows that ZX01 formed more biofilms at the
center of the well bottom surface in the presence of 32 mM
Ca2+; when Ca2+ concentration increased to 64 mM, the
biofilms occupied the whole bottom of the wells, and the
liquid/air/well wall 3-phase interface. Unlike ZX01, in the
presence of 16, 32, and 64 mM Ca2+, the biofilms of ZX07
mainly appeared at the edge of the well bottom rather than
the center (Figure 2B).

Effects of Calcium on Bacterial Initial
Attachment
The effects of calcium on bacterial initial attachment were
determined by measuring cell attachment on glass slides.
Figure 3 presents the number of viable bacterial cells
attached to the surface of the glass slide in 1 h. For
Pseudomonas sp. ZX01, the highest initial attachment was

FIGURE 1 | Biofilm formation and bacterial growth of Pseudomonas sp. ZX01 (A) and Arthrobacter sp. ZX07 (B) in 12-well microtiter plates when adding different
concentrations of CaCl2 into the medium. Bars represented mean ± standard deviation. Different lowercase letters labeled on the bars represented the significant
difference (p < 0.05) according to the one-way ANOVA and multiple comparisons.
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found in the absence of Ca2+, which was 1.64 × 106 CFU/cm2

(Figure 3A). With increasing concentration of Ca2+, the
initial attachment of ZX01 was significantly repressed; the
initial cell attachment in the presence of 64 mM Ca2+ (8.36 ×
103 CFU/cm2) was two orders of magnitude lower than that of
the control. As shown in Figure 3B, the initial attachment of
Arthrobacter sp. ZX07 at 0 and 4 mM Ca2+ was significantly
higher than that at 16 and 64 mM Ca2+. The lowest initial
attachment was observed at a Ca2+ concentration of 64 mM
(1.89 × 102 CFU/cm2), which was an order of magnitude
lower than that of the control (2.21 × 103 CFU/cm2).
These results indicated that Ca2+ can inhibit the initial

attachment of the two bacterial strains to positive-charged
glass surfaces.

Effects of Calcium on EPS Expressions of
Biofilm Cells and Planktonic Cells
The EPS composition of biofilm cells and planktonic cells in the
presence of different concentrations of calcium was chemically
analyzed. As presented in Figure 4A, both PN and PS content in
the biofilm EPS of Pseudomonas sp. ZX01 responded to
exogenous Ca2+ in a significant decreasing trend. Compared
with the control, 16 and 32 mM Ca2+ could reduce the PN

FIGURE 2 | Digital photos of biofilms formed in 12-well microtiter plates by Pseudomonas sp. ZX01 (A) and Arthrobacter sp. ZX07 (B) when adding different
concentrations of CaCl2 into the medium. Cells in biofilms were stained using 0.1% crystal violet.

FIGURE 3 | Effects of adding CaCl2 on the initial cell attachment of Pseudomonas sp. ZX01 (A) and Arthrobacter sp. ZX07 (B) on glass substrate under shaking
conditions. Bars represented mean ± standard deviation. Different lowercase letters labeled on the bars represented the significant difference (p < 0.05) according to the
one-way ANOVA and multiple comparisons.
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content by 19.4 and 24.8%, respectively; while in the presence of
64 mM Ca2+, the PN content (i.e., 30.5 mg/g biomass) was
reduced even more sharply by 77.1%. Similarly, the PS content
was decreased by 10.2–87.7% in a monotonic manner with the
addition of Ca2+. The PN/PS ratio of biofilm EPS increased
notably (from 2.08 to 3.87) in response to exogenous calcium.
Nevertheless, the PN and PS content in the EPS of planktonic
bacterial cells were practically unaffected by the addition of Ca2+,
staying at around 65 and 30 mg/g biomass, respectively
(Figure 4B). Regarding Arthrobacter sp. ZX07, the change in
PN content in biofilm EPS (Figure 4C) was not statistically
significant. However, high Ca2+ concentrations (16, 32, and
64 mM) reduced the PS content by 49.8–56.5%. Consequently,
the PN/PS ratio of ZX07 biofilm EPS increased from 1.35 (the
control) to 2.04 (64 mM Ca2+) with increasing Ca2+

concentrations. Like ZX01, the EPS components of planktonic
ZX07 cells were not influenced by Ca2+ (Figure 4D).

EEM fluorescence spectra were obtained to characterize the
EPS composition. In general, EEM spectra could be divided into
five regions: Regions I and II represent aromatic protein-like

compounds; Region III represents fulvic acid-like compounds;
Region IV represents microbial products such as tyrosine-like,
tryptophan-like, and protein-like compounds; Region V
represents humic acid-like compounds (Chen et al., 2003).
Interestingly, the EEM peaks of the biofilm EPS and
planktonic EPS in the absence or presence of Ca2+ are similar
(Figures 5A–D), indicating that Ca2+ did not affect the
compounds in EPS of Pseudomonas sp. ZX01. Specifically, the
two peaks identified from the EEMs were EX/EM = 225/325 nm
(Region I) and EX/EM = 275/325 nm (Region IV). In contrast,
Ca2+ had remarkable influences on the EPS composition of
Arthrobacter sp. ZX07. Without adding Ca2+, there were 3
peaks in the EEMs of both biofilm and planktonic EPS
(Figures 5E,G): EX/EM = 220/350 nm (Region II), EX/EM =
280/350 nm (Region IV), and EX/EM = 325/390 nm (Region V).
However, despite sharing the same two peaks in Region II and
Region IV, the EEMs of biofilm EPS in the presence of 64 mM
Ca2+ presented two different peaks locating at EX/EM = 360/
450 nm (Region V), and EX/EM = 270/450 nm (Region V)
(Figure 5F). Additionally, a different peak at EX/EM = 350/

FIGURE 4 | Effects of adding CaCl2 on protein (PN) content, polysaccharide (PS) content, and the ratio of protein to polysaccharide (PN/PS) in the EPS of both
biofilms and planktonic cells. (A,B) Biofilms and planktonic cells of Pseudomonas sp. ZX01 (C,D) Biofilms and planktonic cells of Arthrobacter sp. ZX07. Bars
represented mean ± standard deviation of three replicates. Different lowercase letters labeled on the bars represented the significant difference (p < 0.05) according to
the one-way ANOVA and multiple comparisons.
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FIGURE 5 | EEM fluorescence spectra of the EPS produced by both biofilms and planktonic cells. (A,B) Biofilms of Pseudomonas sp. ZX01 in the presence of 0
and 64 mM of CaCl2 (C,D) Planktonic cells of Pseudomonas sp. ZX01 in the presence of 0 and 64 mM of CaCl2. (E,F) Biofilms of Arthrobacter sp. ZX07 in the presence
of 0 and 64 mM of CaCl2 (G,H) Planktonic cells of Arthrobacter sp. ZX07 in the presence of 0 and 64 mM of CaCl2.
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450 nm (Region V) appeared in the EEMs of planktonic EPS at
64 mM Ca2+ (Figure 5H). The above results suggested that
exogenous calcium promoted ZX07 to produce certain humic
acid-like compounds.

Effects of Calcium on Biofilm Architecture
The architecture and topography of the biofilms of the two
pyridine-degrading bacteria, formed on µ-Slide surfaces in
24 h, were examined by CLSM 3-D imaging (Figure 6). The
green fluorescence signal represents bacterial cells, and the red

signal represents PS in EPS. In the absence of Ca2+, few ZX01 cells
adhered to the substrate and formed small aggregates
(Figure 6A). Quantitative analysis of CLSM images (Table 1)
showed very low average thickness and coverage of ZX01 biofilms
at 2.06 ± 0.29 μm and 12.64%, respectively. At Ca2+

concentrations of 4 and 16 mM, many more ZX01 cells
adhered to the surfaces and the cells were uniformly
distributed; PS became clearly visible in biofilms. As a result,
the surface coverage of ZX01 biofilms at 4 and 16 mM Ca2+ went
up to 25.17 and 42.09%, respectively (Table 1). Intriguingly, when

FIGURE 6 | CLSM 3-D images of the biofilms formed by Pseudomonas sp. ZX01 (A) and Arthrobacter sp. ZX07 (B) in the presence of 0, 4, 16, and 64 mM of
CaCl2. The cells were stained green with SYTO9; the polysaccharides were stained red with conA-T; the yellow fluorescence represented the combination of cells and
polysaccharides.
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64 mM Ca2+ was added, ZX01 formed dense and thick biofilms,
in which the cells and EPS were distributed in a well-structured
mode. The total biomass, average thickness, average coverage,
and average colony size of ZX01 biofilms in this condition were all
elevated by several times; and the sharp reduction of surface to
biovolume ratio and roughness coefficient also suggest that more
bacterial cells were aggregated in the form of biofilms. Similar
trends were observed in the biofilms of Arthrobacter sp. ZX07
(Figure 6B): when the concentration of exogenous Ca2+

increased from 0 to 16 mM, more ZX07 cells were attached to
the surfaces and the microcolonies became larger, but the
distribution of the cells was not uniform; in the presence of
64 mM Ca2+, ZX07 developed extensive and mature biofilms, in
which the cells were covered by large amounts of EPS. However,
there was a notable difference in the influences of calcium on the
biofilm architecture of ZX01 and ZX07. In the range of 0–16 mM,
the average colony size of ZX01 biofilms was little affected by
Ca2+; and the cells, stimulated by Ca2+, attached to the substrate
in a separated pattern. In contrast, a significant increase in the
average colony size was found in ZX07 biofilms, indicating that

Ca2+ possibly promoted ZX07 cells to attach to those which had
already colonized at the substrate. Therefore, it could be
speculated that, for these two strains, the mechanisms inherent
in the stimulatory effects of Ca2+ on biofilm development were
different.

Effects of Calcium on c-di-GMP Level
To address whether exogenous calcium influences the expression
of the second messenger c-di-GMP, we analyzed the intracellular
c-di-GMP level of the two pyridine-degrading bacteria at
different Ca2+ concentrations. As exhibited in Figure 7A, after
culturing for 24 h, the introduction of Ca2+ into the medium
significantly elevated the c-di-GMP level in Pseudomonas sp.
ZX01 cells. The relative content of c-di-GMP in the presence of 32
and 64 mM Ca2+ was 59.5 and 69.6% higher than that of the
control. In regard to Arthrobacter sp. ZX07, the elevation of
intracellular c-di-GMP level caused by Ca2+ was even more
remarkable (Figure 7B). The relative content of c-di-GMP in
ZX07 cells at 32 and 64 mM Ca2+ was 3.55 and 2.18 times that of
the control.

TABLE 1 | Characteristics of biofilms formed by ZX01 and ZX07 under different calcium concentrations calculated from the CLSM images using COMSTAT.

Groups Total biomass
(μm3/μm2)

Average thickness
(μm)

Average coverage
(%)

Surface to
biovolume ratio

(μm2/μm3)

Roughness
coefficient

Average colony
size (μm2)

ZX01-0 mM 0.57 ± 0.06b 2.06 ± 0.29c 12.64 ± 0.26d 12.39 ± 0.66a 0.44 ± 0.08a 10.92 ± 3.53b

ZX01-4 mM 0.97 ± 0.25b 2.41 ± 0.36bc 25.17 ± 6.38c 8.10 ± 1.05b 0.23 ± 0.09b 12.37 ± 2.82b

ZX01-16 mM 1.68 ± 0.44b 3.17 ± 0.41b 42.09 ± 7.40b 5.31 ± 0.78c 0.13 ± 0.03c 14.41 ± 2.96b

ZX01-64 mM 16.49 ± 0.63a 19.56 ± 1.90a 75.75 ± 3.42a 1.07 ± 0.11d 0.02 ± 0.01d 217.30 ± 55.09a

ZX07-0 mM 0.40 ± 0.21c 0.78 ± 0.35c 9.13 ± 3.26c 7.86 ± 1.81a 1.25 ± 0.24a 13.40 ± 3.73d

ZX07-4 mM 0.65 ± 0.27bc 1.17 ± 0.34bc 15.47 ± 5.62bc 5.21 ± 2.42b 1.19 ± 0.24a 28.13 ± 4.64c

ZX07-16 mM 0.97 ± 0.11b 1.73 ± 0.18b 20.40 ± 3.99b 3.87 ± 0.68bc 0.58 ± 0.03b 39.60 ± 2.38b

ZX07-64 mM 3.75 ± 0.40a 6.06 ± 0.92a 52.09 ± 7.93a 2.02 ± 0.32c 0.13 ± 0.02c 84.11 ± 7.93a

Note: The data were presented as mean ± standard deviation (n = 6). Different lowercase letters labeled on the data represented the significant difference (p < 0.05) according to the one-
way ANOVA, and Tamhane’s T2 or LSD, post-tests.

FIGURE 7 | Effects of adding CaCl2 on the relative content of intracellular c-di-GMP of Pseudomonas sp. ZX01 (A) and Arthrobacter sp. ZX07 (B). Bars
represented mean ± standard deviation of three replicates. Symbols (***) labeled on the bars represented the significant difference (p < 0.001) with the control according
to Student’s t tests.
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DISCUSSION

In this present study, the significant promotion of biofilm
formation of two pyridine-degrading bacteria, Pseudomonas sp.
ZX01 and Arthrobacter sp. ZX07, caused by calcium
supplementation was clearly observed. Few cells of the two
strains attached to the 12-well plates or µ-Slide coverslips in the
absence of Ca2+ (Figures 1, 6), indicating they harbored very poor
biofilm-forming abilities in their natural state. Hence, it might
affect their performances in the bioaugmented biofilm reactors.
However, when exposed to Ca2+ of a certain concentration range
(8–64mM for ZX01 and 2–64mM for ZX07), the biofilm biomass
formed by the two strains increased greatly in a monotonic and
dose-dependent pattern. Mangwani et al. (2014) also reported a
dose-dependent increase of P. mendocina NR802 biofilms due to
the Ca2+ addition, but the concentration tested was limited in
5–20mM. The biofilm formation of Sinorhizobium meliloti was
elevated in a similar manner by the addition of 7–28mM Ca2+

(Rinaudi et al., 2006). While Zhou et al. (2016) found that within a
much larger range of Ca2+ concentration (3.125–800 mM), the
biofilm formation of Citrobacter werkmanii BF-6 was enhanced
notably, but the enhancement presented a non-monotonic trend
(i.e., increasing firstly and decreasing afterward). Similarly, the
biofilm-forming ability of the foodborne pathogen Cronobacter
sakazakii showed an increase and subsequent decrease with the
increasing Ca2+ concentration from 0 to 135 mM (Ye et al., 2015).
These results suggested that the sensitivity of different bacterial
species in response to exogenous calcium varied. Thus, when
applying the calcium-mediated regulating strategy to control
bacterial biofilm formation in medical, marine, agricultural, or
environmental cases, it is important to understand the effects of
calcium on the specific bacterial strain of interest due to the high
diversity of bacteria.

A typical bacterial biofilm formation process can be divided
into five steps: 1) initial cell-to-surface attachment, 2) irreversible
adhesion via producing EPS, 3) proliferation and microcolony
formation, 4) maturation of biofilms with complex structures, 5)
biofilm aging with the dispersal of motile cells (Stoodley et al.,
2002; Armbruster and Parsek, 2018). In the first step, bacterial
cells sense and attach to the surface reversibly with the assistance
of cell appendages (e.g., flagellum) after overcoming the
electrostatic repulsion between the cell surface and the
substratum (Renner and Weibel, 2011). Our results herein
revealed that the presence of Ca2+ in the surrounding solutions
significantly repressed the initial cell attachment of both ZX01 and
ZX07 to the positive-charged glass surfaces (Figure 3). As widely
known, bacterial cell surfaces are negatively charged (Soni et al.,
2008), and thus Ca2+, as a divalent cation, can effectively neutralize
the surface charge by interacting with ligands on the cell surfaces
(Wang et al., 2019). Furthermore, in the light of electrostatic double
layer compression theory, the increasing ionic strength of the
solutions caused by exogenous Ca2+ will decrease the absolute
value of the negative zeta potential of the bacteria cells (Chen and
Walker, 2007; Bundeleva et al., 2011). Thus, when adding high
concentrations of Ca2+ into the medium, the surface charge of the
two bacteria would become less negative. This effect could bring
both adverse and favorable consequences for initial cell-to-surface

attachment, which depends on whether the surface charge of the
substratum is positive or negative. For instance, another divalent
cation, Mg2+, was validated to exhibit a stimulatory effect on the
adhesion of Pseudomonas sp. strain B13 to negative-charged
mineral surfaces (Simoni et al., 2000). However, in the case of
extremely high ionic strength caused by calcium (e.g. 1,000 mM),
the adhesion efficiency of bacterial cells to quartz surfaces, which
were negative-charged, and could also be reduced due to the
repulsive electrostatic forces (Chen and Walker, 2007). Apart
from neutralizing surface charge, Ca2+ has been shown to
initiate strong cation bridging interactions between high-affinity
sites on cell surfaces and the conditioning film of substrata, and
thereby facilitating the adhesion of P. aeruginosa cells to alginate-
conditioned quartz surfaces (de Kerchove and Elimelech, 2008).
Combined with our findings in the present study, it can be
concluded that the impacts of Ca2+ on the initial cell-to-surface
attachment were multi-faceted and substantially linked to
physicochemical interactions, yet biological factors presumably
played a minor role in this step.

During the next steps of biofilm formation, the bacterial self-
secreted EPS consisting of PN, PS, nucleic acids, lipids, humic
substances, etc., play more important roles in assisting cell-to-cell
aggregation, and biofilm structure construction (Vu et al., 2009;
Flemming and Wingender, 2010). Previous research regarding
the effects of Ca2+ on EPS production mostly showed an
enhancing impact. For example, adding an additional 10 mM
Ca2+ in the medium could significantly promote Bacillus sp. cells
to synthesize more PN and PS in EPS (He et al., 2016). Liu and
Sun (2011) also offered evidence that the extracellular PN
produced by microbial cells in sequential batch reactors
increased notably when Ca2+ of 50 and 100 mg/L was added
into the reactors, thereby enhancing bacterial aggregation to form
granules. However, inconsistent with these findings, our study
found that PN and PS content in biofilms formed by the two
strains decreased in response to the increasing Ca2+

concentration (Figure 4), yet the biofilm biomass increased
evidently. It means that in the presence of exogenous Ca2+,
the cells of ZX01 and ZX07 could form more biofilms but
require lower EPS production for each bacterial cell. In other
words, a smaller amount of EPS would support larger
biofilm structures with the assistance of Ca2+. This may
be attributed to the cation bridge effect, i.e., Ca2+ can bind to
the negatively charged functional groups in EPS, and
consequently forming EPS-Ca2+-EPS bridges, which favors the
construction of sophisticated biofilm structures (Sobeck and
Higgins, 2002; Liu and Sun, 2011; Wang et al., 2019). In
particular, functional groups such as carboxylic acid and
phosphates in extracellular PS were known binding sites for
Ca2+ (Astasov-Frauenhoffer et al., 2017); more recently,
cationic bridging by Ca2+ between eDNA was also reported,
which promoted bacterial aggregation and biofilm
development of several strains including P. aeruginosa and S.
aureus (Das et al., 2014). Therefore, the amount of EPS
production per cell may not be a good predictor of the
resulting biofilm biomass; Ca2+-mediated interactions among
microbial cells and EPS can be highly efficient in forming a
large biofilm structure.
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The ratio of PN/PS in EPS is widely regarded as an important
indicator of microbial cell-to-cell aggregating ability in biofilm or
granular sludge formation processes. A higher PN content
elevates the hydrophobicity of cell surfaces, thereby inducing
strong hydrophobic interaction between microbial cells (Hou
et al., 2015; Zhao Y. et al., 2018). Our experiments found that the
PN/PS ratio in the biofilm EPS of ZX01 and ZX07 increased
greatly in the presence of Ca2+ (Figure 4). This suggests that
calcium-mediated promotion of biofilm formation of these two
strains can also be attributed to the higher PN/PS ratio in EPS in
addition to the cationic bridging effect of Ca2+. Furthermore, the
regulatory effects of Ca2+ on multiple gene expressions and
metabolic activities have been noted by many studies. Parker
et al. (2016) indicated that exogenous Ca2+ could induce a
substantial transcriptional alteration of the bacterial plant
pathogen Xylella fastidiosa, including genes encoding cell
attachment, motility, and PS secretion, which facilitated
biofilm development. The supplementation of 400 mM Ca2+

also resulted in a more complex protein expression mode in
both biofilms and planktonic cells of C. werkmanii BF-6
(Zhou et al., 2016). As demonstrated using EEM fluorescence
spectra in our study, 64 mM Ca2+ caused a remarkable impact
on the EPS expressions in both biofilms, and planktonic cells
of ZX07, i.e., the production of humic acid-like compounds,
while no significant changes were observed in those of ZX01.
Past research has mentioned that due to the abundant
ionizable functional groups such as carboxyl and phenolic
hydroxyl, humic substances showed high affinities to
interact with metal ions (e.g. Cu2+, Ca2+) and form complexes
(Wang et al., 2015; Zhao et al., 2020). Hence, the occurrence of
humic acid-like compounds in EPS might favor the formation of
EPS-Ca2+-EPS bridges and elevate the biofilm-forming ability
of ZX07.

The morphological phenotypes of mature biofilms were also
altered by Ca2+-mediated regulation. As shown in the CLSM
images and the COMSTAT analysis (Figure 6; Table 1), for both
ZX01 and ZX07 biofilms, the increase of total biomass, average
thickness, and average coverage, and the decrease of roughness
coefficient were ascertained in response to the increasing Ca2+

concentration, consistent the results in other bacterial strains like
C. werkmanii and Shewanella oneidensis (Zhou et al., 2016; Zhang
et al., 2019). Interestingly, the average colony size of ZX01 and
ZX07 exhibited quite different responses to the supplementary
Ca2+ of relatively lower concentrations (i.e., 4 and 16 mM).
Specifically, the microcolonies of ZX01 were more dispersed
and homogeneous, while ZX07 unevenly developed its
microcolonies which were like “rugged mountains”. To the
best of our knowledge, this discrepancy might be attributed to
the flagella-mediated motility. According to the SEM images of
the two strains (Supplementary Figure S1), ZX01 possesses a
cellular accessory structure resembling a polar flagellum, while
the cell surface of ZX07 is quite smooth without any appendages.
In addition, as verified using the motility tests, ZX01 had much
stronger swimming motility and swarming motility, both
propelled by flagella, than ZX07 (Supplementary Figure S2,
S3). Existing evidence demonstrated that bacteria with higher
motility tend to be more proficient in moving at the solid-liquid
interface and attaching to an abiotic surface (O’Toole and Kolter,
1998; Van Houdt and Michiels, 2005), which was crucial in
biofilm development. Therefore, with the assistance of flagella-
mediated motility, ZX01 could migrate freely at the substratum
and attach onto more sites of the surface, thereby producing more
homogeneous biofilms facilitated by Ca2+; whereas the moving
area of ZX07 was limited, and they tended to form microcolonies
clinging to the cells that attached randomly to the surface, thus
resulting in mountain-like biofilms. Moreover, the biofilm-

FIGURE 8 | A conceptual illustration of the mechanisms inherent in the calcium-mediated regulation on bacterial biofilm formation.
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forming positions of the two strains were also different
(Figure 2), which might be still owing to their discrepant
motilities. Hence, under the hydraulic shear force in the rotary
12-well plates, ZX01 cells with high motility were able to occupy
the whole bottom to form biofilms, yet ZX07 cells with low
motility were forced to settle at the periphery of the bottom.
Taken together, it was inferred that Ca2+ and cell motility might
exert a joint regulatory effect on bacterial biofilm formation.
Regardless of cell motility, Ca2+ can indeed promote the bacteria
to formmore biofilms, but the motility still exerts influences upon
the biofilm architecture.

Recently, the intracellular messenger c-di-GMP was found in
many studies to play a global role in regulating the switch of
bacterial lifestyle from planktonic state to biofilm-associated state
(Valentini and Filloux, 2016; Jenal et al., 2017). By binding to various
specific proteins (namely, effectors) in bacterial cells, c-di-GMP
controls a wide range of cellular processes including virulence,
motility, EPS production, biofilm formation, and dispersion, etc.
(Chen et al., 2012). In particular, the intracellular level of c-di-
GMP, which is the result of the synthesis by diguanylate cyclases
(DGCs) and the degradation by phosphodiesterases (PDEs), is
positively associated with the biofilm-forming tendency of bacteria
(Ha and O’Toole, 2015). Herein, our study shows elevated
intracellular c-di-GMP levels in both ZX01 and ZX07 in the
presence of supplementary Ca2+, which was accompanied by
enhanced biofilm formation (Figure 7). This seems to suggest a
potential correlation between Ca2+ and c-di-GMP production,
although few prior studies have found similar results. Parker et al.
(2016) found that the expression of a gene involved in the synthesis of
c-di-GMP, cgsA, in X. fastidiosa, exhibited a weak but non-significant
increase in the presence of 4mMCa2+. Given the fact that Ca2+ is also
an essential second messenger in bacterial cells (Dominguez et al.,
2015), the little-known interaction of Ca2+ and c-di-GMP needs to be
further investigated.

In summary, a proposed mechanism of the calcium-mediated
regulation on the biofilm formation of the two pyridine-
degrading bacteria was illustrated in Figure 8. Typically,
bacterial cell-to-surface adhesion is driven by the electrostatic
interaction, thus the negative-charged bacterial cells tend to
adhere to a positive-charged material surface. The divalent
Ca2+ can neutralize the surface charge of bacterial cells and
further weaken their initial attachment to the positive-charged
substratum. However, in the presence of Ca2+, the EPS
composition of biofilms can be significantly altered, resulting
in a higher PN/PS ratio which facilitates the irreversible
attachment between bacterial cells. EPS-Ca2+-EPS bridges
induced by exogenous calcium also increase the efficiency of
EPS in binding cells and constructing biofilm structures.
Moreover, the elevated intracellular c-di-GMP level is
validated to account for the promotion of biofilm formation.

CONCLUSION

This study comprehensively investigated the effects of Ca2+ on
different biofilm developing stages of two newly isolated
pyridine-degrading bacteria. The main conclusions are as follows:

1) the supplemented Ca2+ of 16–64mM markedly promoted the
biofilm formation of the two strains with insufficient biofilm-
forming capacities; 2) by altering cell surface charge, Ca2+

influenced the initial cell-to-surface attachment of the two strains
in the first step of biofilm formation; 3) in the presence of Ca2+, the
relatively lower EPS production per cell in biofilms could bind more
biofilm biomass, presumably attributed to the cationic bridging
between Ca2+ and EPS; 4) the ratio of PN/PS in biofilm EPS of
the two strains showed an increasing tendency in response to
exogenous Ca2+, which favored cell aggregation and biofilm
formation; 5) the intracellular c-di-GMP levels were elevated
notably by the supplementary Ca2+, thereby driving the switch of
the two strains from planktonic lifestyle to biofilm lifestyle.
Collectively, these findings demonstrated the promising feasibility
of facilitating bacterial biofilm formation onto engineering carriers
with a Ca2+-based manipulation strategy, which will provide
valuable guidance for the application of these pyridine-degrading
strains into bioaugmented reactors.
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