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Nutrients determine the spatial architecture of Paracoccus sp. biofilm
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Bacterial biofilms adapt and shape their structure in response to varied environmental conditions. A statistical 
methodology was adopted in this study to empirically investigate the influence of nutrients on biofilm structural 
parameters deduced from confocal scanning laser microscope images of Paracoccus sp.Wlb, a denitrifying 
bacterium. High concentrations of succinate. Mg+', Ca*+, and Mn+* were shown to enhance biofilm formation 
whereas higher concentration of iron decreased biofilm formation. Biofilm formed at high succinate was uneven with 
high surface to biovolume ratio. Higher Mg+ + or CV* r concentrations induced cohesion of biofilm cells, but 
contrasting biofilm architectures were detected. Biofilm with subpopulation of pillar-like protruding cells was 
distributed on a mosaic form of monolayer cells in medium with 10 mM Mg*". 10 mM Ca+"r induced a dense 
confluent biofilm. Denitrification activity was significantly increased in the Mg "- and Ca" ’-induced biofilms. 
Chelator treatment of various biofilm ages indicated that divalent cations are important in the initial stages of 
biofilm formation.

Keywords: biofilm architecture: denitrification: image analysis; statistical design of experiment; divalent cations

Introduction
Biofilms are defined as matrix-enclosed bacterial 
populations adherent to each other and/or to surfaces 
(Costerton et al. 1995). Development of biofilm 
proceeds via the formation of (a) a monolayer 
(Moorthy and Watnick 2004), (b) microcolonies, (c) 
a mature biofilm, and (d) dispersal, where some biofilm 
cells revert to the planktonic lifestyle (Hall-Stoodlev 
ct al. 2004). Mature biofilms form complex architec­
ture consisting of highly structured and well differ­
entiated cells (Stoodley et al. 2002; Boles et al. 2004; 
Klausen et al. 2006; Vlamikis et al. 2008), which is also 
metaphorically called as ‘city of microbes’ (Watnick 
and Kolter 2000).

O’Toole et al. (2000) provided a conceptual frame­
work for biofilm formation as a microbial develop­
ment. However, Klausen et al. (2006) proposed that 
ecological adaptation of individual cells drives the 
evolution of biofilm spatial structure. Certain nutri­
tional factors are known to influence biofilm develop­
ment (Geesey et al. 2000; Prakash et al. 2003; Sauer 
et al. 2004: Song and Leff 2006; Monds et al. 2007: 
Schlag et al. 2007; Yang et al. 2007). The impact of 
nutrient composition on the architecture and physio- 
chemistry of a degradative biofilm community has also 
been reported by Moller et al. (1997). In order to 
exploit full potential of biotilms in wastewater

treatment, it is necessary to understand the influence 
of various environmental factors on biofilm structure, 
and in turn their activity.

In the present study, Paracoccus sp.Wlb. a 
bacterium isolated from the denitrifying reactor sludge 
of a fertilizer company was used. The genus Para­
coccus comprises metabolically versatile Gram-nega­
tive eoccoid bacteria having the apparatus to denitrify 
nitrogenous oxides under anoxic conditions (Baker 
ct al. 1998). Some Paracoccus species are also known 
to have attributes of degrading xenobiotics (Urakami 
et al. 1990; Siller et al. 1996; Vasilyeva et al. 2003; Peng 
et al. 2008; Xu et al. 2008). Their degradative abilities 
toward nitrate and other xenobiotics make them 
potential organisms for bioremediation. The isolate 
Paracoccus sp. Wlb (hereafter Paracoccus) was found 
to have the ability to form biofilm and reduce high 
nitrate concentrations.

The Plackett Burman statistical design of experi­
ment approach was adopted to investigate the effect of 
seven different nutrient components on the Paracoccus 
biofilm in this study. Screening of nutrients by one- 
factor-at-a-timc is time consuming, while a statistical 
approach helps to study the effect of several nutrient 
factors simultaneously. Plackett Burman is a two level 
fractional factorial design in which each factor is tested 
an equal number of times at its high and low values 
and the influence of various factors can be determined
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in a small number of trials (Plackett and Burman 
1946). As such, the use of statistical designs for 
optimizing nutritional conditions to maximize yield is 
an established practice in industrial fermentation 
(Srinivas et al. 1994; Gohel et al. 2006; Akolkar et al. 
2008).

With the hypothesis that nutrients influence the 
architecture of biofilms, the objective for this study was 
to investigate empirically the modulation of the 
architecture of the Paracoccus biofilm in response to 
nutrient concentrations using a statistical methodol­
ogy. It is further reported here that the biofilms formed 
by Paracoccus in the presence of high Ca++ and Mg++ 
concentrations have different architectures and their 
structure is correlated with denitrification activity.

Materials and methods
Bacterial strain and culture conditions
A denitrifying isolate identified in the authors’ 
laboratory as Paracoccus sp. was used in this study. 
The culture was maintained and an inoculum prepared 
in peptone nitrate medium (PNB). A 24 h old culture 
was centrifuged, washed and resuspended in phosphate 
buffered saline (PBS) before inoculation. Biofilm 
experiments were performed in MM2 medium consist­
ing of sodium succinate 7.9 g, MgSO^HiO 0.2 g, 
K2HP04 0.2 g, FeS04.7H20 0.05 g, CaCl2.2H20 
0.02 g, MnCl2.4H20 0.002 g, NaMo04.2H20 0.001 g, 
KNO3 1.0 g, yeast extract 1.0. g, pH 7.0, distilled water 
1000 ml. All experiments were performed at 30°C 
under static and anoxic conditions.

variable being represented at two levels, high (+) and 
low (—) in 12 different media as shown in Tables 1 and 
2. Nutrient concentrations were selected based on 
single parametric studies on biofilm formation in 
Paracoccus in the authors’ laboratory. Each column 
in Table 1 represents a medium, and each row 
represents an independent/assigned or dummy/ 
unassigned variable with an equal number of positive 
and negative signs. The effect of each variable was 
determined by:

E(Xi) = (i)

where, E(Xi) is the concentration effect of the tested 
variable. Mi+ and Mi~ are the biofilm intensities or 
structural parameters in the medium where the 
variable (AT) measured was present at high and low 
concentrations respectively, and N is the number of 
media. The experimental error was estimated by
calculating the variance among the unassigned vari­
ables as follows:

Vat = —-- (2)
n

where, Fcir is the variance of the concentration effect, 
Ed is the concentration effect for the unassigned 
variable and n is the number of unassigned variables. 
The standard error (SE) of the concentration effect is 
the square root of the variance of an effect.

SE = Square root of Feir (3)

Plackett—Burman statistical design to screen nutrient 
components influencing biofilm
The Plackett-Burman design was used according to 
Montgomery (1997). MM2 was used as a basal 
medium and a total of seven medium components 
were selected for the study with each component/

The significance level (p value) of each concentration 
effect was determined by the Student’s t test:

t{Xi) =
E(Xi)

SE
where, E(Xi) is the effect of variable Xi.

(4)

Table I. Plackett-Burman design matrix

Variables/medium A B C D E F G H I J K L

XI 1 -1 1 -1 -1 -1 1 1 1 -1 1 -1
X2 1 1 -1 1 -l -1 -1 1 1 1 -1 -1
X3 -1 1 1 -l 1 -1 -1 -l 1 1 1 -1
X4 I -1 1 1 -1 1 -1 1 1 1 -1
X5 1 1 -1 1 1 -1 1 1 -1 1 -1
X6 1 1 1 -1 1 1 -1 1 1 -1 -1 -1
X7 -1 1 1 1 -1 1 l -1 1 -1 ' -1 -1
D1 -1 -1 1 1 1 -1 1 1 1 1 -1 -1
D2 -l -1 -l 1 1 1 -1 1 1 -1 1 -1
D3 1 -1 -1 -1 1 1 1 -1 1 1 -1 -1
D4 -1 l -1 -1 -1 1 1 1 1 l 1 -1

X, Assigned variables; D, Unassigned variables.



Biofouling 451

Table 2. Variables with media components and their 
concentrations.

Variables Components 4- values (mM ) — values (mM)

XI kno3 100.0 0.1
X2 Succinate 50.0 0.5
X3 MgS04 15.0 0.15
X4 FeS04 1.0 0.1
X5 k,hpo4 10.0 0.01
X6 CaCb 15.0 0.15
X7 MnCL 1.0 0.01

Microtiter plate assay for biofilm quantification 
Biofilm formation was assayed by. measuring the 
bacterial biomass adhered to microtiter wells. One 
milliter of MM2 medium was inoculated with 10s cells 
in a 24-well polystyrene microtiter plate. After the 
incubation period, the wells were rinsed five times with 
1.5 mi of sterile PBS to remove any adhering 
planktonic cells. The biofilm was then stained with 
1.5 ml of 1% crystal violet for 45 min, rinsed five times 
with 1.5 ml of water and destained with 70% ethanol 
for 15 min. Absorbance of the solution was measured 
at 595 nm. '

Conjbcal microscopy and image analysis 
Polystyrene slides with 2 cm x 2 cm diameter were 
used for biofilm formation and these were incubated in 
Petri dishes containing medium at 30°C for 24 h under 
static conditions. The slides were then rinsed with 
sterile PBS (pH 7.4) and stained with LIVE/DEAD 
baclight® (Invitrogen) according to manufacturer’s 
instructions. Image acquisition was done at 40 x with 
a Zeiss (LSM 510 Meta) confocal laser scanning 
microscope (CSLM). Two to four independent slides 
and three to seven fields from each slide were randomly 
chosen to acquire images with constant microscopic 
settings; overall 245 images were processed. Raw 
images were processed by IMARIS and Adobe Photo­
shop softwares. Quantification of biofilm parameters 
was done by a COMSTAT program written as a script 
in MATLAB 5.1 (Heydorn et al. 2000). Live to dead 
ratios were calculated by measuring densities of red 
and green fluorescence images by Image), a NIH 
freeware (http://rsb.info.nih.gov/ij7index.html).

Environmental scanning electron microscopy 
Biofilm formed on polystyrene slides were treated 
according to Priester et al. (2007) with a few 
modifications. Slides were stained with 0.05% ruthe­
nium red and 2.5% glutaraldehyde (used as a fixative) 
in 0.1 M HEPES buffer (pH 7.3, Sigma chemicals) for

30 min. Further, the slides were washed with HEPES 
buffer, dried, and observed under an ESEM (XL-30, 
Philips, Netherlands).

Biofilm experiments with chelator treatment 
The effect of ethylenediaminetetraacetic acid (EDTA) 
on biofilm formation was assessed by adding 
0.0-10.0 mM EDTA in MM2 medium and biofilm 
formation was assayed by the microtiter plate 
technique.

To investigate the influence of chelators on biofilms 
of various ages, the following procedure was followed. 
Biofilm was grown in Petri dishes containing polystyr­
ene slides, in. either MM2, MM2-Ca (MM2 medium 
containing 10 mM CaCy or MM2-Mg (MM2 med­
ium containing lOmM MgS04). Biofilm slides 6, 12, 
18, and 30 .h old were rinsed with PBS and treated with 
10 mM EDTA (for MM2 or MM2-Mg grown 
biofilms) or ethylene glycol tetraacetic acid (EGTA) 
(for MM2-Ca grown biofilm) for 30 min. Control 
biofilms were treated with PBS. The biofilm was 
stained with LIVE/DEAD baclight for confocal 
microscopy, and. biqmass was measured by COM­
STAT. The percentage of biomass reduced by chelator 
treatment was calculated by the following equation:

(B1 - B2)100
B1 1 }

where, B1 = the average biomass in PBS treated 
biofilm, B2 = the average biomass in chelator treated 
biofilm

Analytical methods
The brucine sulfate method was used to determine 
nitrate according to Jenkins and Medsker (1964). 
Nitrite was estimated according to APHA (1995). 
Lowry’s method was used to determine protein 
concentrations (Lowry et al. 1951).

Results
Nutrients influence biofilm formation
The biomass in terms of the intensity of the eluted 
crystal violet from microtiter plates was used as the 
measure of biofilm formation. Results of the Plackett- 
Burman experiment for the effect of nutrients on 
biofilm formation, as shown in Figure la indicate that 
medium B produced high biofilm, followed by media F 
and H. The effects of different components on biofilm 
formation and planktonic growth were further inter­
preted by calculating the (E{Xi)) values and Figure lb 
represents E(Xi) values calculated for biofilm
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-0.1

KNOj Succinate MgS04 •F«504

(b)

KjHPOj CaCI. MnCt,

Figure 1. Nutrient components influencing Paracoccus 
biofilm formation, (a) Biofilm formation and planktonic 
growth in different media of Plackett-Burman experiment. 
Bars represent average values of three independent 
experiments. Error bars represent SDs. (b) Effect (E(Xi)) 
values of the nutrient components on biofilm formation and 
planktonic growth. • Significant at p < 0.05; o significant at
p < 0.1.

formation. A positive E(Xi) value of the variable is 
considered to induce biofilm formation at the higher 
concentration tested, and when negative, the variable is 
considered to induce biofilm formation at lower 
concentrations. Succinate, MgS04, CaCl2, and 
MnCl2 showed positive E(Xi) values (p < 0.1), thus 
significantly inducing biofilm formation at higher 
concentrations. FeS04 showed a negative E(Xi) value 
(p < 0.05) inducing biofilm formation at lower con­
centrations. Succinate showed a "nearly significant 
{p — 0.112) positive influence on planktonic growth.

Nutrients modulate biofilm architecture
The effect of nutrients on biofilm architecture was 
analyzed by studying their influence on six different 
biofilm structural parameters deduced from CSLM 
images (Figure 2a-l). The results of biofilm quantifica­
tion for 12 different media of Plackett-Burman design 
are given in Table 3. Medium C produced high 
biomass, average thickness, substratum coverage and 
a low roughness coefficient, implying formation of a

0.4

Figure 2. Representative CSLM images (40 x magnification) 
of Paracoccus biofilm structures formed in the 12 different 
media A-L of the Plackett-Burman experiment.

thick and homogenous biofilm. Media A and F showed 
decreased biomass, average thickness, maximum thick­
ness and substratum coverage and high values of 
roughness coefficient and surface to biovolume ratio, 
entailing the formation of an uneven flat biofilm.

Table 4 shows the effect (E(Xi)) and the corre­
sponding p values of seven different nutrient compo­
nents on the six biofilm parameters. The positive E(Xi) 
value means that the particular medium component 
induced a corresponding biofilm parameter at its 
higher concentration and a negative value implies a 
lower concentration of the medium component has a 
positive effect on the biofilm parameter. If the surface 
to biovolume ratio is affected positively, it means that 
a high fraction of cells in the biofilm were exposed to 
the bulk liquid and a negative effect implies that the 
fraction of cells exposed to bulk liquid was low.

Succinate affected biomass negatively (p < 0.05) 
whereas the maximum thickness (p < 0.05), roughness 
coefficient (p < 0.1), and surface to biovolume ratio 
(p < 0.1) reacted positively. This indicates that the 
biofilm formed at high succinate concentrations were
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tif
fe

ct
 (K

(X
i) 

va
lu

e



Biofouling 453

0.
37

0.
68

0.
92

0.
02

0.
11

0.
4

0.
82

3.
47

0.
03

0.
57

5.
98

0.
01

0.
17

0.
8

0.
33

0.
06

0.
16

0.
63

1.
38

2.
1

0.
4

0.
38

4.
9

-0
.0

1

0.
51

0.
44

0.
94

0.
04

0.
01

0.
11

Bi
om

as
s 

1.
78

 
0.

1 
-3

.2
9 

0.
02

 
2.

88
 

0.
03

 
-1

.0
9 

0.
26

 
-0

.5
8

A
ve

ra
ge

 th
ic

kn
es

s 
5.

76
 

0.
51

 
—

6.
46

 
0.

47
 

7.
93

 
0.

38
 

—
7,

78
 

0.
39

 
—

6.
97

R
ou

gh
ne

ss
 co

ef
fic

ie
nt

 
—

0.
4 

0.
33

 
0.

85
 

0.
09

 
—

0.
47

 
0.

27
 

0.
45

 
0.

28
 

0,
02

Su
rf

ac
e:

bi
ov

ol
um

e 
—

0.
05

 
0.

72
 

0.
31

 
0.

09
 

—
1.

33
 

0.
00

2 
1.

52
' 

0.
00

1 
—

0.
43

M
ax

im
um

 th
ic

kn
es

s 
0.

72
 

0.
8 

11
.7

3 
0.

02
 

9.
52

 
0.

03
 

—
8.

53
 

0,
04

 
—

12
.2

4
Su

bs
tra

tu
m

 co
ve

ra
ge

 0.02 0.
36

 
—

 0.
04

 
0.

11
 

0.
02

 
0.

29
 

—
0.

00
3 

0.
9 

—
0.

04

E(
Xi

) p valu
e E(Xi) 

p 
va

lu
e E(Xi) 

p 
va

lu
e E(Xi) 

p 
va

lu
e E(Xi) 

p 
va

lu
e E(Xi) 

p 
va

lu
e EiXi)

 p valu
e

V
ar

ia
bl

e

M
nC

b
C

aC
li

k
2h

po
4

Fe
SC

>4
M

gS
04

So
di

um
 su

cc
in

at
e

K
N

03

Ta
bl

e 4
. Stat

is
tic

al
 an

al
ys

is
 fo

r i
nf

lu
en

ce
 of

 n
ut

rit
io

na
l c

om
po

ne
nt

s o
n b

io
fil

m
 st

ru
ct

ur
al

 pa
ra

m
et

er
s f

ro
m

 th
e r

es
ul

ts
 of

 P
la

ck
et

t-B
ur

m
an

 de
sig

n.

co
ve

ra
ge

B
io

m
as

s^
 2 0.02 +

 0.0
01

 3.47 
± 0

.3
8 12.1

7 +
 0.7

8 
0.

51
 ± 

0.
38

 
6.

73
 + 

1.
03

 0.02
 ± 

0.
00

05
 5.60

 ± 
2.

30
 3.34

 ± 
0.

94
 

2.
29

 ± 
0.

07
 

2.
07

 + 
1.

33
 

3.
53

 ± 
0.

26
 

3.
45

 ± 
0.

94
Av

en
ge

 
* 

0.
0)

 ±
 0

.0
03

 
15

.8
6 

± 
2.

18
 

38
.4

7 
± 

2.
70

 
4.

74
 ±

 3
.7

6 
16

.4
7 

± 
0.

87
 0

.0
06

 ±
 0

.0
01

 
13

.4
4 

+ 
5.

69
 1

7.
21

 
+ 

7.
36

 
19

.6
0 

± 
1.

74
 

4.
87

 ±
 0

.6
0 

10
.2

5 
± 

1.
30

 
22

.4
7 

+1
2.

22
th

ic
kn

es
s (

um
) 

„ „
R

ou
gh

ne
ss

 
1.

86
 +

 0
.2

0 
1.

41
 +

 0
.6

6 
0.

09
 +

 0
.0

1 
1.

68
 +

 0
.2

6 
0.

56
 +

 0
.1

1 
1.

99
 +

 0
0 

0.
36

 +
 0

.1
7 

1.
49

 
+ 

0.
63

 
0.

77
 

± 
0.

09
 

1.
54

 ±
 0

.5
1 

0.
41

 ±
 0

.0
9 

0.
23

 ±
 0

.1
8

co
ef

fic
ie

nt
Su

rfa
ce

:b
io

- 
6.

26
 ±

 1
.2

0 
3.

27
 +

 0
.2

6 
4.

45
 ±

 0
.1

5 
5.

56
 +

 1
.2

3 
2.

67
 +

 0
.1

6 
6.

95
 +

 0
.0

1 
3.

63
 +

 0
.5

0 
3.

94
 ±

 0
.7

4 
4.

26
 

+ 
0.

45
 

4.
05

 +
 0

.5
7 

3.
70

 ±
 0

.3
2 

4.
05

 ±
 0

.5
8

vo
lu

m
e

M
ax

h'
iu

nf
"1 

 ̂
28

.5
0 

± 
4.

95
 

48
.1

8 
± 

5.
80

 
44

.5
3 

± 
2.

71
 

28
.2

0 
± 

2.
89

 
33

.1
0 

± 
1.

93
 2

9.
63

 ±
 2

.2
6 

22
.0

5 
± 

4.
73

 4
4.

63
 

± 
4.

53
 

59
.2

2 
+ 

6.
86

t 
40

.3
2 

+ 
12

.4
7 

17
.0

8 
+ 

1.
57

 
32

.2
6 

+ 
13

.4
0

th
ic

kn
es

s (
um

)
Su

bs
tra

tu
m

 
0.

02
 ±

 0
.0

03
 

0.
02

 +
 0

.0
02

 
0.

20
 ±

 0
.0

06
 

0.
03

 +
 0

.0
07

 
0.

05
 +

 0
.0

1 
0.

02
 +

 0
.0

00
5 

0.
09

 ±
 0

.0
5 

0.
03

 ±
 0

.0
04

 
0.

07
 

± 
0.

03
 

0.
07

 ±
 0

.0
9 

0.
03

 ±
 0

.0
06

 
0.

11
 ±

 0
.0

6

K

r
i

H

o

a

B
M

ed
iu

m

Ta
bi

e 3
. Stru

ct
ur

al
 pa

ra
m

et
er

s o
f b

io
fil

m
 fo

rm
ed

 in
 tw

el
ve

 di
ff

er
en

t m
ed

ia
 o

f t
he

 P
la

ck
et

t-B
ur

m
an

 ex
pe

rim
en

t q
ua

nt
ifi

ed
 fr

om
 th

e C
SL

M
 im

ag
es

.



454 C.S. Srinandan et al.

uneven in thickness with more cells exposed to the bulk 
liquid. Mg++ affected the biomass (p < 0.05) and 
maximum thickness (p < 0.05) positively and surface 
to biovolume ratio negatively (p < 0.05), suggesting 
that the cells were densely clustered. Nitrate affected 
the biomass positively (p = 0.109). Ca++ influenced 
surface to biovolume ratio, biomass, and maximum 
thickness positively, (p — 0.06, p = 0.178, and 0.162, 
respectively) implying that a thick biofilm was formed 
at high calcium levels with more cells exposed to the 
bulk liquid.

Ca++ and Mg++ affect the hiofilm architecture 
differentially
Higher concentrations of Ca++ and Mg++ were 
observed to increase biofilm formation. The mechan­
ism for biofilm enhancement by Ca++ and Mg++ is 
possibly by inducing cohesion, which was found to be 
so in the Paracoccus biofilm as visualized by ESEM 
images. Biofilm of aggregated cells with distinct voids 
and a dense mass of biofilm cells were observed in 
MM2 medium with 10 mM MgS04 (MM2-Mg) and

Figure 3. Comparison of Paracoccus biofilm structures 
formed in different media, (a-c) ESEM images of biofilm 
grown in MM2 medium, MM2-Mg, and MM2-Ca, 
respectively. CSLM images of biofilm (40 x magnification) 
formed in (d) MM2 medium (e) MM2-Mg (f) MM2-Ca (g-1). 
COMSTAT results of various biofilm parameters from the 
CSLM images. One way ANOVA with Tukey test was used to 
determine significant differences, • = significance p < 0.05.

10 mM CaCl2 (MM2-Ca), respectively (Figure 3b and 
c). Biofilm in the control MM2 medium showed no 
such typical aggregations, although disconnected cells 
attached to the substratum were seen (Figure 3a). 
Clusters of cells were observed to be glued together in 
biofilms of high Ca++ and Mg++ suggesting induction 
of cohesion by these cations.

Further investigation of biofilms formed at high 
levels of Ca++ and Mg++ was done by analyzing their 
structures from CSLM images. Although Ca++ and 
Mg++ enhanced biofilm growth by the same mechan­
ism of inducing cohesion as visualized in ESEM 
micrographs (Figure 3a~c), they affected surface to 
biovolume ratio differentially as observed from CSLM 
image analysis (Table 4). The E(Xi) values of biomass 
and thickness were positive for both the cations, but 
the surface to volume ratio was negative in MM2-Mg 
(p < 0.05) and positive in MM2-Ca (p = 0.06) 
(Table 4), suggesting that the overall architecture was 
affected differentially. To validate this observation, 
biofilm was allowed to form in MM2-Mg, MM2-Ca, 
and control MM2 medium. MM2-grown biofilm 
showed a well networked mosaic structure with distinct 
voids (Figure 3d). Dense and confluent biofilm was 
observed in MM2-Ca (Figure 3f), whereas a mono- 
layer of cells with a mosaic skeletal structure and dense 
protruding pillars of cells distributed over them was 
observed in MM2-Mg-grown biofilm (Figure 3e). 
Biomass, average thickness, maximum thickness, and 
substratum coverage was higher and the roughness 
coefficient significantly lower in the Mg++-induced 
biofilm as shown in Figure 3g-k. In the Ca++-induced 
biofilm, the surface to biovolume ratio and the 
roughness was significantly higher than in the biofilm 
grown in MM2-Mg medium (Figure 3g-k) validating 
the earlier observation. Though the divalent cations, 
Ca++ and Mg++ are thought to induce the biofilm in 
similar way by erosslinking the cells and matrix, the 
overall architecture was found to be distinctly 
different.

Ca++- and Mff -induced biofilm demonstrate enhanced 
denitrification activity
Denitrification activity was measured for the biofilms 
formed in MM2-Mg or MM2-Ca medium to correlate 
biofilm structure with denitrifying activity. Figure 4 
shows nitrate reduction was significantly higher in the 
Ca++- and Mg++-induced biofilm compared to bio­
films grown in MM2 medium. It was 5.9 fold higher in 
MM2-Ca and 6.3 fold higher in MM2-Mg compared 
with MM2 biofilm. Significant difference was not 
observed in nitrate reduction or nitrite accumulation 
between biofilms formed in presence of high Ca++ and 
Mg++.
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Figure 6. Percentage of biomass reduction at various ages 
of Paracoccus biofilm by EDTA/EGTA treatment.

the high Mg++ medium after a 12 h period (Figure 7a 
and b).

Discussion
In order to investigate the influence of nutrients on 
biofilm formation by Paracoccus, a statistical design of 
experiment by microtiter plate assay was used. The 
assay utilized crystal violet staining, which binds to 
negatively charged molecules on the cell surface 
including EPS with acidic residues, thus quantifying 
the overall biomass which is the measure of biofilm 
formed. The influence of nutrient parameters on 
biofilm formation was observed to be distinct in 12 
different media by either inducing or repressing biofilm 
formation. E(Xi) values based on the assay showed 
significant increase in biofilm formation affected by 
succinate, Ca++, Mg++, and manganese, whereas iron 
repressed biofilm formation at higher concentrations.

Biofilm architecture, as affected by various nutri­
ents, was determined by combining the different 
structural parameters quantified from eonfocai images. 
Fluorescent nucleic acid stains, ie, SYTO9 and 
propidium iodide were used to stain biofilm for 
confocal microscopy and the images were used to 
quantify the structural parameters including biomass 
by the COMSTAT program. All the nutrient
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Figure 4. Denitrification activity (6 h incubation) of a 
Paracoccus biofilm grown in MM2, MM2-Mg, and MM2- 
Ca. Initial nitrate = 3 mM. Bars represent average values of 
at least three independent experiments and error bars 
represent the SDs. One way ANOVA with Tukey test was 
used to determine significant differences. • = significance 
p < 0.05.

Chelator treatment reveals the importance of divalent 
cations in biofilm development
The role of divalent cations in biofilm formation by 
Paracoccus was further investigated by adding EDTA 
to the medium. An average of 1.56 fold reduction in 
biofilm formation was observed with every increase in 
EDTA concentration up to 0.5 mM (Figure 5). Biofilm 
formation was completely inhibited at 1.0 and 10 mM 
EDTA. Planktonic growth determined by the 
colony forming unit (CFU) count was found to be 
1012 ml-1, in media containing EDTA in the range 
0.0 0.5 mM, but its toxic effect was observed at 
concentrations > 0.5 mM. CFU counts of 109, 106, 
and 105 ml-1 were obtained with EDTA concentra­
tions of 1.0, 5.0, and 10 mM, respectively.

Though biofilm formation decreased at increasing 
EDTA concentration, complete inhibition was not 
found at non-toxic EDTA concentrations. Hence, 
.various ages of biofilm grown in MM2, MM2-Mg 
and MM2-Ca were treated with 10 mM EDTA or 
EGTA. Biomass in MM2 medium showed a reduction 
of 62% and 79% at the 6 h and 12 h old stages, 
respectively after EDTA treatment and no reduction 
thereafter was observed, as shown in Figure 6. When 
Ca++-induced biofilm of various ages was treated with' 
10 mM EGTA, a 99% decrease in biomass was 
observed at 6 h and an 82% reduction at 12 h. Like 
the control MM2, a further reduction was not found in 
biofilm with EGTA treatment at other time intervals, 
indicating that some divalent cations including Ca++ 
are significant in the initial stages of biofilm develop­
ment possibly conferring structural stability by form­
ing crosslinkages between cells or the matrix. Biofilm 
in 10 mM Mg++ showed reductions of biomass in the 
range 68-74%, although at 12 h it showed a 42% 
reduction. Pillar-like protruding cells of the biofilm 
were mainly found to detach after EDTA treatment in
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(a)

Figure 7. 3D image and its corresponding Z-projection of 
the 18 h old Paracoccm biofilm grown in MM2-Mg medium 
(a) before EDTA treatment; (b) after EDTA treatment.

components used were shown to significantly or nearly 
significantly affect every biofilm parameter tested, 
except average thickness, emphasizing the importance 
of their concentrations on modulating biofilm struc­
tures (Table 4). The adaptation of biofilm structure 
according to changes in local substrate concentrations 
has also been predicted by computational models 
(Wimpenny and Colasanti 1997).

High succinate concentrations affected biofilm 
formation positively as shown by the microtiter plate 
assay (Figure lb) whereas image analysis showed a 
higher concentration of succinate to affect biomass 
negatively, but maximum thickness, the roughness 
coefficient, the surface to volume ratio, and the live to 
dead ratio positively (Table 4). The microtiter plate 
assay gives the intensity value of crystal violet as the 
overall biomass in the biofilm, whereas the COMSTAT 
analysis of the image reflects the amount of biomass 
(the fluorescent intensity of stained nucleic acids) 
excluding exopolysaccharides or proteins in the bio­
film. The disparity between the microtiter plate 
and confocal image analysis is possibly due to the 
increased production of exopolysaccharides at higher

concentration of succinate. Enhanced synthesis of EPS 
due to the availability of an excess carbon source has 
also been discussed in a review on biofilm exopoly­
saccharides by Sutherland (2001).

Iron showed negative E(Xi) values for biomass 
(p = 0.26) and maximum thickness (p = 0.04) imply­
ing a positive influence on these parameters at lower 
concentrations (Table 4). Planktonic growth was not 
significantly affected by higher iron concentrations 
(Figure lb) indicating that the higher concentrations 
used were not toxic to growth. Reduction in biofilm 
formation at increasing iron concentrations has been 
reported for Pseudomonas aeruginosa (Musk et al. 
2005; Yang et al. 2007) and Staphylococcus epidennidis 
strains (Johnson et al. 2005). Reduction in biofilm 
biomass and thickness at high levels of iron was also 
observed by Yang et al. (2007). However, the 
importance of minimal amounts of iron in biofilm 
development is demonstrated by Singh et al. (2002) 
and Banin et al. (2005). Deighton and Borland (1993) 
showed increased slime production in iron-limited 
conditions for S. epidennidis strains known to form 
biofilms encased with slime on prosthetic medical 
devices. Yang et al. (2007) observed a decrease in 
extracellular DNA with increasing iron concentrations 
and these authors also discussed their unpublished 
result where lower levels of iron induced increased 
production of extracellular DNA. This illustrates 
that lower levels of iron are necessary for biofilm 
formation, whereas excess iron represses biofilm 
formation.

Divalent cations other than iron, such as Ca++, 
Mg++, and manganese, showed a positive effect on 
biofilm formation in the microtiter plate assay and this 
was significant at higher concentrations (Figure lb). 
Many reports have demonstrated the involvement of 
Ca++ in biofilm formation. Kierek and Watnick (2003) 
showed the important role of O-antigen in Ca++- 
dependent biofilm formation in Vibrio cholerae. Addi­
tion of Ca++ enhanced biofilm thickness by nearly 20- 
fold in mucoid P. aeruginosa biofilms (Sarsikova et al. 
2005). Mg++ is also known to enhance biofilm 
formation. Adhesion of S. epidennidis increased two 
to four fold with addition of Ca++ and Mg++ to plastic 
(Dunne and Burd 1992). Song and Leff (2006) 
observed an increase in bacterial attachment with 
increasing Mg++ concentrations. Statistical analyses of 
Paracoccus biofilm structures showed that Ca++ and 
Mg++ positively affected biomass and maximum 
thickness (Table 4). Tanji et al. (1999) showed that 
the thickness of biofilm increased due to an increase in 
the density of dead cells in the biofilm. Thus, the live to 
dead ratio of cells was also calculated in the present 
study, and a significant increase in the live cell fraction 
was found in biofilm grown in MM2-Ca medium and
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no significant difference was observed between MM2 
and the MM2-Mg grown biofilms (Figure 31), suggest­
ing that the accumulation of dead cells was not a 
reason for the increase in the thickness of the 
Paracoccus biofilm.

Chen and Stewart (2002) observed a reduction in 
the apparent viscosity of P. aeruginosa biofilm cells 
with Ca++ and Mg++, whereas the viscosity increased 
with iron salts. Contrary to this observation, ESEM 
visualization of Paracoccus biofilm indicated cohesion 
of cells induced by Ca++ and Mg++ (Figure 3a-c), thus 
enhancing biofilm formation, whereas repression of 
biofilm formation was observed by iron at'higher 
concentrations (Figure lb and Table 4). However, in 
results provided by CSLM a contrast in structure was 
observed for the biofilm formed at high levels of Ca++ 
and Mg++. Mg++ affected the surface to volume ratio 
negatively, whereas Ca++ affected it positively (Table 
4). A negative surface to volume ratio implies a lesser 
fraction of cells exposed to bulk liquid. Increased 
biomass with a low surface to volume ratio indicates 
clustering of cells into tall pillars, which allows a lower 
fraction of the cells to be surface exposed, but the 
converse is true for a positive surface to volume ratio. 
Contrasting biofilm structures were formed, though 
both are thought to contribute to cohesion by cross- 
linking the cells and the matrix in the same way. 
Lattner et al. (2003) demonstrated differential affinity 
of Ca++ and Mg*i'+ to alginate, a major EPS produced 
by P. aeruginosa biofilm. This disparity is possible 
because of the difference in their orbital structure, 
binding strength, and the rate constant of binding to 
the cell surface or matrix molecules (Geesey et al. 
2000). Klausen et al. (2006) have proposed that the 
natural selection of different biofilm subpopulations in 
response to environmental conditions is the underlying 
reason for structural differences in P. aeruginosa 
biofilms grown in the presence of citrate or glucose. 
Similarly in this study with Paracoccus, a high level of 
Ca++ and Mg++ possibly promoted the formation of 
a protruding subpopulation of cells at different 
frequencies contributing to the difference in biofilm 
architecture.

Wimpenny and Colasanti (1997) reviewed three 
different conceptual models of biofilm structures, the 
water-channel, heterogenous mosaic, and a dense 
biofilm model. Comparisons can be drawn here to 
these models with Paracoccus biofilm. A typical mosaic 
form of biofilm cells with distinct voids was observed in 
the biofilm grown in control MM2 medium (Figure 3d), 
similar to the water-channel model. Some parallels 
between the Mg++-induced biofilm with the hetero­
genous mosaic model and the Ca++-induced biofilm 
with the dense biofilm model were also observed. The 
Mg++-induced biofilm of Paracoccus showed pillar-like

protrusions of cell clusters distributed on a monolayer 
of a mosaic kind of networked cells (Figure 3e), In a 
heterogenous mosaic model, well separated stacks of 
microcolonies are attached to the substratum with a 
small bottom layer of cells in the background. This kind 
of biofilm structure was described for natural biofilm in 
water distribution systems. The Ca++-induced biofilm 
of Paracoccus formed dense, confluent aggregations of 
cells (Figure 3f). Dental plaque biofilms comply with 
the dense biofilm model (Wimpenny and Colasanti 
1997). Saliva-derived components are also been known 
to have a high level of Ca++ ions (Garcia-Godoy and 
Hicks 2008) and aggregation of cells induced by Ca++ 
in a cariogenic strain of Streptococcus downei has been 
demonstrated by Rose (2000).

Addition of EDTA to the medium decreased the 
amount of biofilm formation by Paracoccus (Figure 5) 
indicating the role of divalent cations in biofilm 
development. Turakhia et al. (1983) treated a biofilm- 
with EGTA causing it to detach, signifying-the role of 
Ca++ in clasping the cells together. Reduction in the 
adhesion of S. epidermidis cells by EDTA treatment 
was observed by Dunne and Burd (1992). A decrease in 
apparent viscosity on EDTA treatment (Chen and 
Stewart 2002) and loss of biofilm cells by addition of 
EDTA was also found in P. aeruginosa (Banin et al. 
2006). Though there is a reduction, complete inhibition 
of biofilm formation was not observed in any of these 
studies. Hence, biofilms of various ages were treated 
with the chelator in this study to examine the role of 
divalent cations during biofilm development. Biofilm 
in MM2 and MM2-Ca media showed no reduction in 
biomass after a 12 h period with chelator treatment 
(Figure 6). This suggests that divalent cations are 
necessary in the initial stages of biofilm development. 
Nutrients such as phosphate and iron are also 
implicated in the microcolony and the maturation 
stages, respectively during biofilm development (Banin 
et al. 2005; Monds et al. 2007). On the other hand, 
increased biomass reduction with time was observed 
for the biofilm grown in MM2-Mg medium treated 
with EDTA (Figure 6). The availability of a higher 
Mg++ concentration was possibly exploited by a 
subpopulation of Paracoccus even at later stage of 
development, as a result of which they were susceptible 
to the EDTA treatment. It was also observed that the 
protruding pillar-like cells were more susceptible to 
EDTA than the basal mosaic layer of cells in the 
10 mM Mg++ supplemented medium (Figure 7b), 
indicating that the pillar-like cells were held together 
possibly by Mg++ ions. This indicates that protruding 
cells are possibly subpopulations naturally selected by 
a high level of Mg++ unlike the basal mosaic layer.

High nitrate levels did not show a significant effect 
on biofilm formation as observed by mierotiter plate
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assay, although it had a positive influence on biomass 
(p = 0.109) as analyzed from CSLM images. Other 
biofilm parameters were not significantly influenced by 
altered nitrate levels. Nitrite, an intermediate of 
denitrification has been shown to inhibit Staphylococ­
cus aureus biofilm formation (Schlag et al. 2007) and 
nitric oxide has been implicated in the dispersal of P. 
aeruginosa biofilm (Barraud et al. 2006). Activation of 
the denitrification pathway requires not only the 
presence of nitrate but also oxygen-limiting conditions 
(Tiedje 1994). Denitrification activity was significantly 
higher in the MM2-Ca and the MM2-Mg biofilm than 
in the MM2 biofilm of Paracoccus. Decreasing 
dissolved oxygen (DO) concentrations from the bulk 
fluid phase into the microcolony was observed in dense 
biofilms, but significant levels of DO were seen in less 
dense microcolonies by Costerton et al. (1995). Biofilm 
grown in MM2-Ca and MM2-Mg formed thick 
biofilms with high biomass compared to the biofilm 
grown in MM2 medium (Figure 3g-i), suggesting that 
the reduced DO concentration is the possible reason 
for inducing more denitrification activity. However, 
denitrification was not significantly different between 
MM2-Ca and MM2-Mg biofilms.

The statistical design of the present experiment 
demonstrated the modulated response of the Para- 
coccus biofilm architecture to varied nutrient concen­
trations. It would be interesting to develop such 
statistical designs for high thoroughput screening of 
environmental impacts on biofilm structure to activity 
for various applications, including monitoring of 
substrates qualitatively and quantitatively, to improve 
reactor efficiency in wastewater treatment processes. 
Biofilm development in Paracoccus was significantly 
affected by the divalent cations Ca++ and Mg++, 
enhancing biomass and the thickness of the biofilm at 
higher concentrations winch in turn affected denitrifi­
cation. This could be exploited in nitrate removal 
processes to provide anoxic conditions for increasing 
the denitrifying efficiency. On the other hand, the 
results obtained for Paracoccus biofilm also seems 
apparent for the ecological adaptation model proposed 
by Klausen et al. (2006).
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Abstract Denitrification was compared between Paracoccus sp. and Diaphorobaeter sp. in 
this study, both of which were isolated from activated sludge of a denitrifying reactor. 
Denitrification of both isolates showed contrasting patterns, where Diaphorobaeter sp. 
showed accumulation of nitrite in the medium while Paracoccus sp. showed no 
accumulation. The nitrate reduction rate was 1.5 times more than the nitrite reduction in 
Diaphorobaeter sp., as analyzed by the resting state denitrification kinetics. Increasing the 
nitrate concentration in the medium increased the nitrite accumulation in Diaphorobaeter 
sp., but not in Paracoccus sp., indicating a branched electron transfer during denitrification. 
Diaphorobaeter sp. was unable to denitrify efficiently at high nitrate concentrations from 
1 M, but Paracoccus sp. could denitrify even up to 2 M nitrate. Paracoccus sp. was found 
to be an efficient denitrifier with insignificant amounts of nitrite accumulation, and it could 
also denitrify high amounts of nitrate up to 2 M. Efficient denitrification without 
accumulation of intermediates like nitrite is desirable in the removal of high nitrates from 
wastewaters. Paracoccus sp. is shown to suffice this demand and could be a potential 
organism to remove high nitrates effectively.

Keywords Denitrification • Wastewater treatment ■ Paracoccus sp. • Diaphorobaeter sp. • 
High nitrate removal

Introduction

Denitrification is the bacterial respiratory process that couples electron transport 
phosphorylation with sequential reduction of nitrate to nitrogen through the intennediates 
nitrite, nitric oxide, and nitrous oxide [34], The denitrifying ability of bacteria is widely 
distributed among several genera, though the frequency is more among the alpha and beta 
proteobacteria [35]. However, the reduction rate of nitrogenous oxides during the
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denitrification process varies in different species and even strains [4, 5]. Environmental 
factors are known to significantly affect the denitrification process [12, 28, 29]. Partial 
pressure of oxygen is reported to determine the synthesis of reductases differentially, and 
nitrate is also known to affect nitrite reduction in Pseudomonas stutzeri [17]. Almeida et al. 
[2] observed the dependency of nitrite reduction on the nitrate concentrations in 
Pseudomonas flourescens. Low nitrite than nitrate reduction causes the buildup of nitrite, 
and die accumulated nitrite limits denitrification and growth [1], Almeida et al. [2] showed 
that nitrite concentrations above 130 mg NL_I limit the growth of P flourescens.

Wastewaters of certain industries producing chemicals, fertilizers, explosives, etc., 
contain very high amounts of nitrate with more than 1,000 mg L_l [7, 10, 13, 33], which, 
when released into the environment such as lakes or rivers, causes eutrophication and also 
contaminates the drinking water. The WHO guideline values for nitrate and nitrite in 
drinking water are 50 and 3 mg L ', respectively [31], because consumption of high nitrate 
and nitrite concentrations are known to cause methemoglobinemia in infants and other 
health hazards. Biological denitrification is the widely used phenomenon for nitrate 
removal from wastewaters. However, prominent limiting conditions for efficient 
denitrification to occur in reactors are high nitrate concentrations in wastewaters [6, 
8, 11] and the accumulation of nitrite [12, 26]. Francis and Mankin [11] observed nitrate 
concentrations above 6 kg I..~' to inhibit nitrate reduction. High nitrate concentrations 
possibly limit denitrification because of their chaotropic effect and also because the 
denitrification intermediates, nitrite and nitric oxide, generate reactive nitrogen species 
(RNS) which are harmful to cells [25].

Thus, denitrifiers which can reduce high nitrate concentration without accumulation of 
intermediates are a necessity in denitrifying reactors to increase the process efficiency. In order 
to check the denitrification potential of the bacteria present in denitrifying reactors, we isolated 
two cultures and compared their denitrification patterns at different nitrate concentrations. The 
cultures under study were Paracoccus sp. Wlb (henceforth Paracoccus) and Diaphorobacter 
sp. D1 (henceforth Diaphorobacter), both isolated from activated sludge of a denitrifying 
reactor. Different strains of both cultures are known to thrive in sludge habitats [15, 20, 
21, 32]. Our study shows that Paracoccus could denitrify more efficiently and , also 
tolerate high nitrate concentrations than Diaphorobacter.

Materials and Methods

Isolation and Identification of Bacteria

Isolates Wlb and D1 were isolated from the denitrifying reactor sludge of a fertilizer 
factory on peptone nitrate agar plates. Identification of tire isolates was done by sequencing 
the partial 16S rRNA gene. The primers used for amplifying 16S rRNA gene by PCR were 27f 
(5-GAGAGTTTGATCTGGCTCAG-3') and 1541r (5-AAGGAGGTGATCCAGCCG-3’). 
Sequencing of the PCR amplicon was done in ABI 3730x1 DNA Analyzer at services 
provided by XcelrisLabs. The primers used for sequencing the PCR product were 27f, 154Ir, 
and also 341f (5'-CTACGGGAGGCAGCA-3')J 534r (5'-ATTACCGCGGCTGCTGG-3’)) 
and 1107r (5'-GCTCGTTGCGGGACTTAA-3') according to Pillai and Archana [23], 
Overlapping sequences were analyzed in Mega 4.1 software [19] and corrected to obtain a 
larger fragment of the 16S rRNA gene. The sequences are submitted to the NCBI data bank 
with accession numbers HQ625227 and HQ625228.
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Culture Conditions

Culture maintenance and inoculum preparation was done in peptone nitrate medium 
(PNB). Denitrification experiments were performed in MM2 medium [27] consisting of 
sodium succinate 7.9 g, MgS04-7H20 0.2 g, K2HP04 0.2 g, FeS04-7H20 0.05 g, 
CaCl2-2H20 0.02 g, MnCl2-4H20 0.002 g, NaMo04-2H20 0.001 g, KNOj 1.0 g, yeast 
extract 1.0 g, pH 7.0, and distilled water 1,000 niL. A 24-h-old culture was centrifuged, 
washed, and resuspended in phosphate-buffered saline (PBS) for inoculation in 
denitrification experiments. Incubation of the cultures-was done at 30 °C in static 
conditions for maintenance of anoxia.

Denitrification Studies

Denitrification during growth was monitored up to 36 h with nitrate, and nitrite 
measured in intervals of 6 h. The experiment was performed in 250-mL Erlenmeyer 
flasks in MM2 medium containing 10 mM KNG3 inoculated with 10* cells mL-1 of a 

24-h-old culture.
Nitrate reduction, nitrite formation, and the relative rates (RR) of nitrate and nitrite 

reduction were calculated according to Dhamole et al. [9], where relative rate is 
described as

RR =
XN 03

^N03 — hiOl

where XN03 is the rate of nitrate reduction and AN02 is the rate of nitrite formation in the 
presence of nitrate.

Nitrate and nitrite reduction rates by resting cell suspension were performed as 
follows: Cells grown for 24 h in peptone nitrate broth were harvested by 
centrifugation at 10,000 rpm for 5 min, washed twice with phosphate-buffered saline 
(pH 7.4), and resuspended in PBS. Succinate and nitrate were added as electron donor 
and acceptor, respectively, and the reductions of nitrate and nitrite were estimated for 
20 min.

Denitrification experiments at high nitrates were done in 24-well microtiter plates using 
3 mL MM2 medium with the C/N ratio of 5.0 maintained at appropriate nitrate 
concentration. High nitrate concentrations were used in this experiment from 0.1 to 2 M. 
About 108 cells mL-1 were used as inoculum and incubated for 12 h, after which colony­
forming units (CFU), nitrate, and nitrite were measured.

Analytical Methods

Nitrate was estimated according to the method described by Jenkins and Medsker [14]. 
Nitrite was determined according to the standard method described in APHA [3], The 
method of Lowry et al. [22] was used for protein estimation, with bovine serum albumin as 
a standard.

Production of nitrous oxide by the culture was analyzed by withdrawing the sample from 
the headspace of the test tube in which the isolate was grown for 18 h in PNB medium, and 
N20 was measured by gas chromatography (Perkin Elmer, Auto system XL) with an 
electron capture detector.

^ Springer



Appl Biochem Biotechnol

Results

Characterization of the Isolates

The two cultures under study, Wlb and Dl, were isolated from the denitrifying reactor 
sludge sample of a fertilizer industry in peptone nitrate medium. The presence of 
nitrous oxide in the headspace of the growth tube confirmed them to be denitrifiers. 
Isolate Wlb was observed to be a Gram-negative cocci, and BLAST results of 1,094-bp 
partial 16S rRNA gene showed 99% identity with Paracoccus species; isolate Dl, a 
Gram-negative rod, showed 98% similarity with Diaphorobacter species with a 1,437-bp 
partial 16S rRNA gene sequence. Phylogenetic positions of both the isolates are shown in 
Fig. 1, where the isolates Wlb and Dl clustered with Paracoccus sp. and Diaphorobacter 
sp., respectively.

Denitrification Pattern of the Isolates

The nitrate reduction and nitrite accumulation of both isolates were monitored in batch 
mode up to 36 h in 250-mL Erlenmeyer flasks under static condition. Nitrate was reduced 
to 1.65 mM from 12.0 mM in 36 h by Paracoccus, with insignificant amount of nitrite 
accumulation at the 6-h interval (Fig. 2). Diaphorobacter could reduce nitrate from 12.0 to

48)

36

64

92

Diaphorobacter nitroreducens(AB076856.1)
72| Diaphorobacter nitroreducens (AB064317) 

Diaphorobacter sp. GS-1 (FJ158841.1) 

Diaphorobacter nitroreducens(NR024782.1) 

Diaphorobacter oyzae (EU342381.2)

- Isolate D1

- Comamonas testosteroni (AY291591.1) 

gfc p Acidovorax avenae (AF508114.1)
'— Comamonas denitrificans (AF233879)

63 rAcidovorax citrulli {GU108498) 

gg r Acidovorax detluwi (EU34539.1)
33L Acidovorax delafieldii (EU24132.1)

- Rhodobacter sphaeroides (NR029215.1)

- Paracoccus denitrificans (FM207553.1)

- Paracoccus aminovorans (D32240.1)
100

100 
1C.. 
37 [1
95

Paracoccus sp.Wbl (AF526892.1) 

isolate W1b

Paracoccus pantotrophus (NR026457.1) 
95L Paracoccus versutus (EU434456.1)

-----Geobacter sulfurreducens (AY186957.1)

Fig. 1 Phylogenetic tree constructed by neighbor-joining method showing position of the isolates with other 
related cultures. Bootstrap analysis of 1,000 resampling by maximum-likelihood method was used to 
construct tree. Parenthesis contains the accession number of the cultures
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Fig. 2 Denitrification pattern of the isolates (a) Paracoccns and (b) Diaphorobacter. Error bars represent 
the standard deviation

0.89 mM in 36 h, whereas a substantial amount of nitrite was accumulated in the medium 
(Fig. 2). Accumulation of nitrite increased to around 7.8 mM in 24 h and decreased to 
2.1 mM at 36 h. The calculated RR was high in Diaphorobacter and nearly 1.14 in 
Paracoccns (Table 1), suggesting that the rate differences between nitrate and nitrite 
reduction is the possible reason for nitrite accumulation.

The reduction rates of nitrogenous oxides were further estimated in the resting state of 
these cultures. The nitrate reduction rate was 1.5-fold higher than the nitrite reduction rate 
in Diaphorobacter, whereas the nitrate to nitrite reduction rate ratio of Paracoccns was 
found to be 1.0 (Table 2), suggesting similar reduction rates of nitrate and nitrite. However, 
the influence of increasing nitrate concentrations on the reduction of nitrite showed an 
increased accumulation of nitrite in Diaphorobacter, whereas nitrite buildup was not 
observed in Paracoccus with the increase in nitrate concentration (Fig. 3). The nitrate 
reduction rate at increasing nitrate concentrations is shown in Table 3, where the nitrate 
reduction rate increased substantially with 10 mM nitrate.

Influence of C/N Ratio on Denitrification by the Isolates

The amount of carbon source plays a crucial role in reducing nitrates in denitrifying 
reactors, so the optimum C/N ratio was tested for efficient denitrification in the cultures. 
Nitrate was provided as both electron acceptor and nitrogen source in the medium to the 
bacteria. Growth and nitrate reductions were significantly affected in both the isolates at a 
C/N ratio of <1, but much differences were not found at increasing C/N ratios more than 1.0 
(Fig. 4a, d). An increase in nitrite accumulation was seen at decreasing C/N ratio in

Table 1 Calculated rates during denitrification deduced from data shown in Fig. 2

Isolates NO’, reduction (pM min"1) N02 formation (pM min *) RR

Paracoccns sp. 7.22 0.9 1.14
Diaphorobacter sp. 9.72 6.1 2.68

Rates were calculated according to Dhamole et at. [9]. RR = 1 implies no nitrite buildup, whereas RR > 1
signifies nitrite accumulation
RR relative rate of nitrate and nitrite reduction
Rates determined by linear regression. R2 >0.87

Pl
an

kt
on

ic
 g

ro
w

th
 (u

g 
pr

oi
le

n 
m

l ')
 |

oo
oo

oo
oo

oo

N
ilr

&
tf/

N
itr

ite
 co

nc
cl

 ra
tio

n 
(m

M
)

Springer



Appl Biochem Biotechnol

Table 2 Nitrate and nitrite 
reduction rates by resting-state 
cells

Isolates NO3 reduced N02 reduced Ratio of nitrate
(pM mg-1 (pM mg-! to nitrite
protein min-1) protein min-1) reduction

Paracoccus sp. 159.0±85,0 147.0±15.O 1.08

Diaphorobacter sp. 117.0± 13.0 78.0± 14.0 1.50

Paracoccus, though significant nitrite accumulation changes were not observed in 
Diaphorobacter with changes in the C/N ratio (Fig. 4b, e). A 27-fold increase in nitrite 
was seen in a C/N ratio of 0.25 than i .0, and a C/N ratio of 0.5 showed a 9-fold increase in 
nitrite than the C/N ratio of 1.0 in Paracoccus (Fig. 4b). Nitrite accumulation was in the 
range of 3.S-6.9 mM in Diaphorobacter at all C/N ratios (Fig. 4e).

High Nitrate Denitrification by the Isolates

Nitrate reduction and accumulation of nitrite was investigated in both the isolates at high nitrate 
concentrations, the results ofwhieh are shown in Table4. A C/N ratio of 5.0 was maintained at 
all nitrate concentrations tested. Paracoccus reduced nitrate in the range 54-76.5% in 12 h for 
all the nitrate concentrations tested. Nitrite accumulation was in the range 1.15-3.4 inM, 
although 6.5 mM nitrite accumulated with 0.5 M initial nitrate. An average CFU of 109 mL-1 
was maintained at all tested nitrate concentrations (Table 4). Nitrate reduction was high in 
Diaphorobacter in the range 70-80% up to 0.5 M initial nitrate concentration, whereas a 
drastic decrease in nitrate reduction with 17.5% and 15.7% and a 2 log decrease in CFU with 
107 cells were observed when nitrate was increased to 1 and 2 M, respectively. Nitrite 
accumulation in Diaphorobacter was higher than Paracoccus, with a range of 8.1-13.6 mM.

Discussion

Though similar denitrification apparatus is present in diverse groups of bacteria, the 
denitrifying activity of each step differs in different organisms. In this study, we compared

Fig. 3 Nitrite accumulation at increasing nitrate concentrations in the medium, a Paracoccus, b 
Diaphorobacter. Error bars represent the standard deviation
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Table 3 Nitrate reduction rates 
during denitrification at 
increasing nitrate concentrations

Rates determined by linear 
regression. R~ >0.87

Initial nitrate concentration (mM) Nitrate reduction (pM min )

Paracoccus Diaphorobacter

I.O 3.08 5.25
2.5 4.16 5.00
5,0 4.16 4.16
7.5 5.27 5.27
(0.0 , . . , . 8.88, 9.44

the denitrification pattern of two cultures, Wlb and Dl, isolated from the activated sludge 
of a denitrifying reactor and identified as Paracoccus and Diaphorobacter, respectively 
(Fig. 1). The nitrate reduction rate is higher in Diaphorobacter, but Paracoccus reduced 
nitrate without much accumulation of nitrite transiently, unlike Diaphorobacter which 
accumulated nitrite significantly (Fig. 2). Diaphorobacter species are reported to also nitrify 
ammonia to nitrite [16]; however, ammonia was not provided in the MM2 medium (refer to 
“Materials and Methods” for composition), suggesting that the nitrite accumulation was due 
to nitrate reduction.

Accumulation of nitrogenous oxide intermediates during denitrification was explained 
by Betlach and Tiedje [4] where they showed that nitrite accumulation in Alcaligenes sp. 
and P. Jlourescens was due to the differences in the reduction rates of nitrate and nitrite. 
Investigating nitrate and nitrite reduction rates in resting cell suspensions provides insight 
into the overall reduction rate, including the flux of nitrate/nitrite into and outside the cell. It 
was observed that Paracoccus have a nitrate-to-nitrite reduction ratio of 1.08, suggesting 
nearly equal rates in the reduction of these two nitrogenous oxides, but Diaphorobacter 
showed a ratio of 1.5 (Table 2). High nitrate than nitrite reduction rate was the possible 
reason for the accumulation of nitrite in Diaphorobacter. Increasing nitrate concentrations

^ J •= ^ ' v1 '
CYNriiio C/Nraii<» ONraiia

Fig. 4 Influence of the C/N ratio on nitrate reduction, nitrite accumulation, and growth of Paracoccus (a-c) 
and Diaphorobacter (d-f). Bars represent the average vaiues of at least three independent experiments. Error 
bars represent the standard deviation. Same symbols above the bars indicate no significant difference. 
One-way ANOVA with Tukey test was used to determine significant differences (p<G,05)

pr
oi

el
n 

{j
ig

 m
l4

)

o

iIz
*

J It*
’

T+
* (tn

iU
lii

 (p
g 

m
l'1)

 

2 & 
$ 2 

§

f f t ~ 10-3 

£ tr

* » I
3
1 *' 
a
« *• . l A.

fi>
Si

r'
ni

tra
u*

 ra
to

ci
fo

n 
(1

t)
gu

sl
i

<0 Springer



Appl Biochem Biotechnol

"I
ni

tia
l C

FU
=1

08

D
ia

ph
or

ob
ac

te
r

30
,0

50
.0

27
.0

oro

0.
56

o
X

h
u.U Pa

ra
co

cc
us

10
.0

10
.0 ©

© 15
.0

13
.5

N
itr

ite
 ac

cu
m

ul
at

io
n (

m
M

)

D
ia

ph
or

ob
ac

te
r

*r><r>
-H

in

vq

•noo
©-K
oo

-H
00

mor4
-H
©
Cs

Pa
ra

co
cc

us

1.
55

±0
.4

0
1.

15
±0

.1
5 Vt

5f
oA
SO 2.

00
±0

.4
5

3.
40

±0
.2

0

%
 re

du
ce

d

71
.0 o

oCO 70
.0

17
.5

15
.7

D
ia

ph
or

ob
ac

te
r

Fi
na

l

o©o'-
-H
£io
© 0.

04
0±

0.
00

3
0.

15
0±

0.
00

2 SO•ecj-

(N
©4*
inOl00
©

<Nm
©-B
\©00so

%
 re

du
ce

d

54
.0

76
.5

60
.4

59
.6

65
.3

N
itr

at
e  c

on
ce

nt
ra

tio
n (

M
)

Pa
ra

co
cc

us

Fi
na

l

s
o
©•tto
s© 0.
04

7±
0.

00
05

0.
19

8±
0.

00
3 r-r»©

©41
St©
©

t-*cj
©■H
Cv<0
©

In
iti

al

© 0.
2

0.
5 © 2.
0

Ta
bl

e 
4 D

en
itr

ifi
ca

tio
n a

nd
 gr

ow
th

 o
f t

he
 is

ol
at

es
 at

 hi
gh

 ni
tra

te
 co

nc
en

tra
tio

ns

Springer



Appl Bioehem Biotechnol

in the medium increased the nitrite buildup in Diaphorobacter, whereas nitrite 
accumulation was not observed in Paracoccus (Fig. 3). The lower nitrite than nitrate 
reduction could be the possible reason for the nitrite buildup in Diaphorobacter, but a ratio 
of 1.08 (Table 2) for nitrate to nitrite reduction found in Paracoccus could not explain the 
increased reduction rate of nitrite when nitrate concentrations were increased in the 
medium. Branched electron flow to the nitrogenous oxides in Paracoccus denitrificans has 
been reported by Kucera et al. [18]. Similarly, the increased nitrite reduction with the 
increase in nitrate concentration observed for Paracoccus (Fig. 3) suggests “inhibition by 
product via respiratory chain” [18] to be the possible phenomenon.

The C/N ratio significantly influenced nitrate reduction and growth in both the isolates 
(Fig. 4). Low C/N ratio also affected nitrite accumulation significantly in Paracoccus. 
Carbon source acts as an electron donor; hence, higher amounts of carbon source than 
nitrate is required to completely reduce nitrates. A C/N ratio of 5.0 was provided in further 
studies of high nitrate reduction. High nitrate concentrations tested did not affect the nitrate 
reduction and growth significantly in Paracoccus, but a substantial drop in nitrate reduction 
and growth was observed in Diaphorobacter from 1.0 M nitrate concentration (Table 4). 
Nitrates in excess can be harmful to the cell because of their chaotropic effect. A 
Klebsiella oxytoca strain was isolated by Pinar et al. [24], which could tolerate nitrate up 
to 1.0 M, but Klebsiella species are also reported to have the property of dissimilatory 
nitrate reduction to ammonium [30]. However, Paracoccus could denitrify efficiently 
even at 2.0 M nitrate concentration and tolerate up to 4.0 M nitrate concentrations (data 
not shown). The denitrification intermediates, nitrite and nitric oxide, generate RNS 
which are more toxic to the cells [25]. Efficient denitrification by branched electron 
transfer [18] in Paracoccus is possibly the mechanism to detoxify its microenvironment, 
whereas the accumulation of nitrite in Diaphorobacter possibly lowered the fitness of the 
cell at high nitrate concentrations.

The above results suggest that Diaphorobacter possibly transfers electron sequentially in 
the denitrification system from nitrate to dinitrogen formation, whereas a branched electron 
transfer occurs in Paracoccus. The branched electron transfer strategy of Paracoccus might 
help the organism adapt to environments containing high nitrogenous oxide concentrations 
like industrial wastewaters. We have also reported studies on biofilm formation by 
Paracoccus elsewhere [27], and our unpublished data on biofilm community analysis by 
fluorescence in situ hybridization probes show an increase of Paracoccus sp. in the biofilm 
community at nitrate concentrations above 250 mM in a 1-L laboratory reactor. Efficient 
denitrification complemented with surface colonization by biofilm formation gives this 
isolate potential in high nitrate removal processes in denitrifying reactors.
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