J. Induan Inst Sci, Sept~Oct. 1999, 79, 371-389.
© Indnan Institute of Science

Some observations on biofilm formation in two different
aquatic systems

T. S. RAO¥, V. P. VENUGOPALAN*, R. P. GEORGE** AND K. V. K. NAIR"

#Water & Steam Chemistry Laboratory, “*Corrosion Science & Technology Division, Metallurgy & Materials Group,
Bhabha Atorme Research Centre Facilities, [GCAR Campus, Kalpakkam 603 102, Tamil Nadu

"National Institute of Ocean Technology, Narayanapuram, Pallikarnat Post, Chennai 601 302, Tamil Nadu

Fax: +91 4114 40396 & 40397, email" subbarao@gcar.ernet i

Abstract

Time course stadies on biofilm formation were carried out 1n two different aquatic systems, viz. freshwater impound-
ment and jn an cstuary. Various physical, chemical and biclogical parameters were analyzed In the freshwater system
biofilm formation was also studied both in photic and aphotic conditions Biofilm thickness ncreased from 52 o 128
umn the photic environment and from 17 to 30 prm i the aphotic enviionment during 24120 h of exposure Brofilm
bromass, chlorophyll 2 and other biochemical constiuents were higher under illuminated condittons. Dratom numbers,
as conld be expected, were higher on the phouc panels. In the estuanne biofilm, thickness, turbidity and bromass
showed similar trends of temporal distributton The biofiim nutrient levels were 100-1000 times higher than those
the ambient water. In the freshwater, biotilm nutrients concentration factors were consistently higher i aphotic than in
phouc conditions. Diatom numbers and hexose sugar content of the biofilm showed very good correlation (r = 0.97 and
p=0.0001). Anaerobic bacterta such us nitrate and sulfate reducers were observed within 24 h of biofilm formation
Denitrification phenomena was observed up to 96 h of biofilm growth
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1. Introduction

Biofilms develop on all solid surfaces exposed to aquatic environments. Generally, biofilm is a
complex functional consortium made up of microorganisms and extracellular polymer matrix,
organic detritus and inorganic solids.' Investigations by many workers have highlighted prob-
lems involved in the study of biofilm formation, such as difficulties in duplicating biofilm de-
velopment under laboratory conditions.” > Considerable amount of literature on biofilm charac-
terization in freshwater systems has also been reported.“® Most of the above-mentioned studies
have attempted to characterise biofilms with respect to limited number of parameters such as
microfauna associated with biofilms or biochemical composition. In the present study, a more
comprehensive approach was taken to characterise biofilm in terms of their physical, chemical,
biochemical and microbiological parameters. In order to have a comparative understanding of
biofilm formation, biofilms developed in photic (naturally illuminated condition) and aphotic
(like the cooling-water conduits) conditions in a freshwater system were studied. Furthermore,
an estuarine environment was also chosen to explicate the influence of saline environment on
biofilm development.

*For correspondence.
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2. Materials and methods

Plexiglass panels (15x 10x 0.3 cm and 7% 3 x 0.3 cm) were suspended using a stainless steel
frame at a depth of 1.5 m in the Sadras-Edaiyur estuary. Before immersion, the panels were
washed thoroughly, dried and rinsed with 70% ethyl alcohol. They were retrieved after 24, 48,
72, 96 and 120 h of immersion to study the sequential development of biofilm. Samples of
biofilm as well as of ambient water were simultaneously collected for analyses. In the labora-
tory, the retrieved panels were carefully rinsed with filtered (0.2 pm, Millipore) and autoclaved
(120°C for 10 min) estuarine water. Wet biofilm thickness was determined microscopically
(Nikon Optiphot) using smaller coupons.” Thickness measurements were made at about 25
random points in order to get a reasonably accurate mean value. The biofilm was scraped from
the larger panels using a sterile nylon brush and the material was dispersed in 100 mt of filter-
sterilised estuarine water, Water-quality parameters were analyzed as per standard methods."”
The scraped biofilm suspension was filtered (0.2 um, Millipore), the filtrate made up to a -
known volume using demineralized water and used for nutrient (vitrite, nitrate, phosphate and
silicate) analysis, carried out using standard methods.'® Biofilm putrient values are expressed
as mg atom per liter of biofilm volume to facilitate comparison with ambient water whose val-
ues are expressed as pg at I”'. Filtered estuarine water (blank) was also analyzed for all the
relevant parameters and the values were subtracted from biofilm values. Biofilm volume was
calculated by multiplying the mean wet biofilm thickness by area.

To study biofilm formation in freshwater, two sets of panels were used, one exposed to
natural jlhumination and the other in a darkened chamber. The chamber was made of stainless
steel frame (40 x 30 x 30 cm), the sides and top of which were sealed with 10-mm-thick plexi-
glass sheets and painted black; the bottom was open to facilitate free exchange of water. The
panels were suspended from stainless-steel hooks attached to the top of the chamber. The pan-
els were exposed in a freshwater reservoir which receives subsoil water from Palar river.
Biofilm samples as well as samples of ambient water were simultaneously collected for analy-
ses of various parameters as described earlier. Water-quality parameters of the reservoir water
were analyzed as per standard methods."! The scraped biofilm suspension was filtered (0.2 um,
Millipore) and the filtrate was again made up to a known volume (250 mi) and used for nulri-
ent analysis (nitrite, nitrate, phosphate and silicate).

In general, methods followed by other workers™ * * ™ were used for different biochemical

and biological analyses. Pre-ignited (450°C, 4h) filter papers (Whatman GF/C) were used to
filter samples for biomass and particulate organic carbon (POC) estimation. Diatoms were
counted using haemocytometer. C Qunts of culturable heterotrophic bacteria were made using
standard mlcroblolooxcal methods." Sulfate- -reducing bacteria (SRB) were assayed using the
Postgate medium,'* the inoculated plates were incubated in anaerobic jars, SRB colonies could
be de(ected after 96 hours of incubuation. Pseudomonas sp. were assayed using King’s B me-
dium." Nitrate-reducing bacteria (NRB) were counted on a defined medinm consisting of po-
tassium nitrate with sodium citrate as carbon source and traces of glucose (0.01%) to stimulate
growth; pH of the medium was adjusted to 7.5. Before inoculation, the dissolved oxygen was
scrubbed with inert gas (argon). Cufturable acrobic heterotrophic bacteria (CAHB) were de-
tected using half-strength ZoBell medium enriched with glucose (0.1%) The bacterial isolates
were identified as per standard procedures.'®
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Proteins and carbohydrates (as hexose sugars) were analyzed.”‘ 18 Lipids were extracted
and quantified following the procedure reported by Rao and Harbola." Statistical precision of
various biofilm parameters assayed in triplicate showed that the mean coefficient of variation
was <10.

3. Results

Data on water-quality parameters and their range during the course of this study are presented
1 Table 1. Table IIA provides the nutrient concentration both in photic and aphotic biofilm.
Figures 1 and 2 provide the data on various biofilm parameters assayed. Each sub-chart indi-
cates comparative trends in both photic and aphotic environments. Table XII gives a list of mi-
croflora identified on both sets of panels (photic and aphotic).

Brofilm thickness (Fig. 1a) on the photic panels increased from 52 pm after 24 h to 128 pm
by 120 h, whereas on the aphotic panels the increase in thickness was much less. Similarly,
biomass (Fig. 1b) of the photic biofilm was >3.5 times from 24 to 120 h, whereas in the
aphotic biofilm the increase was only marginal. Total dissolved solids (TDS) in the photic
biofilm showed a steady state during the period 24 to 120 h (Fig. Ic). However, aphotic bio-
film showed a continuous accumulation of TDS. Diatom numbers (Fig. 1d) in aphotic biofilm
was undetected up to 96 h following immersion; however, by the end of 120 h of growth the

Table I

Water-quality features of the freshwater reservoir during the course of the study
Parameter Unit Mean Range

PH pH units 8.6 8.4-89)
Specific conductivity uSem? 295 (285 ~ 300)
Total alkahnity ppm CaCO; 102 (98- 105)

P Alkalinity ppm CaCOs 9.2 (7.5-94)
Total hardness ppm CaCO; 754 {(72-78)
Total suspended solids mg " 35 (04-69)
Total dissolved solids mg It 198 (170 - 200}
Dissolved oxygen mg ! 79 6.2-95)
Calcium mg I 20.4 (10-27)
Chionde mg ! 425 (32-46)
Sulfate mg ™ 10.6 (8-12)
Phosphate ~mgatl” 0.09 (0.01--0.16)
Nitrite ~-mgatl” 0005 (0.002 - 0009)
Nitrate —mgat]" 0015 (0.01 -0.25)
Silicate ~mgatl” 82 5-12)
Chlorophyll a pgl™ 257 (18~38.8)
Particulate organic carbon pugCl’ 1062 (980 - 1187)
Total protein mg it 54 (3.6-74)
Hexose sugar mgl™ 6.2 (35-82)
Total Iipid mgi™ 54 (44 - 62}
Diatom count cells m!™! 250 (220 - 285)
Sulfate-reducing bactena (SRB)  cfu ml™ 2 0-4)

CAHB cfuml™ 5% 10° 4-6x10%
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Table IIA
Nutrient concentrations in freshwater biofilm
Nutrients Biofilm Duration of biofilm formation (h) Concentration
provided formation under . factor*

24 48 72 9% 120
Phosphate  Photic 040 055 065 072 082 40-80
MgatPT" pphouc 162 330 1180 920 110  160-1180
Silicate Photic 340 930 1100 1250 15 1-3
mgat St Apharic 2000 3000 3500 6600 143 4-28§
Niwate .« Photic 044 033 026 037 045 13-22
mg 2t Aphone 185 220 260 330 520 92250
Nim'wN . Photic 0200 0300 0560 0800 120 12-60
me a Aphotic 0005 0009 0012 0034 008 60335

# as compared to ambient water,

diatom population was ca. 50 cells em™. The diatom count in the photic biofilm showed a sig-
moid pattern. The increase after 72 h was exponential. Cyanobacteria and diatoms were the
major constituents in the photic biofilm (Table III). However, a few diatom species were found
in the aphotic biofilm after 96 h of incubation. SRB were assayed to follow the onset of an-
aerobic conditions in the biofilm. The biofilm at 24 h reached a thickness of 18 um on aphotic
panels and at this stage the SRB number was 1.4 cfu cm™. In the photic panels, after 24 h, al-
though the biofilm thickness was 52 pm, the SRB number was only 0.7 cfu cm™. SRB num-
bers on the aphotic panels were generally higher than those on the photic panels (Fig. 1e). The
culturable aerobic and heterotrophic bacterial count (CAHB) showed a reduction of two orders
of magnitude in the photic panels from 24 to 120 h, whereas on the aphotic panels the decrease
was by four orders of magnitude (Fig. 1f). The heterotrophic bacteria were dominated by exo-
polymer-producing species such as Pseudomonas aeruginosa which accounted for about 60%
of the culturable population. Large number of ciliated protozoans was observed on the aphotic
panels after 72 h of biofilm growth.

The concentration of nutrients in the biofiln was many times higher than that in ambient
water (Table IIA). The data also showed that, in general, nutrients accumulated more in the
aphotic biofilm. Silicate levels (Fig. 2d) in the photic biofilm showed a gradual increase with

Table IIB

Nutrient coneentration factors* in the estuarine biofilm
Parameter 241 481 72h 96 h 120 h
Phosphate 3500 4900 7000 7900 7900
Silicate 2363 3200 6500 3100 1600
Nitrate 162 205 136 85 120
Nilrite 330 982 1258 641 264
Ammonia 12 175 300 562 425

*as compared to ambient water.
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time. However, increase of silicate levels on aphotic panels was more pronounced. In the 24-h-
old photic biofilm, a silica level of 3.4 mg at Si 1™ was recorded, whereas the aphotic panel had
20 mg at Si I”'. Phosphates (Fig. 2¢) also showed a similar trend, but decreased after 72 h in the
aphotic biofilm. Nitrate levels were higher compared to the photic biofilm (Fig. 2b). However,
during the 24 to 120 h of biofilm growth, nitrite levels in the aphotic biofilm (Fig. 2a) re-
mained almost steady in photic biofilm and a linear increase in nitrite concentration was seen
with time.

Particulate organic carbon (Fig. 2¢) showed a steady increase from 24 to 120 h in the photic
biofilms. The POC content in the aphotic biofilm was less than half of that in the photic
biofilms (after 120 h). Although the chlorophyll a (Fig. 2f) values were relatively low in the
initial stages in the aphotic biofilm, a ten-fold increase was observed in photic biofilm by the
end of 120 h. Total protein and carbohydrate contents (Fig. 2g and h} increased with time on
the photic panels. On the contrary, in the aphotic biofilm, the carbohydrate and protein values
decreased with time. Lipid content (Fig. 2i) of the biofilm gradually increased in both the bio-
films; however, the increase was marginal in the aphotic biofilm, while the photic biofilm had
two-fold higher lipid values.

The data on water quality of the Edaiyur estuary during the study period are presented in
Table IV. The estuarine water is rich in nutrients and the primary productivity was relatively
high (5.0 mg C m®). Amongst the bacterial population, the counts of SRB and NRB were rela-
tively high. Figure 3 (A to D) illustrates the variations in various biofilm parameters assayed in
the estuarine biofilm.

3.1. Physical parameters (Fig. 3A)

All the three parameters (biomass, thickness and turbidity) showed similar curve trajectories.
Linear regression analyses between biofilm thickness and biomass gave a correlation coeffi-
cient r=0.9587 and p value < 0.0001 which is considered significant. The correlation coeffi-
cient (r) between turbidity and biomass was 0.9273 (p value was 0.01).

3.2. Biological parameters (Fig. 3B)

The CAHB counts showed a decreasing trend after 72 h of biofilm growth. SRB showed a
gradual increase with time, while the NRB count increased up to 72 h and then decreased by
the end of 120 h. The denitrifying bacteria observed during the course of this study were Al-
caligens sp., Bacillus sp., Micrococcus denitrificans, and Pseudomonas sp. Diatom population
reached a maximum by 48 h and then onwards showed a decreasing trend.

3.3. Chemical parameters (Fig. 3C)

Temporal variations in nutrient distribution were observed in the biofilm. Silicate levels in the
bicfilm were very high and showed a steep increasc in the initial phase of the biofilm growth
(up to 72 h), followed by a decrease towards the end of 120 h. Phosphate content showed a
marginal increase during the course of study (24 to 120 h). Almost all the nutrdents showed &
decreasing trend by the end of 120 h of biofilm growth, except nitrate which showed a slight
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.increase. Nitrate levels in the biofilms increased up to 48 b, but thereafter decreased gradually.

Nitrite concentration showed an initial increase up to 72 h and thereupon declined. Ammonia
was detected in the biofilm by 24 h of biofilm growth. The concentration showed a lipear in-
crease up to 96 h, and then decreased. The progressive increase and detection of ammonia in
the biofilm after 24 h of growth indicated that ammonia is produced in sifu in the biofilm. Re-
gression analysis of the nitrate reducers versus ammonia revealed significant correlation
(r=097 and p =0.0001). This indicates that ammonia generation was probably caused by
NRB and not by mere accurnulation from the environment.

3.4. Biochemical parameters (Fig. 3D)

Chlorophyll a and lipid content showed only marginal variations during the study period. POC
levels showed a linear increase from 24 to 120 h of biofilm growth. A significant number of
protozoans were observed in the biofilm after 72 h of growth.

3.5. Denitrification process (Fig. 4)

NRB counts and nitrate, nitrite and ammonia values were plotted to understand the dynamics
of nitrogen in the estuarine biofilm. At the end of 120 h, biofilm showed nitrification process
which was evident by an increasing trend observed in nitrate concentration, whereas ammonia
production showed a decreasing trend. This suggested that nitrification process was set in the
biofilm after 120 h of growth. Table 1IB shows the nutrient concentration factors in the biofilm
in comparison with the ambient estuarine water. Phosphate concentrations were very high in
the biofilm, followed by silicate, nitrite and ammonia.

4. Discussion

4.1. Freshwater biofilm

Biofilms are biologically active matrices consisting of cells, cell-derived and noncellular mate-
rials that accumulate at solid—water interfaces. Predicting the type, rate and extent of biofilm
formation is useful in environmental studies, pollution abatement and design and operation of
industrial equipment which are prone to biofouling.™ The nature of the biofilm which develops
in an aquatic environment depends on the characteristics of the water body. During the course
of this study, temporal heterogeneities were observed in various physical, chemical and bio-
logical parameters.

Light plays an important role in the aquatic environment.?' Biofilms growing on illumi-
nated surfaces are expected to be different from those growing on surfaces under aphotic
conditions (such as surfaces in a cooling circuit). Biofilm being a closely knit consortium
of physiologically interacting multispecies entities, its chemistry is interlinked with its biologi-
cal composition. Most of the studies on biofilm characterization so far have used surfaces
immersed in well-lit sea water.” '™ 2 The results showed that aphotic biofilm had a slower
growth rate as represented by lesser biomass and thickness and consisted of bacteria as pre-
dominant colonizers and later on heterotrophic diatoms to a lesser extent. On the other hand,
biofilm developed in the photic environment had a much faster build up with high density of
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Table I

List of algal species identified in the freshwater biofilm

(1) Cyanobacteria Mcrospora sp. Nutzschia senata

Anabaena sp Oedogonium sp. Nitzschia palea

Calothrix sp. Pediasirum tetras Opephora sp.*

Gloecapsa rigreseus Selenastrum gracile Rhoicospheria sp.

Lyngbya spiralis Scenedesmus bifugatus  Synedra ulnag*

Nostoc sp. Ulothrix sp (IV) Others

Oscillatoria sanctam 1) Diatoms Dmnobryon sp (chrysophyte)
Phormiduum sp. Achnanthes sp. Tribonema sp.

Phormidum fragile Amphora coffaeformus (Xanthoph

Rivularia sp. Cocconers sp. * also seen in aphotic brofilm
Spiruling subtilissima Cymbela sp,

(D Green algze Fragilaria sp.

Coelastrum microsporum Gomphonema sp

Chlorella vulgaris Licmophora sp.*

Chlorococcum sp. Navicula sp.

Coleoachaete sp.

algae and was characterized by a wide spectrum of organisms (bacteria, diatoms, filamentous
algae, cyanobacteria, see Table IIT). It was observed that bacteria were predominant at the be-
ginning of biofilm development in both illuminated and aphotic environments. The high POC
content of 9.40 pg C cm™ after 120 h in the photic biofilm could be attributed to increase in
the number of algal settlers (see chlorophyll a values, Fig. 2f). Consistent with the literature,
the results suggest that bacteria are initial colonizers of surfaces. The initial phase of biofilm
growth (24 to 48 h) did not show any major changes in bacterial population colonizing the sub-
stratum. The succession pattern observed was; bacteria (initial colonizers), rapidly followed by
a monolayer of adnate diatoms, Cyanophyceae, unicellular Chlorophyceae and multicellular
and filamentous Chlorophyceae.

The CAHB observed during the course of this study contained species known to produce
copious quantities of extracellular polysaccharides (in the present study, Pseudomonas aerugi-
nosa amounted to 60% of the exopolymer-producing bacteria observed) and the relatively high
hydrophobic surface provided by plexiglass could possibly be one of the reasons for such set-
tlement. The SRB numbers both in the dark and illuminated biofilm indicated that thickness of
the biofilm was correlated with the development of anaerobic environment. The SRB numbers
were more on the aphotic biofilm, owing to reduced oxygen tension in the biofilm. The num-
bers, however, are marginally lower when compared to another freshwater lake, which was
studied at Kota, Rajasthan, in north India.” This lake water, which is being used to cool a pres-
surized heavy-water reactor, showed SRB numbers ranging from 3.5 to 5.3 cfu em™ in the
biofilm during a 24 to 120 h of exposure period.”® Studies by Jones and Lock® have shown
that the biofilm community that developed on illuminated surfaces consisted of both photo-
trophs and heterotrophs. Autotrophic production of oxygen would discourage SRB growth
from proliferating in the photic biofilm. On the other hand, dark-grown biofilm are more likely
to have greater SRB numbers as shown by the present data. Moreover, SRB being heterotro-
phic in nature, can utilize small-chain organic molecules and hence probably proliferate well
on the aphotic panels. The absence of photosynthetic organisms can initiate early onset of an-
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aerobic condition in the aphotic biofilm. This observation is very important in the context of
biocorrosion of heat-exchanger surfaces where development of anaerobic conditions could lead
to proliferation of SRB. Microscopic observations showed diatoms also in significant numbers
in the aphotic biofilm after 96 h. These were probably heterotrophic diatoms. which are capa-
ble of growing in the absere of sunlight.* The presence of large amount of nutrients in the
aphotic biofilm and the release of bacterial exudates during grazing by protozouns could have
created favorable conditions for diatom to multiply on heterotrophic mode of nutrition. The
high-reactive silica values in the aphotic biofilm apparently point to lack of utilization by dia-
toms, unlike in the case of photic biofilm where they are rapidly used up by the diatoms.

This study indicates that biofilm development in the early stages is nonhomogenous. an ob-
servation similar to that of Dexter ez al.® as the biofilm develops more cells and their
exopolymers accumulate and fill the free spaces. Costerton et a/ % have reported that the pres-
ence of large network of exopolymers in the biofilm as well as extensive water channels are
responsible for the water-holding capacity of biofilms. Apparently, this gelatmous matrix may
also act as a trap for nutrients. Literature reports indicate the possibility of biofilm acting as a
sink for nutrients and the solid-liquid interface as a zone of nutrient accumulation.™ 7 But,
there are no reports on the quantification of nutrients or their concentration factors in biofilms.
The present data (Table TIA) provide evidence of nutrient enrichment in the biofilm. It is re-
ported that the stereochemistry of the exopolymer matrix in the biofilm would make it function
as an ion-exchange matrix enabling the concentration of nutrients.”® The polymers. being am-
photeric and polyelectrolyte in nature, can bind strongly to anionic nutrients like silicate, phos-
phate and nitrate.” Tt is possible that biofilm inhabitants benefit from specific interactions
based on the provision of growth requirements, e.g. filamentous microorganisms which are
observed in the biofilm may transport nutrients from the bulk liquid into the biofilm interior
and replenish their supply as reported.20

It is known that in the later phases of biofilm development in natural waters, protozoans
colonise the biofilm. % Ciliate protozoans play a critical role as bacterial grazers. The protozoa
select their prey primarily based on physical characteristics such as size and shape.® By graz-
ing on bacteria trapped in the biofilm the protozoans influence biofilm growth dynamics. They
may even influence mass transfer to deeper layers of the biofilm, by creating turbulence
through their motion within the biofilm* * The protozoans graze on the bacterial population
and are important participants in the maintenance of a stable climax biofilm community. Dur-
ing the course of this study, diatoms succeeded protozoan appearance in the aphotic biofilm
and it is possible that the grazing of bacteria in the aphotic biofilm by the protozoans might
have denuded the bacterial films from the substratum and paved the way for colonization by
diatoms. The grazers release bacteria-bound nutrients, which become available for the diatoms,
which in turn help in their proliferation. Thus the presence of protozoa in the biofilm may be
very important in documenting the expression of metabolic potential of biofilm bacteria.

The initial phase of growth of microorganisms in the biofilm formation depends on the
chemistry of the ambient environment, primary settlers, as well as adsorbed molecules at the
interface. These parameters may characterize the optimum ecological niche for the further de-
velopment of the biofilm. During the course of biofilm formation and progression, the micro-
flora affect the environmental chemistry and provide conditions for favorable settlement of
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other species. It was observed that the phosphate concentration in the aphotic film increased
sharply after 72 h, which was also the time when protozoans were detected in the film in large
numbers. Simultaneovsly, there was also a progressive reduction in the bacterial count, which
may be due to protozoan grazing. Subsequent reduction in phosphate levels is probably due to
the uptake by heterotrophic diatoms and increased bacterial colonization which was observed
after 96 h of biofilm growth. According to Berner’' phosphate in the biofilm may adsorb, dif-
fuse or complex with inorganic and organic cations and be precipitated in the biofilm. This
indicates that although the phosphate accumulation was significant in the imtial phase, bacte-
rial growth might have utilized it. It is reported that bacteria remove phosphate and retain it in
their biomass making it unavailable to algae.32 However, a similar trend was not discernible in
the case of nitrate. This variation could be the result of the presence of denitrifying bacteria-
reducing nitratc and their subsequent grazing by protozoans. It is probable that the observed
reduction in the hexose sugar levels in the aphotic biofilm could be attributed to the uptake by
heterotrophic diatoms such as Nitzschia and Navicula species, which were observed in plenty
on the panels. Direct encroachment by motile diatoms on the substratum adjacent to denuded
areas is possible as most of the heterotrophic diatoms are pennate.™

The ability of diatoms to grow on organic substances in the dark is of great advantage over
an obligatory photoautotrophic mode of existence in those aquatic environments where cells
are subjected to almost complete darkness. Heterotrophic capabilities are fairly widespread in
pennate diatoms, which are epiphytic and inhabit environments rich in dissolved organic mat-
ter and high silicate: phosphate ratio.”* Among the pennate diatoms, members of the genus
Nitzschia sp. and Amphora sp. show pronounced heterotrophic property. They also occur in
habitats strongly favoring heterotrophic modes of growth. In order (o utilize the organic carbon
sources, Nitzschia sp. attach themselves to suitable substratum and elaborate polymers for ad-
hesion and in immobilizing the hydrolytic enzymes which degrade the complex organic
sources ofor assimilation. Diatom cells are capable of survival in the dark for weeks or even
months.**

4.2. Eswarine biofilm

The nutrient concentrations observed in the estuarine biofilm (Table 1IB) were more than those
observed in the freshwater and marine environment. Phosphate was accumulated to very high
levels. The POC in the biofilm was relatively more than the other biochemical parameters as-
sayed and showed a linear increase with time. Previously published rep(n“[s”'}4 say that ele-
vated cellular activity in the initial stages of biofilm growth might be due to cells associated
with particulate matter. Thus it can be said that biofilm acts as a trap to accumulate the particu-
late matter from the surrounding waters. However, this needs further confirmation as to how
biofilm influences the rapid accumulation of particulate matter.

Changes in biofilm community composition with time could be due to adaptation of micro-
organism (o the substratum microenvironment or to the changes in cell adhesiveness.” There is
always a high degrec of diversity among organisms that successfully colonize in-sifu environ-
ments.* Viable counts of the estuarine biofilm bacteria showed an increasing trend up to 72 h.
Generally, heterotrophic bacteria contribute to 15-50% of primary production and dominate
the biomass in the pelagic zone of the open waters. This is because heterotrophs form the ma-
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jor component of planktonic microflora. Thus, heterotrophic bacteria are likely to have a sub-
stantial impact on carbon and nitrogen cycle and large fraction of ammonia assimilation in
marine waters could be attributed to heterotrophic bacteria. A decrease in CAHB was noted
after the 4th day (96 h), later on by the end of 5th day (120 h) there was a significant increase.
The decrease observed on the 4th day might be due to sloughing of biofilm and also due to
grazing by bacteriovores, which included significant protozoan population. Species such as
Vorticella and Obelia sp. were observed after 48 h of biofilm growth. However, there was no
decrease in SRB population which could be due to their habitat specificity (anaerobic niche),
which make them the bottom microflora in the biofilm and also protect them from grazers.
Hence, the biofilm community could have reached its peak metabolic activity by 72 h. There-
after, it could have led to the enticement of grazers (bacteriovores) which feed on the micro-
flora and induce changes in the architecture of the biofilm.

Bacterial metabolism to a large extent is influenced by local physico-chemical factors.® Ni-
trogen fixation and denitrification are invariably dependent on the availability of utilizable
organic carbon which is required as an energy and reductant source for nitrogen fixers and de-
nitrifiers. About half the bacteria found in the sea are capable of reducing nitrate in waters en-
riched with organic matter and nitrate. Denitrification is a major sink for nitrogen which is
important because the coastal marine ecosystems are frequently nitrogen-limited.”’ The two
important mechanisms of biological reduction of nitrate are assimilatory and dissimilatory ni-

Table IV

Water quality data of the Edajyur estuary

Parameter Unit Maximum ~ Minimum ~ Mean* SD
Temperature °C 323 29.8 311 0.93
pH pHunits 83 8 82 0.09
Turbidity NTU 7 34 5 131
Seston mg I 132 0.8 13 0.15
Selinity ppt 344 3.7 336 05
Dissclved oxygen mg !’ 72 5.8 6.7 047
Nitrate pgatNI' 45 237 39 38
Nitrite pgatNi? 22 14 1.7 023
Ammonsa pgatNI 0.4 0.8 .19
Silicate ugatSirt 185 90 146 33
Phosphate ugatPl' 44 13 24 9
Chlorophylia mg m* 6.2 33 5 092
POC pgcr 4.6 25 37 067
Total protein mgl™ 48 2.5 3.6 0.79
Total hexosesugar  mgl™ 36 16 22 0.6
Total lipid mgt1 18 0.6 0.9 02
Diatora count cells ml™ 8% 10° 4% 10° 5.6x10° 141
SRB cfumI™ 840 118 693 41
NRB cfa mi™ 7x 10 3Ix10° 43x10* 1120
CAHB cf mi™ Ix 10° 3x10* 93x10°  8x10°

*Mean for 5 days.
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FIG. 3. Multiple chart showing various analyses of estuarine biofilm, A) physical parameters, B) biological parameters,
C) chemical parameters and D) biochemical parameters.
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trate reduction fo ammonia.”® In assimilatory nitrate reduction, nitrate is tuken up and con-
verted to nitrite and then to ammonia. The reduction process is driven by nitrate and nitrite
reductases which are not oxygen-sensitive. Achromobacter, Bacillus, Corynebacterium, Mi-
crococeus denitrificans, Pseudomonas, Serratia and Vibrio species are examples of extremely
active nitrate reducers.”® The denitrifying bacteria observed during the course of this study
were Alealigens sp., Bacillus sp., Micrococcus denitrificans and Pseudomonas sp.

Biofilms offer both a potential enexgy source and reduced microenvironment (subsurface
layers of microzones) for denitrification. The process is siricdly anaerobic and is regulated by i)
the presence of energy sources, it) absence of oxygen and iii) availability of nitrate, which
serves as an electron acceptor. Active microbjal metabolism of the biofilm microzones can
potentially reduce oxygen in the subsurface layers, while proximity to the adjacent aerobic
waters is essential for nitrate supplies.”® Nitrate reducers are facultative anaerobes and the per-
sistence of denitrification capacity under aerobic conditions is a rule rather than an exception.”
The concentration of nitrate in the milieu also evokes certain responses in the microorganisms.
Diffusion of nitrate from the overlying water is the only nitrate source for denitrification. The
regions with greater concentration exhibit faster rates of nitrate reduction.*” The reduction of
nitrate and nitrite to armmonia is an endothermic reaction and therefore is thermodynamically
possible only when required energy is forthcoming from an accompanying exothermic reac-
tion. However, on the basis of thermodynamic considerations alone, the coupling through an
electron transport chain of organic compounds to the reduction of nitrate to ammonia would
also be expected to generate ATP. Thus, dissimilatory reduction of nitrate to ammonia is in
fact nitrate respiration followed by passive reduction or possibly detoxification of nitrite to
yield ammonia.*”* Many prokaryotes, in addition to filamentous fungi, yeasts, algae, and higher
plants, are capable of reducing nitrate to ammonia for biosynthetic purposesA42 Nitrogen and
nitrous oxide are the major products of denitrification at positive redox potentials found in sur-
face layers of biofilms, while the relative significance of nitrate reduction to ammonia in-
creases at negative redox potentials.*® Since nitrate serves as an electron acceptor the growth of
denitrifiers depends on nitrate concentration [nitrate concentration in the biofilm was 540
(mean of 5 day biofilm) times more when compared to bulk water]. Denitrifying bacteria re-
qmre an electron donor to carry out denitrification process, which is served by the organic mat-
ter.”’ The Edaiyur estuarine water is rich in organic matter (up to 2.3 mg I”' of biofilm, calcu-
tated from particulate organic matter and hexose sugar content).

Ammonia produced as part of the denitrification process is often concentrated near the sur-
faces and nitrifiers are typically active at surficial interfaces where ammonia diffusion overlaps
with oxic conditions. When ammonia diffuses to the surface, it gets oxidized by autotrophic
nitrifying bacteria to nitrite and finally to nitrate as in other aerobic systems.* Although it was
reported that heterotrophic bacteria utilize ammonium for growth, in the present study these
were not assayed after 120 h. Denitrification process was observed in the biofilm formed ia the
Edaiyur estuarine water (Fig. 4). Seasonal cycles of nitrification and denitrification have been
described in sediments.” Evidences suggest that in many coastal environments seasonal trends
of denitrification are determined by nitrate availability. Therefore, coherent temporal trends of
nitrification and denitrification would be expected in most coastal regions (e. g. sediments). The
depression in nitrification and the consequent increase in demmﬁcauon is explained by sea-
sonal fluctuations in oxygen penetration into the sediments.’ These observations could be
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compared in the same manner to the phenomenon observed in the biofilm formed in the Edai-
yur estuarine water. The biofilm initially showed reduction of nitrate to ammeonia and by the
end of 120 h showed nitrification process which was evident by an ncrease in nitrate concen-
tration as a result of oxidation of ammonia to nitrate. Tiedje*® reported that the activity of en-
zymes involved in nitrate reduction is partly regulated by extracellular concentration of ammo-
nia and nitrate. Losada et al.*” have reported that nitrate reductase can be inactivated by a brief
incubation of cells with ammonia. This indicates that when ammonia level reaches a critical
concentration it can act as a repressor of the nitrate reductases.

This study has shown that nitrate reduction and ammonia oxidation happen in a five-day-
old (120 h) biofilm. The processes could have happened due to diffusion of ammonia from the
anaerobic zone to the oxygen-rich surficial regions of the biofilm. Microbial oxidation of am-
monia in the aerobic zone results in nitrate formation and diffusion of nitrate back to the an-
aerobic zone. This mass transport within biofilm is enhanced by convective flow of the bulk
fluid through the water channels that anastomose throughout the biofilm.** ** Hence this natu-
ral process might facilitate biofilm metabolism. If that is the case, the ammonia produced is no
longer transformed to nitrogen but could be recycled back to the overlying water for primary

500 75
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Fic. 4. Denitrification process observed in an estuarine
biofilm.
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production or oxidized to nitrate and diffuse back to the bottom layers to further support
biofilm production. This sequence constitutes a positive feedback loop that allows biofilm me-
tabolism to catalyze itself once initiated. In fact, biofilms seem like an ideal location for cou-
pled rates of nitrification and denitrification which could be analogous to the one observed by
Lindan and Delaune®® in rhizosphere of marsh grasses. This is a unique observation in biofilms
although the processes were dealt with elsewhere in detail with respect to sediments.*

5. Conclusions

1. The results of a study of various physical, chemical and biological parameters, analyzed in
naturally lit (photic) as well as dark (aphotic) environments in a freshwater system at 24-h in-
tervals up to 120 h, showed a major influence of light on many of the biofilm parameters stud-
ied. Biofilm thickness increased from 52 to 128 pm in the photic environment and from 17 to
30 pm in the aphotic biofilm. Biofilm biomass, chlorophyll and other biochemical constituents
were higher under illuminated conditions. Diatom counts, as could be expected, were higher on
the photic panels. Protozoan grazing of biofilm bacteria was observed after 72 h in both the
sets. Nutrients were found to be enriched in the biofilm vis-a-vis ambient water. Concentration
factors for the nutrients were consistently higher in the aphotic biofilm when compared to
those in photic conditions. The conclusions arrived at from the study are; photic biofilms are
invariably rich in diversity and bulk, with biotic components consisting of bacteria, fungi, dia-
toms, cyanobacteria and filamentous algae. Aphotic biofilms are predominantly bacterial, with
heterotrophic diatoms forming a minor component in the older biofilms. Nutrients are found
enriched in the biofilm, with aphotic biofilms showing greater concentration. SRB proliferation
in photic biofilm is slower when compared to that in aphotic ones, which could be due to
greater oxygen tension in the former.

2. Analysis of the estuarine water showed clevated nutrient (silicate, nitrate and phosphate)
levels, heterotrophic bacteria and nitrate reducers. A study of the biofilm parameters showed
considerable spatial and temporal variations. Biofilm thickness, turbidity and biomass showed
similar trends of temporal distribution. The biofilm nutrient levels were 100-1000 times higher
than those in the ambient water. Diatom counts and hexose sugar content of the biofilm
showed very good correlation (r = 0.97 and p = 0.0001). The injtial phase of biofilm develop-
ment was influenced by bacteria and diatom population (up to 72 h), later bacteriovores
changed the biofilm architecture. Anaerobic bacteria such as nitrate and sulfate reducers were
abserved within 24 h of biofilm formation. Denitrification phenomena was observed up to 96 h
of biofilm growth; however, by the end of 120 h mtrification process had set in. This was evi-
dent by the significant increase in nitrate concentration in the biofilm. Thus, the estuarine

biofilm appears to be like an archetype for studying coupled rates of denitrification and
nitrification processes.
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