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Knowledge on initial bioadhesion and composition of micro and macro nutrients within
the biofilm matrix are recognised as essential for understanding the formation of biofilms.
This communication highlights the heavy metal accumulation pattern in biofilms, influenced
by the substrate and seasons. Natural biofilms were simultaneously grown on aluminium
and steel panels for 72 hours by exposing them in the aqu'atic environment. Accumulation
of toxic and nutrient metals in biofilms on different substrates and its seasonal variation ‘were
studied. Biofilms grown within 24 hours had shown significantly (p < 0.05) higher
concentrations of trace metals in both the metal substrates. Trace metals accumulated over
the substrates varied in different seasons. Among the metals, the accumulation of zinc was
more during all the seasons. Biofilms grown on steel, concentrated more metals than on

aluminiym.
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Attachment of microbial communities
on surfaces submerged in aqueous environ-
ment is termed as biofilm (Beech, 2004). The
growth of biofilm is considered to be a
complex process involving transport of
organic and inorganic molecules and
microbial cells to the surface for forming a
conditioning layer. Studies on initial
bioadhesion, factors influencing the initial
formation of biofilms and composition of
micro and macro nutrients within the biofilm
matrix are recognised as essential in under-
standing the formation of biofilms. Microbial
stratification was enhanced due to the
formation of biofilm, which affects redox
potential and pH within the matrix. This can
alter the speciation of inorganic electrolytes
as well as the development of mineral
precipitates (Diels et al., 1995; Beveridge et
al., 1997). :

- The formation of biofilm and subse-
quent biofouling have great environmental
and economical implications. Shipping and
fishing mdustry are experiencing substantial
financial losses as a result of biofouling
(Flemming, 1996). Microbially induced cor-
rosion of metals occurs while in contact with
microbial - cells or with their metabolic
products such as exopolymeric substances
(EPS) (Gaylarde & Johnston, 1982; Gaylarde
& Videla, 1987). The function of EPS is to
enhance the ability of cells to adhere to the
surfaces (Beech, 2004). Nutrients, which are
scarce in aquatic environments, are concen-
trated on surfaces (Gaylarde & Beech, 1988).
Bacteria require metal ions for their growth
through binding of metal ions by EPS and/
or lipopolysaccharides (Beech et al., 1993).
This phenomenon lead to the development
of biofilm, often resulting in severe fouling
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and deterioration of metal. Some of the metal
ions like chromium (Percival et al., 1997) and
copper inhibit the colonisation of bacteria on
the surface which limit the degree of
material damage. Trace metals in the aquatic
environment bind in bacteria, flocculent
particles and suspended organic materials.
Bacteria have significant binding capacities
for lead and the presence of iron increase the
adsorption of lead (Harvey & Leckie, 1985;
Lion et al., 1988). Heavy metals in dry mass
of biofilms were 100 to 60,000 fold higher
than bulk phase (Friese et al., 1997). The
biomass in biofilms depends on the tempera-
ture, seasons, flow rate and lighting condi-
tions (Scotto & Lai, 1998). Not much study
has been conducted on the accumulation of
heavy metals in biofilms formed over
different metallic surfaces. To develop anti-
fouling strategies in aquatic environments it
is essential to know, the role of inorganic

constituents on the accumulation pattern as

trace metals are directly involved in large

number of enzymatic reactions in microbes.
The present study was aimed at the

evaluation of the dynamics of heavy metal

accumulation in biofilms formed over differ- -

ent metals like pure aluminium and stainless
steel (SS304) in different seasons in the
aquatic environment.

Materials and Methods

Pure aluminium and stainless steel
(SS304) sheets were purchased from com-
mercial source. The concentrations of chro-
mium, manganese and nickel in 55304 were
16.87, 156 and 11.38% respectively. In
aluminium, the concentrations of iron, mag-
nesium, manganese and titanium were 0.71,
0.017, 0.020 and 0.02% respectively; the rest
being aluminium. Pure aluminium and
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55304 were cut in to coupons of 15x10 cm
size, cleaned with water, acetone, ultrasonic
cleaner and finally rinsed with MilliQ
Gradient water. Coupons were fitted in a
steel rack by using polyethylene washers and
screws. Two sets of coupons were immersed
every month in the Cochin estuary, South
India, one set retrieved after 24 hours and
the other after 72 hours. The experiment was
carried out during June 2005 to May 2006
covering monsoon, post-monsoon and pre-
monsoon seasons. Coupons retrieved after 24
and 72 h were wiped carefully with
preheated and preweighed GF/F filter paper,
avoiding all dirt, if any attached to it. The
glass fiber filter paper was then folded and
kept in whatman No. 1 filter paper and
stored in clean polyethylene bags. The
samples kept in polythene bags were
transported to the laboratory and were dried
in an air oven at 55 + 2'C. Dried filter paper
was weighed and digested using 9:4 HNO,:
HCIO, by Milestone Ethos Plus Microwave
dige‘stion. system with a heating programme
of heating from room temperature to 150°C,
in 10 min and maintaining at 150°C for 15
min. After cooling, the samples were pro-
cessed for analysis. Digested samples were
made uﬁ) to 100 ml and the metallic
constituents viz., cadmium, chromium, cop-
per, cobalt, nickel, arsenic, selenium, manga-
nese, lead, vanadium and zinc were analysed.
All metals in the sample were analysed using
Perkin Elmer Optima 2000DV ICP AES and
hydride generator was used for measuring
arsenic and selenium. Calibration standard
curve was drawn using NIST traceable
Perkin Elmer 21 multi element standard
solution and blank solution analysed along
with the samples. A minimum of three
replicate samples were analysed along with
the blank solution.
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Water samples were collected from the
estuary throughout the exposure period and
were analysed voltammetrically for zinc,

cadmium, lead and copper using Autolab -

797 VA Computrace with HMDE, Pt and Ag/
AgCl (reference) system as per DIN 38406
Part 16 method. Statistical analysis was
carried out using Microsoft Excel.

Results and Discussion

Microscopic evaluation of aluminium
and stainless steel coupons immersed in the
estuary for 72 h revealed that there was
considerable variation in the nature of
biofilm attached to the substrates. Debeer
et al. (1994) proposed that the diffusion of
nutrients and oxygen entrained was trans-
ported through inter connected water chan-
nels from the bulk phase. These biofilms are
water rich aggregates of microorganisms
such as algae, bacteria and protozoa and
their EPS. They cover interfaces in natural
systems and are able to concentrate and bind
ions from the passing water (Neu et al., 1992;
Bremer & Geesey, 1993; Neu, 1996)

Cadmium, cobalt and vanadium were
not detected in any of the biofilm samples.
Chromium and nickel accumulation in
biofilm was maximum during pre-monsoon
season and these metals were not detected
in any of the samples collected during post-
monsoon (Fig. 1). The biofilm formed over
aluminium accumulated higher concentra-
tion of chromium initially but in 55304
during the same period it was only about
50% compared to aluminium. Chromium
mainly reaches the estuary through fertiliz-
ers and anthropogenic inputs from heavy
industrial units located nearby. Decreased
accumulation of chromium initially by the
biofilm in S5304 was due to the inhibition
caused by the presence of chromium in the

SS304 substrate, as chromium is toxic to
microorganisms. Pre-monsoon season exhib-
ited higher salinity and low inflow of water
from the rivers. This might have influenced
the concentration of more chromium, man-
ganese and nickel in water leading to higher
amounts of accumulation by the microorgan-
isms in the biofilm.

Lead was detected throughout the year
in biofilms formed on aluminium and SS5304
coupons and both showed similar pattern of
accumulation (Fig. 1). Increased concentra-
tion of lead was detected during post-
monsoon and the biofilms accumulated over
SS304 had more lead than on aluminium. In
both aluminium and SS304 coupons, the 24 h
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Fig. 1. Seasonal variation of chromium, nickel and lead
concentration in biofilms accumulated over
aluminium and SS304 after 24 and 72 h of

immersion in the estuary; SS = S5S5304;
Al = Aluminium. All values are mean * standard
deviation
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biofilm sample showed higher concentration
of lead in all the seasons and its concentration
decreased in 72 h biofilm. Lead fraction in
natural aquatic system is mainly associated
with organic materials. Laboratory experi-
ments of Lion & Rochlin (1989) revealed that
the bacteria have significant binding capaci-
ties for lead.

Increased concentrations of selenium
and arsenic were exhibited in biofilm of
55304 coupons exposed during post-mon-
soon season and the concentration decreased
in 72 h samples (Fig. 2) while in the case of
aluminium, maximum concentration of the
elements was in 72 h coupons.

Biofilms collected from both the alu-
minium and SS304 coupons showed signifi-
cantly (p < 0.05) higher concentration of zinc
during monsoon (Fig 3). Zinc was identified
as the most abundant metal in the biofilm
and zinc constituted 76% of the total metals
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Fig. 2. Seasonal variation of selenium and arsenic
concentration in  biofilms accumulated over
aluminium and S$S304 after 24 and 72 h of
immersion in the estuary; S$S5=55304;

Al=Aluminium. All values are mean + standard
deviation
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Fig. 3. Seasonal variation of zinc, copper and manga-
nese concentration in biofilms accumulated on
aluminium and SS304 after 24 and 72 h of
immersion in the estuary; S5=55304;
Al=Aluminium. All values are mean * standard
deviation

in biofilm (Lion et al., 1988). The present
fst‘udy also revealed that zinc content was the

highest among the metals analysed.
Michelbach & Wohrle (1993), Friese et al.
(1997) and Rocher et al. (2004) reported
presence of high concentration of zinc in
biofilms.

High concentrations of copper were
recorded from biofilms formed on SS304
during the post-monsoon while on alumi-
num, 24 h biofilm accumulated maximum
copper in all the three seasons. Though
copper is an essential trace element for
different biological reactions, it being toxic
to microorganisms, its accumulation was
expected to be very minimum. Post-mon-
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soon is known to be the most. productive
season in this area and hence hectic
biological activity in the aquatic system
influenced the accumulation of more copper
during this season. Copper was accumulated
in the biofilm during the initial growth
stages and its concentration decreased after
24 h

Maximum manganese concentration was
detected during the pre-monsoon season
except in biofilms formed on 72 h aluminum
panels. Probable source of manganese in the
study area is mainly from the shipping
industries and corrosion products from the
marine structures.

The heavy metal accumulation in the
biofilm formed over aluminium and stainless
steel showed significant (p < 0.05) variation
in different seasons. Increased levels of
chromium, nickel, lead and copper were
accumulated initially (within 24 h) in
biofilms formed over aluminium. Arsenic,
selenium and manganese were detected in
72 h biofilm formed over aluminium cou-
pons. The accumulation pattern of chro-
mium and nickel was distinctly different in
aluminium and SS304 during the year. The
biofilm formed over SS304 had maximum
concentration of metals within 24 h except
nickel, chromium and manganese (Fig. 4).
Chromium concentration in biofilms formed
on 55304 coupons was highest in 72 h
samples but on aluminium it was in 24 h
samples. The zinc concentration in the
biofilm was higher compared to the other
elements analysed (Fig. 4).

Scotto & Lai (1998) suggested that the
corrosivity of natural seawater on stainless
steels and similar alloys was higher and it
was due to the depolarization of oxygen
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Fig. 4. Annual concentrations of metals accumulated in
‘bivfilms formed on aluminium and SS304 after
“24'and 72 h of immersion in the estuary
~(a) metals Cr, Ni, Pb, As, Se, Cu and Mn
(b) Zn; S$=SS304; Al=Aluminium

reduction reaction induced by the settlement
of biofilms on surfaces. The present study
shows increased concentrations of metals in
biofilms formed on steel than on aluminium.
These metallic concentrations also may
influence the corrosion of steel under marine
condition. Metal oxides formed due to
corrosion on the surfaces of substrates can
help to adsorb organic molecules from
aquatic environments and this molecule will
alter subsequent trace metal adsorption. The
surface films can mask the properties of the
underlying metal by changing the surface
charge or by occupying adsorption sites of
the oxide surface (Tipping & Cooke, 1982).
Metal oxides bound to surfaces could
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influence subsequent cell adhesion and the
formation of biofilms by altering the surface
charge, nutrient concentration or the micro
environmental factors affecting colonization
by bacteria. Microorganisms are usually
embedded in anionic exo polymeric materi-
als which influence the mineralization pro-
cess (Beveridge & Doyle, 1989). Hence
microorganisms in biofilms produce miner-
als that are not predicted by chemical or
thermodynamic arguments (Little et al,
1997).

Copper was significantly (p < 0.05)
higher in water samples collected from the
estuary during the year and pre-monsoon
season recorded the highest value while
cadmium, lead and zinc were recorded in
trace levels only (Fig. 5). Water samples
collected during monsoon showed higher
concentrations of zinc and the result corre-
lates with the zinc content in biofilm.
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Fig. 5. Concentration of Cd, Zn, Cu and Pb in the
estuarine water during the study period

The heavy metal accumulation in the
biofilm depends on the substrate and
seasons. Zinc accumulation was significantly
higher among the metals analysed. Lead
and copper were detected throughout the
year and the level in the biofilm was
comparatively lower than reported by other
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researchers. Cadmium, cobalt and vanadium
were not detected in any of the biofilm
samples. There was an inhibition of absorp-
tion of copper and cadmium since they are
toxic even though the former was abundant
in the aquatic environment. Arsenic and
selenium were accumulated more within
24 h in 55304 whereas in aluminium it was
72 h. Chromium, manganese and nickel
concentrations were comparatively higher in
biofilms collected from steel, since these
metals were active constituents of the
substrate. Further investigations on the
fractions of zinc accumulated in biofilms, the
forms of zinc absorbed by the biofilm and
to which part of the microorganism it was
accumulated are to be carried out.

Authors express their sincere thanks to the
Director, Central Institute of Fisheries Technology
for providing facility to carry out the work and for
permission to publish this paper. Thanks are also

due to the technical staff of the laboratory.

References

_ Beech, L B. (2004) Corrosion of technical

materials in the presence of biofilms
- current understanding and state-of-the
art methods of study, Int. Biodeterior
‘Biodegrad. 53, pp 177 - 183

Beech, 1. B, Campbell, S. A. and Walsh, F. C.
(1993) The role of surface chemistry in
SRB influenced corrosion of steel, Int. ].
Mar. Biol. Oceanography OEBALIA. 13, pp
243-249

Beveridge, T. J. and Doyle, R. T. (1989) Metal
ions and bacteria, Wiley, New York, 322p

Beveridge, T. ], Makin, S. A, Kadurugamuwa,
J. L and Li, Z. (1997) Interactions
between biofilms and the environment,
FEMS Microbiol. Rev. 20, pp 291-303



BIOACCUMULATION OF TRACE METALS IN BIOFILMS 31

Bremer, P. ]J. and Geesey, G. G. (1993)
Interaction of bacteria with metals in the
aquatic environments. In: Particulate
Matter and Aquatic Contaminants (Rao,
S. S, Ed), pp 41-63, Lewis Publishers,
Boca Raton, FL

Davis, J. A. and Leckie, J. O. (1978) Effect of
adsorbed complexing ligands on trace
metal uptake by hydrous oxides, Environ.
Sci. Technol. 12, pp 1309-1315

DeBeer, D., Stoodley, P, Roe, F. and
Lewandowski, Z. (1994) Effects of biofilm
structure on oxygen distribution and
mass transport, Biotechnol. Bioeng. 43, pp
1131-1138

Diels, L., Tsezos, M., Puempel, T., Pernfuss, B.,
Schinner, F., Hummel, A., Eckard, L. and
Glombitza, F. (1995) Pseudomonas
mendocina AS 302, a bacterium with a
non-selective and very high metal
biosorption capacity. In: Biometallurgical
processing (Jerez, C. A, Vargas, T,
Toledo, H., and Wiertz, J., Eds), Chile,
University of Chile

Flemming, H. C. (1996) Biofouling and micro-
biologically influenced corrosion (MIC)
an economical and technical overview.
In:  Microbial deterioration of materials
(Heitz, E., Sand, W. and Flemming, H.
C., Eds), pp 5-14, Springer, Heidelberg

Friese, K., Mages, M., Wendt-Potthoff, K. and
Neu, T. R. (1997) Determination of heavy
metals in biofilm from the river Elbe by
total reflection X ray fluorescence spec-
trometry, Spectrochim. Acta. Part B. 52,
pp 1019-1025

Gaylarde, C. C. and Johnston, J. M. (1982) The
effect of Vibrio anguillarum on the anaero-
bic corrosion of mild steel by Desulfovibrio
vulgaris, Int. Biodeterior. Bull. 18, pp 111-
116

Gaylarde, C. C. and Beech, I. B. (1988)
Molecular basis of bacterial adhesion to
metals. In: Microbial corrosion (Sequeira,
C. A. C. and Tiller, A. K., Eds), pp 20-
28, Elsevier Applied Science, Barking,
Essex, UK

Gaylarde, C. C. and Videla, H. A. (1987)
Localised corrosion induced by marine
Vibrio, Int. Biodeterior. Bull. 23, pp 91-104

Harvey, R. W. and Leckie, J. O. (1985) Sorption
of lead onto two gram-negative bacteria
in seawater, Marine Chem. 15, pp 333-344

Lion, L. W.,, Shuler, M. L., Hsieh, K. M. and
Ghiorse, W. C. (1988) Trace metal
interactions with microbial biofilms in
natural and engineered systems, Crit.
Rev. Env. Contr. 17, pp 273-306

Lion, L.W. and Rochlin, K.L. (1989) Adsorp-
tion of Pb(II) by a marine bacterium: the
effect of cell concentration and pH,
Estuar. Coast. Shelf Sci. 29, pp 11-22

Little, B. J., Wagner, P. A. and Lewandowski,
- Z. (1997) Spatial relationships between
, baét‘eria and mineral surfaces. In:
Geomiérbbiology: interactions between mi-
crobes and metals (Banfield, ]. F. and
Nealson, K.H., Eds), Reviews in Mineral-

ogy, 35, pp 123-159

Michelbach, S., and Wdhrle, C. (1993) Settable
solids in a combined sewer system,
settling characteristics, heavy metals,

efficiency of storm water tanks, Water
Sci. Technol. 27, pp 153-164

Neu, T. R. (1996) Significance of bacterial
surface-active compounds in interaction
of bacteria with interfaces, Microbiol.
Rev. 60, pp 151-166

Neu, T. R,, Van der Mei, H. C. and Busscher,
H. J. (1992) Biofilms associated with

health. In: Biofilms — science and



32

technology (Melo, L. F., Bott, T. R,
Fletcher, M., Capdeville, B., Eds), pp
711-17, Kluwer, Dodrech

Percival, S., Beech, I. B., Knapp, G., Edyvean,
R. G. J. and Wales, D. S. (1997) Biofilm
development on stainless steel 304 and
316 in a potable water system, |. Inst.
Water Environ. Manage. 11, pp 289-294

Rocher, V., Azimi, S., Moilleron, R. and
Chebbob, G. (2004) Hydrocarbons and
heavy metals in the different sewer
deposits in the ‘Le Marais’ catchment

ASHRAF AND THOMAS

(Paris, France): stocks, distributions
and origins, Sci. Total Environt. 323, pp
107-122

Scotto,V. and Lai, M. E. (1998) The ennoble-
ment of stainless steels in seawater: A
likely explanation coming from the field,
Corros. Sci. 39, pp 1007-1018

Tipping, E. and Cooke, D. (1982) The effects
of adsorbed humic substances on the
surface charge of geothite in freshwa-
ters, Geochim. Cosmochim. Acta. 46, pp
75-80



