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Abstract
Most microbiological studies of wastewater treatment systems rely on methods that are dependent on culturing. However, due to
the limitation of conventional microbiological methods, alternative assays, such as the analysis of the functional diversity of the
microbial communities using Biolog substrate utilisation profiles, have been proposed. The Biolog method was thus evaluated in
a paper-mill water system. The influence of the production of various paper grades, biocide combinations and monthly maintenance
shut-downs on the functional diversity of the microbial communities were determined using the Biolog technique. The communities
in the planktonic as well as the sessile phases were analysed approximately every second week for a period of one year. The average
well colour development (AWCD) technique was used to transform the data obtained from the Biolog plates prior to multivariate
statistical analysis. Our results indicated that different microbial communities developed during the production of the different
paper grades. A difference in substrate utilisation was evident after a single day of production of fluting or linerboard in the
planktonic communities, while differences in the sessile communities only became significant after an extended period of
production. The effect of the application of different biocides was more distinct in the planktonic than in the sessile populations.
No clear trends concerning the influence of maintenance shut-downs and cleaning of machines could be observed in the sessile
phase, while a shift in the microbial community could be observed in the planktonic phase. Biodiversity indices indicated that a
high functional diversity existed in both the planktonic and sessile phases. It was concluded that the substrate utilisation profiles
obtained with Biolog plates were a sensitive measure, which enabled the detection of shifts in the microbial community function
and possibly structure within the same water system.

Introduction
Most microbiological studies of wastewater treatment systems rely
on cultivation, which quantifies a limited percentage of the microbial
populations present (Schneider et al., 1998). Incorrect conclusions
concerning the function and structure of the microbial community
in situ are consequently made. Due to the limitation of conventional
microbiological methods, numerous alternative techniques that
circumvent these limitations have been developed to characterise
microbial communities in situ.
One such a technique is the analysis of the functional diversity
of the microbial community (Buyer and Drinkwater, 1997; Garland
and Mills, 1991; Zak et al., 1994). Zak et al. (1994) defined the
functional diversity of a microbial community as the numbers,
types, activities and rates at which a suite of substrates is utilised.
Garland and Mills (1991) proposed that substrate utilisation, using
commercially available Biolog plates, could be used to characterise
the functional differences among microbial communities. The
application of the substrate utilisation assay has been studied
extensively in various environments such as soil, water (Garland
and Mills, 1991) and wastewater systems (Victorio et al., 1996).
Due to the success of the application of the substrate utilisation
approach, it was decided to test this system in an industrial water
system. The aim of this study was, therefore, to monitor the
functional diversity of the microbial community in the water
system of the Sappi Cape Kraft paper-mill, South Africa, over a
period of one year. The influence of the production of various paper
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grades, types of biocide used and monthly maintenance shutdowns on the substrate utilisation profiles for both the planktonic
and sessile microbial communities was studied during this period.
The Sappi Cape Kraft paper-mill, Cape Town, South Africa
manufactures both fluting and linerboard from recycled fibre and
reuses a large percentage of the process water. Fluting is produced
at pH values between 6.5 and pH 7.5 while linerboard is produced
at pH values between 4.5 and pH 5.5. Aluminium sulphate and
rosin size are added during the production of linerboard to improve
the printing quality and to make storage under conditions of high
humidity possible. Fluting is produced without any additives.
Different combinations of biocide formulations were added to
the clarifier to control microbial fouling. The first combination
consisted of a formulation with organosulphur (sulphone) and
quaternary ammonium compounds and a formulation of
organosulphur (carbamate). The organosulphur (sulphone) and
quaternary ammonium compounds are effective against bacteria
and fungi (Boiven, 1995; McCoy, 1980). It has also been reported
that organosulphur (carbamate) is very effective against sulphate
reducing bacteria (Boiven, 1995). The second combination consisted
of a formulation with quaternary ammonium compounds and
organotin that is more effective against fungi than bacteria (Drew
Industrial Division, 1994).
Materials and methods
Sample preparation and incubation
Duplicate planktonic and sessile samples (~50 ml) were collected
fortnightly from the Cape Kraft mill for a period of one year.
Approximately 5 ml of biofilm or 10 ml of the planktonic phase
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Data analysis
Data were analysed using the NCSS 97 software (Statistical
Solutions, Ireland). A carbon source was assumed to be important
for the discrimination between profiles when the standardised OD
was significantly different (p < 0.05) between samples and its
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from the different samples was added to 30 ml of phosphate buffer
(Guckert et al., 1996), homogenised (Heidolph Diax 600, Germany)
and centrifuged (500 G for 1 min) to remove any fibres. The
supernatant was standardised to a turbidity of 0.25 to 0.35
Absorbance units (420 nm) using the phosphate buffer. Gramnegative (GN) Biolog plates (Biolog Inc., Hayward, USA)
containing 95 different carbon sources were used during this study
and inoculated with 150 µl of the standardised sample. Assimilation
of the carbon sources was reflected by the reduction of tetrazolium
violet. Duplicate Biolog plates were evaluated for absorbance
changes at 590 nm using a Labsystems iEMS microtiter plate
analyser (Labsystems, Helsinki, Finland). Following an initial
(time 0) reading, the Biolog plates were incubated at 25°C in the
dark and the reduction of tetrazolium violet was measured after 12,
24, 36, 48 and 64 h.
The data obtained from the Biolog microplates were standardised
using the average well colour development (AWCD) technique
(Garland, 1996). An AWCD value of 0,3 to 0,5 Absorbance units
was used as the reference point for statistical analysis of the data
(Heuer and Smalla, 1997).
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weighted sum of factor-loadings was higher than the median,
suggesting a significant contribution to the multivariate statistical
difference (Heuer and Smalla, 1997). The Wilks’ λ was used to test
the significance of the discriminant function, where values close to
one implied a low predictability and values close to zero implied a
high predictability. The F-ratio was used to test the significance of
the Wilks’ λ (Hintze, 1997).
Functional diversity
The influence of different biocide combinations on the functional
diversity in water and biofilm samples was determined by
comparison of the diversity indices for sixteen consecutive samples
over a sixteen week period. The first eight samples were collected
when the first biocide combination was applied and the last eight
when the second biocide combination was applied to the process
water.
The functional diversity of the analysed microbial communities
was quantified using a substrate diversity index or modified Shannon
index (Magurran, 1988; Zak et al., 1994):
H’ = - Σ [pi ln (pi)]

(1)

where:
pi is the ratio of the corrected OD590 value for a carbon source
to the sum of the corrected OD590 values for all substrates.
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J = H’ / H’max

(2)

where:
H’max is the maximal substrate diversity index for all the samples.

Results and discussion
The substrate utilisation profiles of the planktonic microbial
community when fluting was produced differed significantly (Wilks’
λ = 0.52; F = 12.4) from the community when linerboard was
produced (Fig. 1). These differences were apparent within a single
day after the production process was changed, although some
overlapping between the substrate utilisation profiles of these
communities was apparent (Fig. 1). When the specific production
process continued, the differences in the substrate utilisation of the
microbial communities in the planktonic phase became more
pronounced. Less overlapping in the overall substrate utilisation
profiles of the microbial communities were apparent (Fig. 2) when
compared to that observed after 1 d of production (Fig. 1). The
decrease in the Wilks’ λ value (to 0.25) after 6 d of production
showed a significant improvement in the predictability of the
model, since values close to zero are indicative of a very accurate
model (Hintze, 1997). The shifts in the substrate utilisation profiles
of the microbial communities could possibly be ascribed to the
differences in pH values of the process water during the production
of fluting and linerboard, as well as the addition of aluminium
sulphate and rosin size during the production of linerboard. At
higher pH values, bacteria can become more abundant (Robertson,
1993) and populations with the ability to assimilate the additives
could develop.
The substrate utilisation profiles of the microbial communities
in the sessile phase differed significantly (Wilks’ λ = 0.46; F = 15.2)
only after 5 d of production of a specific paper grade (Fig. 3). The
substrate utilisation profiles of the microbial communities in the
sessile phase remained relatively constant and did not respond
immediately to the change in the production of the different paper
grades. This was in contrast to the functionality of the planktonic
phase of the paper-mill water system, where a shift in the microbial
community could be detected immediately. These results confirmed
the protective effect of biofilms where the micro-organisms are not
as exposed to environmental stress (Johnsrud, 1997).
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TABLE 1
Average substrate diversity (H’) and substrate
equitability (J) values obtained for two biocide
combinations over a sixteen week period
Biocide
combination
A

B

Planktonic phase

Shannon index (H’)
Evenness (J)

3.864
0.849

4.049
0.889

Sessile phase

Shannon index (H’)
Evenness (J)

4.185
0.892

4.099
0.901

The substrate utilisation profiles of the microbial communities
in the planktonic and sessile samples differed significantly (Wilks’
λ = 0.40; F = 21.2 and Wilks’ λ = 0.61; F = 28.0) when the two
different biocide combinations were applied to the water system
(Figs. 4 and 5). Indications are that the different biocides resulted
in microbial communities with differences in their nutritional
preferences. Comparison of substrate diversity (H’) and evenness
(J) indices indicated that the diversity in the microbial populations
did not differ significantly between biocide combinations (Table
1). Toxic environments are characterised by reduced biodiversity
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and increased dominance (Magurran, 1988). Despite the fact that
the biocide combinations resulted in different microbial populations
in both the planktonic and sessile phases, there was no significant
decrease in the biodiversity or evenness, therefore, both biocide
combinations appear to be ineffective.
Age was defined as the time (in weeks) that elapsed after a
maintenance shut-down. The substrate utilisation profiles of the
sessile populations did not change significantly as they aged (Fig.
6). This stability could possibly be ascribed to inefficient cleaning
during the maintenance shut-downs at the mill. In contrast, the
substrate utilisation of the microbial communities in the planktonic
phase changed with age after cleaning during maintenance shutdowns, possibly due to clean water entering the system (Fig. 7).
High substrate diversity indices (H’) were measured in all the
planktonic and sessile samples. These high values are a reflection
of the fact that most of the carbon sources were utilised, contributing
to the very high Shannon indices. The evenness indices (J)
obtained for the planktonic and sessile samples did not show any
trends or significant differences between samples. Magguran
(1998) stated that a high equitability is an indication of a large
biodiversity. The substrate diversity remained relatively stable in
the sessile (3.58 < H’< 4.43) and planktonic (3.36 < H’< 4.40)
samples despite the continuous change in the various production
parameters (paper grade and biocide dosage). No correlation
between these parameters and the different diversity indices could,
however, be found.

Conclusions
On the basis of substrate utilisation profiles, it was observed that
different microbial communities developed in the process water
system when linerboard and fluting were produced. The shifts in
the substrate utilisation were probably caused by the changes in pH
and chemical additives during the various production processes.
The results obtained during the present study were similar to results
obtained by Kaiser et al. (1998), who reported that substrate
utilisation was a sensitive method to detect differences in the
metabolic responses of mixed microbial communities. The
planktonic microbial communities in the water system were much
more sensitive to changes in the external environment, with the
shifts in the substrate utilisation profiles of the microbial
communities being much more pronounced and rapid when
compared to the sessile microbial communities. This could possibly
be due to the protective effect of biofilms and the fact that attached
micro-organisms may be better adapted to their environment than
those occurring in the planktonic phase (Robertson, 1994).
The two different biocide combinations selected for
communities with differences in their nutritional preferences,
although slight overlapping was evident. The overlapping of the
microbial communities may be the result of the selection of specific
microbial populations by the biocides.
The results also suggested that different biocides should be
used when different paper grades are manufactured. The
implementation of a microbial control strategy at the plant will
have to take the variation in the production process into consideration
and biocides will have to be selected for specific production
processes. Biocide dosage into the process water system would
have an immediate effect on the micro-organisms present in the
planktonic phase, whilst the response in the sessile phase would be
delayed.
It was also apparent that age did not have a significant influence
on the substrate utilisation profiles of the microbial communities in
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the sessile phase, possibly due to inefficient cleaning during
maintenance. In contrast, differences in the substrate utilisation
profiles of the microbial communities within the planktonic phase
were observed. The high substrate equitability values indicated
that the microbial communities in the planktonic and sessile phase
utilised the carbon sources in the same proportion. The high
substrate diversity values also implied a high functional diversity.
In conclusion, it was evident that carbon source utilisation
profiles provide an alternative technique to conventional culturing
for the characterisation of microbial communities. This technique
was also sensitive enough to detect shifts in the microbial
communities due to changes in the operational parameters of the
paper-mill. This approach could, therefore, be of significant value
during the selection and implementation of microbial control
programmes in this and other industrial water systems.
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