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Summary
The coking process produces great volumes of
wastewater contaminated with pollutants such as
cyanides, sulfides and phenolics. Chemical and
physical remediation of this wastewater removes the
majority of these pollutants; however, these processes do not remove phenol and thiocyanate. The
removal of these compounds has been effected
during bioremediation with activated sludge containing a complex microbial community. In this investigation we acquired activated sludge from an
industrial bioreactor capable of degrading phenol.
The sludge was incubated in our laboratory and
monitored for its ability to degrade phenol over a
48 h period. Multiple samples were taken across the
time-course and analysed by Fourier transform infrared (FT-IR) spectroscopy. FT-IR was used as a
whole-organism fingerprinting approach to monitor
biochemical changes in the bacterial cells during the
degradation of phenol. We also investigated the
ability of the activated sludge to degrade phenol following extended periods (2–131 days) of storage in
the absence of phenol. A reduction was observed in
the ability of the microbial community to degrade
phenol and this was accompanied by a detectable
biochemical change in the FT-IR fingerprint related
to cellular phenotype of the microbial community. In
the absence of phenol a decrease in thiocyanate
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vibrations was observed, reflecting the ability of
these communities to degrade this substrate.
Actively degrading communities showed an additional new band in their FT-IR spectra that could be
attributed to phenol degradation products from the
ortho- and meta-cleavage of the aromatic ring. This
study demonstrates that FT-IR spectroscopy when
combined with chemometric analysis is a very
powerful high throughput screening approach for
assessing the metabolic capability of complex
microbial communities.
Introduction
Phenolic compounds are ubiquitous in the environment
due to their release from both industrial and natural processes. The accumulation of phenolic compounds comprises an environmental hazard, and the removal of these
pollutants is required prior to the release of wastewater
from such industrial processes (Environment Agency,
1995; Whiteley and Bailey, 2000). The coking process
produces great volumes of wastewater contaminated with
pollutants such as cyanides, sulfides, thiocyanates and
phenolics (Neufeld and Valiknac, 1979; Patterson, 1985;
Manefield et al., 2002; Philp et al., 2003; Vázquez et al.,
2006). Chemical and physical remediation of this wastewater removes the majority of these pollutants (Qian
et al., 1994; Minhalma and de Pinho, 2002; 2004;
Ahmaruzzaman and Sharma, 2005; Vázquez et al., 2006;
2007). However, these processes do not remove phenol
and thiocyanate, and the removal of these compounds
takes place during bioremediation with activated sludge
(Manefield et al., 2005).
The use of microorganisms in the bioremediation of
phenols produced during industrial processes is widespread (Sutton et al., 1999; Tisler et al., 1999). However,
until the development of RNA stable isotope probing
(RNA-SIP), the composition of the microbial communities
specifically degrading phenolics within activated sludge
was largely speculative and based upon the presence of
phenolic degradation pathways within isolates cultured
axenically from the system under study (Whiteley and
Bailey, 2000). In order to target the key degraders directly,
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Manefield and colleagues (2002) applied RNA-SIP on
activated sludge utilized in this investigation, to identify
the dominant members of this community responsible for
the degradation of phenol. Bacterial genera found to
dominate the acquisition of carbon from phenol, through
cellular isotopic labelling after 13C labelled phenol degradation, included members of the b-Proteobacteria, including the Thauera and Acidovorax genera, and the
a-proteobacterial Rhodopseudomonas genus. All of the
phenol degrading microorganisms highlighted by this
study have previously been isolated when aromatic compounds, such as phenol, benzoate or toluene, were used
as the sole source of carbon (Tschech and Fuchs, 1987;
Harwood and Gibson, 1988). However, while members of
the Thiobacillus and Acidobacterium genera were also
found to be dominant within this activated sludge community, these species do not assimilate carbon from phenol
(Manefield et al., 2002).
While there has been considerable interest in characterizing the members of the complex microbial community
involved in biodegradation, little attention has been
directed towards the metabolic pathways utilized in the
degradation of phenol. In this investigation we have used
Fourier transform infrared (FT-IR) spectroscopy as a
phenotypic typing technique, which has previously been
used to generate informative metabolic fingerprints from
biological material (Johnson et al., 2004; Winder et al.,
2006). Previous studies have also proved its applicability
to biological systems by successfully demonstrating the
discrimination of bacteria to subspecies level (Naumann
et al., 1991; Timmins et al., 1998; Winder et al., 2006), but
only when combined with chemometrics (Goodacre et al.,
1998). In addition, the combination of FT-IR and trajectory
analysis has proved successful in the identification of
metabolic changes in natural multi-organism fermentations (Johnson et al., 2004). FT-IR is particularly useful in
gaining insight into complex biological problems as an
initial screening method because it is high throughput
with analysis times of 10–60 s per sample, requires
minimal sample preparation, and is automated and relatively inexpensive.
In this study two primary objectives were investigated
to provide insight into the process of phenol degradation
by an activated sludge community previously developed
for the degradation of phenol in coking effluent. In the
first instance, biochemical changes in the activated
sludge community were monitored during the degradation of phenol over a 48 h period, through the use of
FT-IR spectroscopy. In addition, we determined the
effect of storing the activated sludge for extended
periods of time (without added phenol) to understand the
ability of this microbial culture to degrade phenol and
investigated phenotypic changes in the microbial community by FT-IR analysis.

Results and discussion
Phenol quantification data (Fig. 1) indicated that the fresh
activated sludge was capable of degrading 5 mM phenol
within 48 h. When aged for 2 days, a notable degradation
of phenol by the microbial community was observed
within 2 h, and complete degradation of 5 mM phenol was
achieved within 36 h. By contrast, the microbial community aged for 9 days did not exhibit a noticeable degradation of phenol until after an 8 h lag period and complete
degradation occurred within 48 h. In contrast, activated
sludge samples, which were aged for 16 and 131 days,
were not able to degrade 5 mM phenol within the 48 h
period, indicating a gradual loss in the ability of the activated sludge community to degrade phenol effectively
during the ageing process; a finding that has not previously been noted.
Typical FT-IR spectra of the activated sludge samples
incubated with/without 5 mM phenol as the sole carbon
source are shown in Fig. 2. On initial inspection of the
spectra a dominant peak is observed in both spectra at
wavenumbers 2124.6–2082.2 cm-1, this is not observed
in the FT-IR spectra of bacterial samples (e.g. see Winder
et al., 2006), and there are very few functional groups that
vibrate in this area of the infrared spectrum. The most
common are C ≡ N from unsaturated N compounds, C–C
stretching vibrations of alkynes and S = C = N from thiocyanates (Peoples et al., 1987; Degen, 1997). It is known,
however, that phenol and thiocyanates are the two
primary pollutants in coking effluent (Neufeld and
Valiknac, 1979; Patterson, 1985; Prater and Fisher, 1991;
Manefield et al., 2005; Jeong and Chung, 2006; Vázquez
et al., 2006), and furthermore the effluent from the industrial plant in which our samples originate is known to
contain thiocyanates at concentrations as high as
140 mg l-1 (Manefield et al., 2005). It is therefore likely
that this peak (2124.6–2082.2 cm-1) is attributable to the
presence of thiocyanates within the activated sludge
samples. In order to confirm this we obtained the FT-IR
spectrum from potassium thiocyanate (see Fig. S1) and
the 2050 cm-1 vibration from S = C = N is clearly
observed. The remaining spectral regions typify the patterns commonly associated with the FT-IR spectra of bacteria, and the major spectral bands of biological interest
are highlighted in Table 1 (Naumann et al., 1991; Winder
et al., 2004; 2006; Zhao et al., 2006).
Due to the large dimensionality and qualitative similarity
observed in these spectra, multivariate analysis methods
were used to interrogate the data, as described in the
Experimental Procedures. The full dataset comprised
1836 spectra (4 experiments ¥ 17 time points ¥ 3 biological replicates ¥ 9 analytical replicates) and principal
components canonical variates analysis (PC-CVA) on
this while possible, would be very difficult to visualize.
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Fig. 1. Phenol quantification data (black symbols and lines) with the ratio of COOH and thiocyanate peak areas (1754.5–1710.2 cm-1/
2124.6–2082.2 cm-1) shown in green. Data for all ageing experiments are shown (2, 9, 16 and 131 days; A, B, C and D respectively).
Samples supplemented with 5 mM phenol are depicted on the left hand side and samples grown in the absence of phenol (control) are on the
right hand side.
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Fig. 2. Typical FT-IR spectra of activated sludge samples
incubated (A) without phenol and (B) in the presence of 5 mM
phenol, both grown at 25°C for 48 h. Grey spectra indicate samples
taken after 15 min of incubation and black offset spectra incubated
for 48 h. The major spectral regions of biological interest are
highlighted for both plots (see Table 1 for details). The arrow
highlights shoulder due to carbonyl vibration from COOH.

Table 1. Major spectral regions of biological interest.
Wavenumber
(cm-1) range
A
B
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Fig. 3. PC-CVA scores plot performed on averaged FT-IR data
(from the 3 biological replicates at each of the 17 time points) from
all of the ‘time-delay’ experiments (2, 9, 16 and 131 days). PCs
1–9 were used by the CVA algorithm with the a priori knowledge of
the biological replicates [64 classes; 3 experiments (biological
replicates) ¥ 17 time points]. The black triangles represent the
samples incubated in the presence of 5 mM phenol and the green
circles represent the samples incubated in the absence of phenol.
The arrows illustrate a general trend with respect to time (including
storage and time during incubation) and hold no statistical
significance. (Note that unfortunately the 48 h time point for the
16-day storage culture was lost during storage).

Therefore to allow a general visualization of the phenotypic changes between the control and phenol supplemented cultures across the total experimental timecourse, the analytical replicates from each sample
condition were averaged (so that the 3 biological replicates for every time point within the ageing conditions
each represented 9 FT-IR spectra) prior to PC-CVA. The
PC-CVA scores plot (Fig. 3) was constructed using the
first nine PCs (which accounts for 99.95% of the total
explained variance) with the a priori knowledge of the
biological replicates [i.e. 68 (4 ageing experiments ¥ 17
time points) groups]. In Fig. 3 the arrows indicate the
general trends observed within the FT-IR spectra with
respect to time; both in terms of storage time and experimental culture time supplemented (or not) with phenol. It
can be observed that all of the samples exhibit a strong
trend with relation to the time of sampling across the first
canonical variate (CV 1). It can also be observed that the
two experimental conditions cluster together to left of the
origin, which corresponds to cultures either not being
exposed to phenol or being exposed but not yet degrading
phenol. By contrast, samples to the right of the origin
bifurcate in CV 2; those that continue on a horizontal
trajectory are samples not supplemented with phenol, and
those that increase in CV 2 are now metabolically active
with respect to phenol and are able to degrade it. This
separation suggests that there is a strong phenotypic
difference between the samples grown with 5 mM phenol
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as the sole carbon source and those grown without the
addition of phenol. Moreover, this PC-CVA scores plot
indicates when the bacteria become metabolically active
and able to degrade phenol. This activity appeared different and reflected the various storage conditions.
Since a strong phenotypic difference was observed in
the PC-CVA for the entire dataset, further PC-CVA was
carried out for each of the time-separated investigations
(Fig. 4). This strategy was used in order to observe the
effects of extended storage periods or ‘ageing’ in the
absence of phenol on this activated sludge, which may
affect the metabolic potential of the community.
The analysis of the spectral data obtained from the
investigation carried out on activated sludge samples
aged for 2 days shows a strong trend with respect to time
across CV 1 (Fig. 4A). Both the control samples and those
supplemented with 5 mM phenol, as the sole carbon
source, cluster together until 15 h, after which point the
samples supplemented with phenol separate from the
control samples across CV 2. The trends observed here
are also observed in the PC-CVA of the samples aged for
9 days (Fig. 4B). The separation of the samples after 15 h
corresponds with the phenol quantification data (Fig. 1A
and B) in which a notable decrease in the concentration of
phenol was observed after this time point. Moreover,
these data support the general trends observed in the
PC-CVA scores plots for the complete FT-IR dataset
(Fig. 3).
Visual inspection of the PC-CVA loadings plots for these
analyses (Fig. 4A and B, RHS) provides us with information relating to which spectral features are important for
this separation. In this plot a boundary of 2 standard
deviations from the loadings centroid is used to give 95%
boundaries obtained considering a bivariate normal distribution of the loadings and this we used to detect which
bands deviate the most. The PC-CVA loadings plot for
the activated sludge samples aged for 2 days (Fig. 4A)
shows that the separation of the samples supplemented
with phenol at 15 h is due to a new peak occurring at
1754.5–1710.2 cm-1 in the samples supplemented
with phenol (highlighted in Fig. 2B by an arrow), and
a concomitant increase in the thiocyanate peak
(2124.6–2082.2 cm-1) in the control samples. In order to
highlight this further we generated an FT-IR difference
spectrum by subtracting the (average control spectrum at
time = 48) from (average phenol spectrum at time = 48),
and this also highlighted the band at 1754.5–1710.2 cm-1
as being important (see Fig. S2). Note that vibrations from
phenol itself did not appear to be of importance upon
inspection of the PC-CVA loadings. Closer inspection of
the FT-IR spectra for the control samples showed that the
thiocyanate peak broadens over time, accounting for the
observed increase in the peak area during the incubation
period. The PC-CVA loadings plot for the activated sludge

aged for 9 days (Fig. 4B) shows a very similar effect as
described above. The fact that those activated sludge
samples supplemented with 5 mM phenol are clearly
separated across CV 2 in both the PC-CVA scores plots
(Fig. 4A and B) when these cultures are actively degrading phenol (Fig. 1A and B) supports the hypothesis that a
strong phenotypic change is observed in the FT-IR
spectra of the whole bacteria (i.e. the total biological components of the bacterial cells), and FT-IR spectroscopy
has been used to follow metabolic events in complex
microbial communities (Huang et al., 2005; 2006).
This change in the FT-IR spectra for communities
actively degrading phenol (Fig. 1) is likely to be due to the
community altering its metabolic potential as it induces
gene transcription to produce enzymes capable of
catabolizing phenol and its by-products (Agarry et al.,
2008). The degradation process is generally initiated by a
mono-oxygenase phenol hydroxylase, which produces
catechol. Subsequently, one of two metabolic pathways
may be used. The ortho pathway results in the formation
of succinyl Co-A and acetyl Co-A, and the meta pathway
produces pyruvate and acetaldehyde (Paller et al., 1995;
Leonard and Lindley, 1998; Zhao and Ward, 1999; Agarry
et al., 2008). The initial intermediates of these pathways
are detailed below:
Ortho
pathway:
Catechol → cis,cis-muconate →
mucono-lactone → 4-oxoadipate
enol-lactone →
3-oxoadipate ----→ succinate + acetyl-CoA
Meta pathway: Catechol → 2-hydroxy muconatesemialdehyde → protocatechuate → 2-hydroxy, 4-carboxymuconate-semialdehyde ----→ pyruvate +
acetaldehyde
Unfortunately, these metabolite intermediates from the
ortho- or meta-cleavage of the aromatic ring in catechol
are not available for FT-IR analysis. However, immediately downstream of catechol these products contain carboxylic acid groups (-COOH) and in addition to these
moieties mucono-lactone and 4-oxoadipate enol-lactone
also have a lactone ring that may constrain the carbonyl
group (C = O) vibration. The region highlighted at 1754–
1710 cm-1 increases after 15 h only in cultures exposed to
phenol that are actively degrading it. This region is due to
the carbonyl in the COOH group. Moreover, we have also
observed previously constrained carbonyl vibrations in
penicillin due to its b-lactam ring that when cleaved by the
enzyme b-lactamase resulted in a shift from 1767 cm-1 to
ca. 1740 cm-1 (Winson et al., 1997), providing further evidence for the detection of phenol degradation products
by FT-IR spectroscopy. If the sequences of these genes
are known then a targeted transcriptomics and proteomics analysis, while the sludge community is actively
degrading phenol, may provide further information. This
type of analysis is rather difficult in complex microbial
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Fig. 4. PC-CVA scores (left hand side) and loadings plots (right hand side) performed on FT-IR data from each of the ‘time-delay’ experiments
individually (2–131 days; A, B, C and D respectively). PCs 1–7 were used by the CVA algorithm with the a priori knowledge of the biological
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falling beyond 2 standard deviations from the mean are encoded by colours and symbols detailed in the legend.

© 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 12, 3253–3263

Monitoring phenotypic changes in bacterial consortia 3259
communities particularly in communities which contain
bacteria with unsequenced genomes. However, a number
of methods have been developed in recent years for the
proteomic analysis of complex communities (Ram et al.,
2005; Valenzuela et al., 2005; Lacerda et al., 2007;
Lacerda and Reardon, 2009).
The PC-CVA scores plots for the samples aged for 16
and 131 days can be seen in Fig. 4C and D. While a trend
with respect to time can be observed across CV 1 and CV
2 in both plots, there is no noticeable separation of the
control samples and those supplemented with phenol.
This observation is supported by the phenol quantification
data (Fig. 1C and D) which show a visible reduction in the
ability of the bacterial community to degrade phenol. Interestingly, the PC-CVA loadings plots (Fig. 4C and D) show
the separation of samples according to time, irrespective
of phenol degrading ability, is due to an increase in the
thiocyanate peak (2122.7–2082.2 cm-1 for 16 days and
2126.5–2061.0 cm-1 for 131 days), an effect that was
observed in the control samples for earlier ageing periods.
This indicates that while the activated sludge community
has lost the ability to degrade phenol during the extended
storage periods, it appears to still be equivalent at the
phenotypic level to the control samples stored for 2 and 9
days; a result that is also clear from the analysis of the
whole dataset (Fig. 3). This suggests that the bacterial
community is still metabolically active despite the loss of
phenol degrading ability.
As detailed above the PC-CVA highlighted two
major differences in the FT-IR spectra between actively
degrading phenol communities and non-supplemented
controls or non-degrading communities. These differences were due to changes in the peaks at wavenumbers
1754.5–1710.2 cm-1 (from the -COOH on metabolites
in the phenol degradation pathways) and 2124.6–
2082.2 cm-1 (from thiocyanates). In order to investigate
this further and determine any time-related or phenol
degradation-related trends, the phenol quantification
data were plotted with a ratio of these peak areas
(1754.5–1710.2 cm-1/2124.6–2082.2 cm-1)
calculated
from the raw spectra against time (Fig. 1).
The phenol quantification and FT-IR peak area ratios
for activated sludge samples aged for 2, 9, 16 and 131
days can be seen in Fig. 1 (and also see Fig. S3 for the
areas under carbonyl peak). The control samples did not
contain phenol (with the exception of a possible residual
amount (~0.1 mM) in the 2 days old samples) and the ratio
of the COOH/thiocyanate vibrations more-or-less follows
the same trend and decreases with respect to time
(clearly with different rates). By contrast the ratio
increases in cultures that are actively degrading phenol;
for 2-day-old cultures this occurs after 8 h and for 9 days
is after 24 h, a possible trend was also observed at the
36 h time point in the 16-day-old culture, although this

was less obvious than in the previous cultures. For the
131-day-old culture the ratio follows the same trend as the
control experiments, and with the exception of the 36 h
time point so do the 16-day-stored cultures. Inspection of
the peak areas alone (Fig. S2) indicates that the COOH
vibration also increases when the sludge is actively
degrading phenol. This is not surprising given the complex
biological processes involved in the degradation of phenol
as discussed above (Agarry et al., 2008).
It is likely that the community structure of the activated
sludge changes during the degradation of phenol (Whiteley and Bailey, 2000; Manefield et al., 2002; 2005).
Changes in the structure of the bacterial community may
be investigated with RNA-SIP (Manefield et al., 2002;
Dumont and Murrell, 2005; Madsen, 2006; Whiteley et al.,
2006). These data combined with metabolomic analyses
may provide valuable insight into the principal bacterial
species and metabolic pathways used by the activated
sludge community during the degradation of phenol, and
this will be an area of future work.
Concluding remarks
The phenol quantification data obtained from samples
aged for 2 and 9 days show that the activated sludge
community is capable of degrading 5 mM phenol in 48 h,
and it is evident from the FT-IR data that this has a
metabolic effect on the microbial cells since vibrations that
are non-phenol related are clearly important. The results
also show that the activated sludge community loses its
ability to degrade phenol when aged for extended periods
of time (16 and 131 days), and it is likely that this is due to
a phenotypic adaptation from long storage in a phenolfree medium. The increase in the area of COOH vibration
(C = O at 1754.5–1710.2 cm-1) during the degradation of
phenol suggest that FT-IR spectroscopy is detecting the
products of phenol degradation. Further analyses could
target key enzymes involved in the degradation of phenol,
such as mono-oxygenase phenol hydroxylase and
catechol-2, 3-dioxygenase should be targeted. However,
this is rather difficult in complex communities. A more
targeted metabolome analysis using mass spectrometrybased approaches (Goodacre et al., 2004; Dunn et al.,
2005; Winder et al., 2008) would also be appropriate for
the activated sludge samples exposed to 5 mM phenol
during the time at which the phenol is most rapidly
degraded (8–24 h) in fresh cultures. In conclusion, high
throughput metabolic fingerprinting with FT-IR spectroscopy has been used to monitor phenotypic shifts within
complex microbial communities, and this snapshot
of biochemical changes supports the further investigation
of this important bioremedial process using mass
spectrometry-based metabolomics and this is an area of
current study.
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Hourly samples were taken over a 10 h period (including
t = 0 h and t = 15 min) and subsequently at 15, 20, 24, 36 and
48 h for the quantification of phenol and analysis with FT-IR
spectroscopy. For FT-IR spectroscopy the 1 ml aliquot was
centrifuged for 6 min at 16 089 g, the supernatant was
removed and the cell pellets were stored at -80°C until
required. Cell pellets were stored so that all of the activated
sludge samples may be analysed by FT-IR spectroscopy at
the same time, in order to reduce any minor instrument variation within the dataset.

Assay for phenol quantification

Fig. 5. Experimental workflow showing the different steps between
collection of the activated sludge samples, growth with phenol and
phenol quantification and FT-IR spectroscopy.

Experimental procedures
Sample information
The overall workflow for this series of experiments is detailed
in Fig. 5. Activated sludge was obtained from a bioremediation system at an industrial steelworks where it was used in
the degradation of phenol in coking effluent (Whiteley and
Bailey, 2000; Manefield et al., 2002; 2005). As described
above, coking effluents also typically contain pollutants such
as sulfides, cyanides and thiocyanates. The activated sludge
was collected and transported immediately back to the laboratory (Manchester University) at room temperature where it
was stored at 4°C until further use. Activated sludge was
stored for 2, 9, 16 and 131 days prior to any supplementation
with phenol. This ageing of the samples was carried out in
order to assess the phenol degrading capabilities of the activated sludge following extended storage periods, during
which no additional phenol was added to the samples.

Laboratory microcosms
Prior to the addition of phenol the activated sludge samples
(150 ml) were incubated aerobically for 2 h at 25°C at
150 r.p.m. in a Multitron (INFORS HT, Switzerland) orbital
shaker. Triplicate samples (so called biological replicates)
were supplemented with 5 mM phenol as the sole carbon
source. Additional triplicate control samples were incubated
without added phenol, and were used to monitor the activity
of the activated sludge during incubation under laboratory
conditions. All of the activated sludge samples were maintained aerobically at 25°C with 150 r.p.m. shaking throughout
the incubation and sampling periods (Manefield et al., 2002).

The phenol concentration at each sampling point was determined by the Emerson reaction; a colorimetric assay in which
a red coloured antipyrine dye (AAPPC) is produced through
the condensation of 4-aminoantipyrine with phenol in the
presence of alkaline oxidizing agents (King et al., 1991). The
assay has a greater sensitivity than other colorimetric assays
of phenol (Svobodová and Gasparič, 1971) and is most sensitive in the range of 0.2–2.0 mg ml-1. The colour develops
within 2 min, and changes with time, but it does not significantly change within 1 h (Martin, 1949; Svobodová and Gasparič, 1971; Gasparic et al., 1974). The reagents and phenol
standards were prepared just prior to their use.
Sample supernatants generated by centrifugation (1 ml)
were filtered (0.22 mm, Millipore) and treated with 25 ml of
0.5 M NH4OH and adjusted to pH 7.9 with 22.5 ml of phosphate buffer (0.5 M KH2PO4, 0.6 M K2HPO4). Samples were
treated with 10 ml of 100 mM 4-aminoantipyrine and 10 ml of
250 mM potassium ferricyanide. The samples were allowed
to react for 5 min, and the reaction products were determined
in triplicate against a blank (4-aminoantipyrine, buffer and the
oxidizing agent was mixed with sterile H2O) for each replicate
with a BioMate 5 (Thermo Electron Corporation) spectrophotometer at 500 nm. Phenol concentrations were calculated
from standard curves prepared in parallel. The samples were
diluted with sterile deionized water when not in the sensitive
range of the assay (i.e. 0.2–2.0 mg ml-1).

Analysis of microbial cells by FT-IR spectroscopy
Fingerprint analysis using FT-IR spectroscopy (Maquelin
et al., 2002) was performed on all of the activated sludge
samples, taken from each of the four time delayed experiments at the same time, in order to reduce any minor instrument variation within the dataset. The FT-IR spectroscopy is
a whole-organism fingerprint analysis approach and analyses the total complement of the (bio)chemical components
from bacterial cells (Magee, 1993; Goodacre et al., 1998);
this includes lipids, sugars, nucleic acids as well as proteins
(Helm and Naumann, 1995). A 96-well zinc selenide plate
was rinsed with 2-propanol and deionized water and
allowed to dry at room temperature (Winder et al., 2006).
The dry cell pellets stored at -80°C were allowed to thaw at
room temperature and washed in order to remove any
traces of phenol from the inocula. Ice cold sterile water
(2 ml) was added to each sample and vortexed. The
samples were centrifuged for 10 min (0°C, 16 089 g), and
the supernatant was discarded. This cycle was repeated
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three times. A final aliquot of 100 ml sterile water was added
to each sample and the solution was vortexed. Aliquots
(20 ml) of each resuspended sample were applied to the
ZnSe plate and oven dried at 50°C for 10 min. Drying was
used to avoid absorption of water in the mid-IR region,
which may mask biologically important chemical information
in the spectra. Three analytical replicates of each of the
samples were randomly applied to the ZnSe plates and triplicate spectra were obtained from different positions within
each well, a total of nine spectra (so called analytical replicates) were collected per biological sample. For subsequent multivariate models one biological sample (i.e.
biological replicate) is represented by nine FT-IR spectra.
The plate was loaded onto a motorized microplate module
HTS-XT under the control of a computer program with
OPUS software version 4 (Winder et al., 2006). Spectra
were collected using an Equinox 55 FT-IR spectrometer
(Bruker Optics), in transmission mode using the deuterated
triglycine sulfate (DTGS) detector over the wavelength
range of 4000–600 cm-1 and with a resolution of 4 cm-1. In
order to improve the signal to noise ratio, 64 spectra were
co-added and averaged. The spectra are displayed in terms
of absorbance (see Fig. 2 for typical example spectra).

priori knowledge of group membership of the spectral replicates (Krzanowski, 1988; Manly, 1994; Winder et al., 2004).
In these analyses, a priori knowledge of class structure of the
biological replicates was used to achieve the supervision of
the algorithm (MacFie et al., 1978; Windig et al., 1983; Goodacre et al., 1998). In order to make sure these PC-CVA
score plots were not over- or under-trained, the models were
trained (constructed) with two of the biological replicates and
cross-validated using the third biological replicate as detailed
in Jarvis and Goodacre (2004).
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Supporting information
Additional Supporting Information may be found in the online
version of this article:
Fig. S1. FT-IR absorbance spectrum of pure potassium thiocyanate. An asterisk is used to highlight the main vibration
feature at 2050 cm-1, which arises from S = C = N.
Fig. S2. FT-IR difference spectrum of: (average phenol IR
spectrum at t = 48) minus (average control IR spectrum at
t = 48). The peak highlighted with an asterisk is the carbonyl
stretch at 1754.5–1710.2 cm-1 which increases during growth
on phenol.
Fig. S3. Phenol quantification data (black symbols and lines)
plotted with the COOH (1754.5–1710.2 cm-1); FT-IR peak
areas shown in green. Data for all ageing experiments are
shown (2, 9, 16 and 131 days; A, B, C and D respectively).
Samples supplemented with 5 mM phenol are shown on the
left hand side and samples grown in the absence of phenol
(control) are on the right hand side.
Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the
article.

© 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 12, 3253–3263

