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Summary

Fourier transform-infrared (FT-IR) spectroscopy has been used to rapidly and nondestructively analyze
bacteria, bacteria-polymer mixtures, digester samples and microbial biofilms. Diffuse reflectance FT-IR
(DRIFT) analysis of freeze-dried, powdered samples offered a means of obtaining structural information. The
bacteria examined were divided into two groups. The first group was characterized by a dominant amide I
band and the second group of organisms displayed an additional strong carbonyl stretch at ~ 1740 cm™!. The
differences illustrated by the subtraction spectra obtained for microbes of the two groups suggest that FT-IR
spectroscopy can be utilized to recognize differences in microbial community structure. Calculation of specific
band ratios has enabled the composition of bacteria and extracellular or intracellular storage product polymer
mixtures to be determined for bacteria-gum arabic (amide I,carbohydrate C-O ~1150 cm™!) and bacteria-
poly-B-hydroxybutyrate (amide I, carbonyl ~ 1740 cm™!). The key band ratios correlate with the compositions
of the material and provide useful information for the application of FT-IR spectroscopy to environmental
biofilm samples and for distinguishing bacteria grown under differing nutrient conditions. DRIFT spectra
have been obtained for biofilms produced by Vibrio natriegens on stainless steel disks. Between 48 and 144 h,
an increase in bands at ~ 1440 and 1090 cm™! was seen in FT-IR spectra of the V. nairiegens biofilm. DRIFT
spectra of mixed culture effluents of anaerobic digesters show differences induced by shifts in input feedstocks.
The use of flow-through attenuated total reflectance has permitted in situ real-time changes in biofilm forma-
tion to be monitored and provides a powerful tool for understanding the interactions within adherent micro-
bial consortia.
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Introduction
Infrared (IR) spectroscopy is a nondestructive technique, requires minimal sample
preparation, and allows the rapid characterization of structural features of complex,

polymeric material. The IR portion of the spectrum is rich in information regarding the

0167-7012/85/803.30 © 1985 Elsevier Science Publishers B.V. (Biomedical Division)



80

vibrational and rotational motions of atoms in molecules. Specific IR absorptions can
be assigned to particular types of covalent bonds, and modifications of these bonds by
the local electronic environment can be detected in the details of the spectra [1-3].

One of the problems restricting the application of IR spectroscopy to environmental
samples has been that the atomic interactions sensed in the IR portion of the spectrum
are at relatively low energies. Thus, the detection of these interactions is relatively ineffi-
cient. This has precluded, until recently, the full use of IR analysis for complex mate-
rials isolated from the environment. Fourier transform-infrared (FT-IR) instrumenta-
tion has overcome previous problems associated with low transmittance heterogeneous
samples. Multiple scanning and manipulation routines, including the capability to per-
form spectral subtractions, together with microbeam condensers allowing comparison of
10 um diameter areas have further improved FT-IR spectroscopy as a rapid nondestruc-
tive analytical tool [4]. Recent applications of the FT-IR method for obtaining IR
spectra include the study of blood protein interactions with surfaces in flow-through
systems [5-7] and the study of coal structure and oxidation processes [8, 9].

Microbial attachment processes on germanium crystals have been monitored using
FT-IR spectroscopy at selected time intervals [10]. The application of FT-IR to a
number of surface studies has been reviewed by Jakobsen [11].

Analytical biochemical methods involving the identification of specific ‘signature’ or
‘biological marker’ lipids have been used to determine microbial biomass and communi-
ty structure [12-15]. Such biochemical techniques, although they provide qualitative and
quantitative insights into environmentally relevant problems, are destructive and time
consuming. FT-IR analysis of microbial samples, including biofilms, represents a largely
untried approach, which could complement and/or supplement existing analytical
procedures for the characterization of such materials.

In this report FT-IR spectra of bacteria and related laboratory and field samples will
be presented. Such data may be utilized to chemically catalogue bacteria and related
environmental samples. The development of critical bands and band ratios for known
mixtures of bacteria-exopolymer and pathogenic-nonpathogenic bacteria should enable
application of FT-IR spectroscopy to the monitoring of environmental samples.

Materials and Methods

Bacteria

Lyophilized cells of the following bacteria were obtained from Sigma Chemical
Company (St. Louis, MO). Escherichia coli strain B (ATCC 11303), Bacillus subtilis
(ATCC 6633), Pseudomonas fluorescens (ATCC 1340), Staphylococcus aureus strain
Newman D,C, Clostridium perfringens (ATCC 13124). Vibrio natriegens and V. anguil-
larum were gifts of Dr. G. Geesey (Long Beach State University, Long Beach, CA) and
were grown on Bacto marine broth 2216 (Difco). Pseudomonas atlantica was a gift of
Dr. W. Corpe (Columbia University, New York, NY) and was grown in 1% (w/v)
galactose with either 0.1% or 0.01% (w/v) proteose peptone (Difco) in 25 ppt artificial
seawater, ASW, (Forty fathoms marine mix, Marine Enterprises, Towson, MD).
Methylobacterium organophilium and Methylosinus trichosporium were gifts of Dr. R,
Hanson (Gray Freshwater Biological Institute, Navarre, MN). Njtrobacter winogradskyi
was a gift of Dr. E. Bock (University of Hamburg, FRG).
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Sample preparation

Weighed amounts of bacteria, poly-8-hydroxybutyrate (PHB; gift of Dr. R. Lafferty,
Technische Universitd:, Graz, Austria), gum arabic (Sigma Chemical Co.) and proteose
peptone (Difco) were combined in various ratios (weight percent) for FT-IR analysis.

A biofilm was produced by Vibrio natriegens on stainless steel disks (1 cm diameter,
Metal Associates, Munford, AL) placed in flasks of marine broth 2216. At various
times, disks were removed, rinsed in 25 ppt ASW, and lyophilized. Disks were stored
under vacuum over phosphorus pentoxide until examination.

Effluent was removed from thermophilic digesters 24 h after feeding. The digesters
received 16 g of Bermuda grass: cattle feed (Seminole Brands) (3:1) daily. In addition to
the daily feed some digesters were continuously infused with sodium propionate,
(10 umol/ml/day), sodium butyrate (15 umol/ml/day), or sodium nitrate (10 umol,; ml,
day). The effluent was lyophilized and frozen until examination.

All solid samples were ground for 1 min (Wig-L-Bug, Spectra Tech, Inc., Stamford,
CT), transferred to a 13 X 2 mm sample cup and leveled without compression using a
spatula prior to FT-IR analysis.

Fourier transform-infrared spectroscopy

Data collection parameters reported below are the information recommended by a
subcommittee of the Coblentz Society to be included with published spectra from com-
puterized IR instruments [16].

Spectral collection, processing and transformation

All spectra of powdered solids and for biofilms on metal surfaces were interpreted
based on the Kulbelka-Munk (K-M) analysis [17] used as an approximation of Beer’s
Law for reflectance spectroscopy [18]. The spectra obtained for the flow cell experi-
ments are reported in absorbance units. Spectra were collected on a Nicolet 60SX
FT-IR equipped with a liquid-nitrogen cooled, high-sensitivity, mercury:cadmium: tel-
lurium detector (range = 5500-710 cm™!), a mid-IR Globar source, and a KBr beamsplit-
ter (Nicolet Instrument Corp., Madison, WI). Interferograms were zero-filled and apod-
ized by the Haap-Genzel function prior to the Fourier transformation utilizing Nicolet
SX software (TMON version 1.5).

Diffuse reflectance (DRIFT)

Powdered bacteria, bacteria-polymer mixtures, digester samples and stainless steel
disks were evaluated with a DRIFT accessory (Spectra Tech, Inc., Stamford, CT). Each
sample scan resulted in a single-sided interferogram of 4096 data points which provided
a resolution of 4 cm-!. Signal averaging of 500 scans per sample with a medium correla-
tion (correlation factor, 8) required 2.5 min of total measurement time. All resulting spec-
tra were ratioed to the appropriate background spectrum. Replicate spectra were col-
lected for all samples and mixtures analysed by DRIFT. Standard deviations for
calculated band ratios (obtained using intensities at peak maxima) were in the range
2-129%.

Determination of the specular reflectance contribution for biofilms on stainless steel
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disks analyzed in the drift accessory has not been performed. The sample chamber was
evacuated for two minutes and purged with nitrogen for two minutes prior to sample or
background data collection. Spectra showed near identical baselines and are plotted
uncorrected.

Attenuated 1otal reflectance (ATR)

The ATR flow cell (Harrick Scientific Corp., Ossining, NY) was set up in the micro-
beam chamber on the 60SX optical bench (linear condensation, 15). The internal reflec-
tion element was germanium metal (50 X 10 X 2 mm, refractive index, 4.01, Harrick
Sci. Corp.) with an angle of incidence 8 = 45° which results in 25 internal reflections
through the element [19]. Assuming a refractive index for the biofilm of 1.33, that of
seawater, the depth of penetration (d,) of the infrared energy into the biofilm with
respect to the wavelength of light (A) is: d, =0.0638*\ [20]. Ths results in a d, for the
amide I band (1650 cm™) of 385 nm, and 583 nm for the C-O stretch of carbohydrates
(1090 cm-!). Each sample scan resuited in a double-sided interferogram of 4096 data
points which provided a resolution of 8 cm™!. Signal averaging of 100 scans per sample
with an intermediate correlation (correlation factor, 2) required 30s of total measure-
ment time. All resulting spectra were ratioed to a background spectrum of the dry ATR
cell. Prior to water subtraction, the baseline drift due to the dependence of dp on the
light wavelength was corrected. Water backgrounds were spectra of reverse osmosis
deionized water (RODW) flowing through the ATR cell. Backgrounds were chosen that
had been flowing for the same time through the ATR cell as the sample spectra. The
RODW spectra were processed in the same manner as the sample prior to subtraction.
The sample chamber and optical bench were under a constant nitrogen purge through-
out the analysis.

ATR flow cell experiments

Natural seawater (NSW) was collected in an acid-rinsed Nalgene container from the
Florida State University Marine Laboratory (Turkey Point, FL) settling system. To
minimize bottle effects [21], 201 of NSW was collected, transported back to the main
laboratory, and connected to the flow cell within 3 h of collection. Prior to analysis the
NSW aseptically passed through a 0.4 um Nuclepore filter.

After collection of the dry ATR cell background, NSW flow began (approximately
10 ml; min, Technicon proportioning pump, Chauncey, NY). Spectra were collected at
5 min intervals.

Results

Bacteria

A range of bacteria have been analyzed by DRIFT spectroscopy and representative
spectra are illustrated in Fig. 1. Spectra obtained for Pseudomonas fluorescens, Desul-
Jovibrio gigas, Staphylococcus aureus, Clostridium perfringens, Escherichia coli, Methylo-
bacterium organophilium (grown on methane) and Methylosinus trichosporium (grown
on methane) together with a number of other sulphate-reducing bacteria analyzed are
generally similar. Subtle variations in peak ratios were apparent, however, in many of
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Fig. 1. FT-IR spectra (4000-710 cm-!) of representative group I (E. coli) and group Il (B. subtilis) organ-
isms showing dominant amide 1 and II bands (group I) and an additional carbonyl stretch at 1740 em™!
(group I1). The middle spectrum is the difference spectrum obtained from a one-to-one subtraction of the two
organisms.

these organisms. A representative spectrum of this group of microbes is shown in Fig. |
(upper spectrum). Strong amide I (between 1690 and 1650 cm™!) and amide II (1550 cm™!)
bands are present in all these organisms. Other prominent bands are present at
3300 cm ! (O-H stretch), 2950 cm-! (C-H stretch), 1450, 1250 and 1090 cm .

A number of other microbes analyzed, Bacillus subrilis (Fig. 1, lower spectrum),
Methyviobacterium organophilium and Nitrobacter winogradskyi, showed spectral fea-
tures distinguishing them from the organisms listed above: The FT-IR spectrum of B.
subtilis contained, in addition to the spectral bands noted above, an enlarged O-H
stretch and a large carbonyl peak centered at ~1740 cm'!\. M. organophilium when
grown on methanol contained, in addition to the strong amide I and I bands present
when grown on methane, a carbonyl stretch at 1740 cm-!. The carbonyl stretch was the
largest peak detected in the spectrum of N. winogradskyi and additional spectral fea-
tures, not present in other microbes studied, were also observed.

Bacieria-polymer mixtures
The DRIFT spectra obtained for mixtures of gum arabic and E. coli are shown in
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Fig. 2. The major peak for the spectrum of E. coli is the protein amide 1 band, whilst
the dominant peak in the spectrum of gum arabic is the carbohydrate derived C-O
stretch centered at ~1150 cm™!. Logarithmic plots of the carbohydrate to amide 1
(Fig. 2) and amide II bands and the relative proportion of gum arabic reveal relation-
ships between these parameters giving correlation coefficients (r2) of 0.97 and 0.97 for
the two five-point lines; probability (p) of no true correlation <0.001. A similar trend
was observed for prepared mixtures of gum arabic and proteose peptone, the latter
being rich in proteinaceous material (unpublished data).

The major band present in the FT-IR spectrum of PHB is the carbonyl band cen-
tered at 1750 cm™!. A plot of the band ratio of the PHB carbonyl stretch to the amide I
band for prepared mixtures of PHB with B. subrilis is illustrated in Fig. 3. The relation-
ships which exist between the carbonyl and the amide I and II band ratios and the
proportion of PHB present are described by correlation coefficients (r2) of 0.96 and
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Fig.2. Comparison of the FT-IR spectra of mixtures of gum arabic and E. coli and the ratio of carbo-
hydrate C-O (~1150 cm!) to amide I (~ 1680 cm-!) bands as a function of the proportion (weight percent) of
gum arabic in the mixtures.
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Fig. 3. Comparison of the FT-IR spectra of mixtures of poly-8-hydroxybutyrate (PHB) and Bacillus subtilis
and the ratio of PHB carbonyl stretch (~1740 cm™!) to amide I (~1680 cm™!) bands as a function of the
proportion (weight percent) of PHB in the mixtures.

0.78, respectively, for the five-point lines with probabilities of no true correlation of less
than 0.001.

FT-IR spectra of a polymer sample and for cell material harvested in stationary
phase at levels of 0.1% and 0.01% proteose peptone in the growth medium are presented
in Fig. 4. The spectrum obtained for P. atlantica exopolymer is similar in appearance to
the IR spectrum of gum arabic with the C-O stretch at ~1150 cm-! being the dominant
band. The IR spectrum of P. atlantica cell material obtained from the 0.19 proteose
peptone medium is characterized by significantly stronger bands at 1150 cm-! (C-O
stretch) and 3350 cm™! (O-H stretch) than observed for the cells harvested from medium
containing 0.019 proteose peptone.

Biofilms on stainless steel surfaces

FT-IR spectra of stainless steel disks removed from batch cultures of Vibrio natrie-
gens, V. anguillarum or P. atlantica are presented in Fig. 5. For disks exposed to V.
natriegens, after an incubation period of 48 h, a prominent amide I band (~ 1650 cm™!)
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Fig. 4. FT-IR spectra of Pseudomonas atlantica cells grown under different growth conditions and exo-
polymer produced by P. atlantica.

was observed. At subsequent sampling points in the experiment, bands centered at 1790,
1490, 1440, 1080 and 850 cm™! were detected in the spectra in addition to the amide |
band. The two dominant peaks present after 96 and 144 h of the V. nairiegens experi-
ment were the bands centered at ~1440 and 850 cm™! (Fig. 5). A similar result was
obtained for V. anguillarum. For P. atlantica the early appearance of an amide I band
was followed by the occurrence of a peak centered at ~1150 cm™' (Fig. 5, upper spec-

trum).

Digester material
FT-IR spectra were recorded for samples of digester feed and effluent obtained from

control and propionate-, butyrate- and nitrate-amended digesters (Fig. 6). Major bands
in the DRIFT spectra of carbohydrate-rich digester feed were those at 3400 cm! (O-H
stretch), 2950 cm™! (aliphatic C-H stretch), 1730, 1630, 1370, 1240, 1160 and 1120 cm!
(Fig. 6). Material removed from the control ‘digester is characterized by a relatively
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Fig. 5. Comparison of FT-IR spectra of the surfaces of stainless steel disks removed from batch cultures of
Vibrio natriegens. V. anguillarum and P. atlantica. Parenthesized numbers for V. natriegens indicate scaling

factors for quantitative comparison of the two spectra.

smaller O-H stretch together with higher relative K-M intensities at 1660 and 1510 cm™!.
A close similarity is apparent between the spectra obtained for the propionate- and
butyrate-amended digester effluents (Fig. 6). Bands centered at 1600 and 1415 cm™,
characteristic of the asymmetrical and symmetrical stretching bands, respectively, of the
carboxylate anion were the major additional bands present in these two samples. A
higher relative K-M intensity at ~ 1660 cm™! (amide I), when compared with the digester
feed material, is also apparent in these spectra.

The band centered at 1440 cm™! is seen at a higher relative reflectance in the nitrate-
amended digester products when compared to the control and feed derived samples
(Fig. 6). As was noted for the other digester samples a smaller relative K-M intensity

occurred at 3400 cm™! (O-H stretch).

ATR flow cell experiments
Figure 7 shows the hourly biofilm accumulation at the germanium surface. There is
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Fig. 6. Ccmparison of FT-IR spectra of digester feed and material removed from control and propionate-,
butyrate- and nitrate-amended digesters.

an accumulation of material with an intensity centered at 1100 cm™!, interpreted as the
C-O stretch of carbohydrate. RODW controls show no accumulation of carbohydrate
after 8 h.

Discussion

General considerations

Bacterial cell material and the cell-polymer mixtures can be analyzed by more con-
ventional IR techniques such as KBr pellet transmittance and absorbance spectroscopy.
The reflectance technique was the method we selected for analysis of biofilms and other
material which can not be rapidly and quantitatively removed from the surfaces to
which they are attached. Although it has been shown that the best DRIFT spectra of
organic samples are obtained by grinding the sample with about 20-times their weight in
KCl for 1-3 min, identifiable spectra have, however, been obtained of neat samples [22].
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Fig. 7. FT-IR spectra (2000-940 cm-!y showing hourly biofilm accumulation at the germanium surface of the
ATR crystal. The spectra of the bulk phase NSW (0 hour) was obtained immediately following the filling of
the flow cell. All spectra are baseline corrected, water subtracted and plotted on the same ordinate axis.

In this study, in order to keep sample preparation time to a minimum and because
analysis of environmental microbial biofilms would not be facilitated by removal of the
material from surfaces and mixing it with a nonabsorbing matrix, powdered solids were
analyzed by DRIFT as neat solids.

Bacteria

The bacteria analyzed in this study by FT-IR spectroscopy can be divided into two
groups. The first group is characterized by a dominant amide I band (Fig. 1). Similar
spectroscopic features have been previously reported in transmittance spectra obtained
for E. coli [10]. A significantly higher signal to noise ratio (S/N) is observed with the
FT-IR spectrometric technique. The higher S/N ratio of these spectra enables spectral
manipulation procedures, including the use of spectral expansion and subtraction rou-
tines, to be performed more readily and with more precision. The dominance of the
amide I band and to a lesser extent the amide II band in the bacterial IR spectra is
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consistent with the high proteinaceous content of such material. The position of the
amide 1 maxima obtained for unmixed neat bacterial samples was in a number of cases
at a higher wavenumber than is usually reported for proteinaceous material [11]. This
observation is probably due to some form of matrix effect. Protein typically represents
approximately 60% (dry weight basis) of the bacterial cellular material [23]. Methods
have been recently reported using FT-IR spectroscopy for the determination of protein
and moisture content of wheat [24, 25]. Similar procedures could be applied to bacterial
samples.

The second group of bacteria all contained a carbonyl stretch at just below 1740 cm™!
(Fig. 1, lower spectrum). The wavenumber maximum of this peak corresponds to that
observed for PHB mixed with bacterial cells (Fig. 3). The shift of the PHB carbonyl
maximum (1752 cm!) to a lower wavenumber (1740 cm™') when mixed with protein
rich bacterial cells may be due to intermolecular hydrogen bonding occurring between
the two materials. A similar phenomenon was observed for mixtures of E. coli and gum
arabic. The amide I band shifted to a lower wavenumber upon the addition of gum
arabic. These shifts may be due to the matrix phenomenon noted above. A difference
spectrum (middle spectrum, Fig. 1) obtained by the subtraction of a representative
group I bacterium (E. coli) from a group 11 bacterium (B. subuilis) illustrates the poten-
tial for FT-IR spectroscopy to enhance differences between two organisms. These data
suggest that the potential also exists for these differences to be quantified and that such
techniques may be applicable to the recognition of differences in microbial community
structure.

Bacteria-exopolymer mixture

Examination of the FT-IR spectra for mixtures of bacteria and gum arabic (Fig. 2)
shows that key IR band ratios are correlated with the composition of the material.
Further analyses involving the measurement of carbon and nitrogen present in E. coli-
gum arabic mixtures and in extracellular polymer (ECP) produced under different cul-
ture conditions by P. atlantica using an elemental analyzer have indicated that the IR
band ratios can also be correlated with the nitrogen content of the sample (unpublished
data). The ratio of the bacterial protein amide I and Il bands to carbohydrate C-O
stretch (~1150 cm™!), based on the data presented here for bacteria-gum arabic mix-
tures, may be useful in estimating the proportions of both bacteria and extracellular
polymer present in environmental biofilms.

Comparison of the C-O/amide I band ratios of (i) P. atlantica exopolymer, (ii) P.
atlantica cells grown with 0.19% proteose peptone, and (iii) P. atlantica cells grown with
0.019 proteose peptone (Fig. 4) with data reported above for prepared standard mix-
tures of gum arabic-E. coli (Figs. 2 and 3) indicates that the three samples contain about
80, 50 and 20%, respectively, of carbohydrate-rich material. The production of exopo-
lymer rich in polysaccharide by P. atlantica grown with 0.5% peptone has been docu-
mented [26], and our data indicate that in addition to exopolymer, material attached
more intimately to the cells is also present. FT-IR spectra obtained for P. atlantica
exopolymer produced under a variety of growth conditions in our laboratory show
markedly different C-O/amide I and 1I band ratios (unpublished data). FT-IR spectros-
copy offers a rapid means to monitor polymer composition prior to the use of complex,
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time-consuming biochemical procedures which identify individual components present
in extracellular and cell wall polysaccharide polymers from environmenta!l biofilm sam-
ples [27, 28].

Bacteria- PH B mixtures

The relationships observed for the PHB carbonyl stretch/amide I (Fig. 3) and amide
II band ratios also show that FT-IR spectroscopy can be used to quantify bacteria/
PHB mixtures. The data presented here for mixtures of bacteria and PHB polymers
provides useful information necessary for the application of FT-IR spectroscopy to
distinguish bacteria grown under nutrient limiting conditions resulting in accumulation
of PHB [29]. During starvation the PHB polymer serves as a carbon and energy source
[30]. The analysis of PHB polymer has been classically performed by gravimetric meth-
ods [31] or by spectrophotometric analysis of trans-crotonic acid produced by hydroly-
sis and dehydration of the polymer [32). These methods are insensitive and subject to
errors due to contamination. Analysis of the constituent 8-hydroxy acids by gas chro-
matography (GC) has been documented [29, 33], including a recent report which
showed that in addition to B-hydroxybutyric acid a number of longer chain hydroxy
acids were present in the polymer [29]. The rapid, nondestructive analysis involving
minimal sample preparation afforded by FT-IR spectroscopy offers a useful method
which can complement existing procedures used for the analysis of environmental sam-
ples containing PHB. Further studies are planned to correlated data obtained from the
FT-IR method with data provided by GC methodology.

Stainless steel surfaces

Corrosion studies being undertaken in our laboratory are directed towards determin-
ing the role of microorganisms in the processes involved. An EG&G Model 350A cor-
rosion measurement console is being utilized to measure electrochemcial parameters of
stainless steel disks placed in both pure culture and environmental situations. The fact
that IR spectra of the bacterial cellular and extracellular material could be easily ob-
tained indicated that DRIFT spectroscopy of the metal disk surfaces may represent one
technique to study changes occurring at the metal-water interface and to detect the
presence of bacteria and biofilms.

The metal disks removed from batch cultures of Vibrio natriegens were analyzed by
DRIFT spectroscopy prior to epifluorescence or scanning electron microscopy. The
appearance of a strong amide | band together with an amide Il band at 48 h (Fig. 5)
parallels the formation of large bacterial colonies as noted by epifluorescence micros-
copy [34].

Preliminary studies reveal that an increase in corrosion current density and corrosion
rate occurs between 48 and 144 h for stainless steel disks removed from batch cultures
of V. natriegens [34]. The increase in corrosion rate corresponded to an increase in the
bands at ~1440 and 850 cm~! present in the FT-IR spectra obtained for the disk sur-
faces (Fig. 5). Although subtle differences in band intensities and peak maxima occur due,
for example, to interaction between extracellular and cellular matenal, the spectrum
obtained for the V. natriegens biofilm at 144 h is consistent with the presence of signifi-
cant portions of calcium hydroxide. At this stage, the data obtained for V. narriegens,
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V. anguillarum and for concurrent projects using the marine pscudomonad P. atlantica
(Fig. 5) indicate that these bacteria can play a role in the corrosion process and that
FT-IR spectroscopy can be utilized to monitor changes occurring on the surface in-
volved.

Digester material

The dried sludge from the digesters sampled showed a significant decrease in the
carbohydrate C-O to amide I band ratio relative to digester feed (Fig. 6). These data,
when taken together with a decrease in O-H stretch (3400 cm™!) relative to aliphatic C-H
stretch (2920 cm™!), are consistent with an overall loss of carbohydrate structure from
digester sludge relative to feedstock. Near infrared reflectance (NIR) has been utilized
previously in attempts to determine fat, protein and carbohydrate content in cocoa
powder [35] and for the measurement of protein and moisture in wheat [24, 25]. Grasses
such as the Bermuda grass used as feedstock in the digesters analyzed here are rich in
carbohydrate material [36]. The use of FT-IR spectroscopy in this study extends the
application of IR reflectance of plant material to include digester-amended material and
thus readily enables the monitoring of carbohydrate structural content present in the
digesters.

A number of other spectral features, in addition to the bands characteristic of protein-
aceous and carbohydrate material are apparent in the IR spectra. The dried butyrate-
and propionate-amended digester sludge both showed strongly absorbing bands at 1600
and 1415 cm! due to the asymmetric and symmetric stretching bands of the propionate
or butyrate carboxylate anion.

The information provided by FT-IR spectroscopy, when coupled with community
structure information obtained by detailed lipid and other biochemical analyses, should
enable biomass transformations in anaerobic digesters to be better understood.

ATR flow cell experiments

These results (Fig. 7) show that FT-IR/ATR is the method of choice for in situ,
real-time analysis of a developing biofilm and similar complex biological systems as
previously suggested [37].

Our preliminary experiments suggest that the initial organic layer adsorbed onto the
germanium surface from 0.4 um filtered NSW is predominantly carbohydrate. Further
work is planned to determine more about the chemistry, size class, composition and
kinetics of adsorption of this film and the microbial interactions with it.

Conclusions

In this study, FT-IR spectroscopy has been used to analyze bacteria, related bacteria-
polymer mixtures, digester samples and microbial biofilms. Subtraction spectra may
offer the potential of a rapid means for identifying certain specific bacteria. Calculations
of specific band ratios can enable the composition of bacteria-polymer mixtures to be
determined. These data provide useful reference information which can be applied to
studies of (i) biofilm structure where amide and carbohydrate bands are of key impor-
tance, and (ii) nutritional status where the monitoring of amide and carbonyl bands is
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undertaken. The recognition of other critical bands and band ratios is feasible based on
the data presented in this report and will enable further application of the FT-IR meth-
od for insight into biofilm composition and structure.
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