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ABSTRACT - Microbes in nature are often concentrated on surfaces where they exist in microcolonies of mixed
composition. The assay of these mixed microbial consortia by utilizing biochemical components eliminates the
problems associated with cultural selectivity of viable counts or the requirement for quantitative release from
surfaces required in some microscopic techniques. The assay of cellular components restricted to subsets of the
microbial community gives insights into the community structure of the biofilm whereas assay of cellular
components common to all cells can be used for biomass estimations. Formation of endogenous storage
materials can be utilized as measures of nutritional status and rates of formation or turnover of specific
“signatures” from labeled precursors can give insight into metabolic activities. b-xtracellular polymers involved
in adhesion are also important components of biofilms. These analyses are destructive. | hey can now be
correlated with non-destructive analyses by Fourier transforming infrared spectrometry which may provide
real-time analyses of biofilm dynamics.

Key words : biochemical analysis, biomass, biofilms, community structure, £ [R, metabolic activity, nutri-
tional status, signature components.

RESUME - Les bactéries en milieu naturel sont souvent concentrées sur des surfaces ou elles existent en
microcolonies de composition variée, !.¢tude de ces populations microbiennes mixtes par I’'ufilisation de
composants biochimiques élimine les problemes liés a la sélectivité des milieux de culture pour la numération
des bactéries viables ou encore les problémes liés a I'obligation de décrocher quantitativement les microos-
ganismes fixés aux surfaces pour certaines techniques de microscopie. L'%tude des composants cellulaires
caractéristiques donne un aper¢u sur la structure de la communauté du biofilm alors que ’étude des composants
cellulaires communs & toutes les cellules peut servir, elle, a des estimations de biomasse. La formation de réserves
endogénes peut étre utilisée pour mesurer P'état nutritionnel. Le taux de formation ou turn-over de signatures
spécifiques a partir de précurseurs marqués peut apporter des informations sur leurs activités métaboliques. Les
polymeéres extracellulaires ayant un réle dans I’'adhésion sont également d'importants composants du biofilm.
Mais leur analyse les détruit. Cependant elle peut maintenant étre comparée aux analyses non destructives en
spectrophotométrie infrarouge a transtormée de Fourier, qui apporte des renseignements en temps réel sur la
dynamique du biofilm.

Muis clés : analyses biochimiques, biomasse, biofilin, structure de la communauté, FT/ IR, activité métaboli-
que, état nutritionnel, marqueurs.

The problem

Microbes adherent to surfaces in biofilms present a complex problem for assay. The
classical methods of microbiology involving the isolation and subsequent culturing of
organisms lead to great underestimations of the total microbes present. Microscopic
methods that require quantitative release of the bacteria from the biofilm can be shown
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not to remove all cellular components from the surface. /n situ, microscopic methods
often fail because merphology in microbial biofilms may have little relationship to the
metabolic function of the cells. The combination of autoradiography and microscopy
however can provide a powerful tool in the study of biofilms.

Biochemical anailysis

Qur laboratory has been involved in the development of assays for biofilms of microbial
consortia in which the bias of cultural sclection of the classical plate count is eliminated.
The total community is examined in these procedures and by using labeled precursors itis
also possibie to determine the metabolic activities of specific components in the microbial
communities. The concept of “signatures” for subsets of the community based on the
limited distribution of specific components has been validated by using antibiotics and
cultural conditions to manipulate the community structure. The resulting changes agreed
both morphologically and biochemically with the expected results (White et af., 1980).
Other validation experiments that involved isolation and analysis of specific organisms
and finding them in appropriate mixtures, utilization of specitic inhibitors and noting the
response and changes in the local environment such as the light intensity are summarized
in the review (White, 1983).

With these techniques. we have been able to show succession in marine biotouling films
(Morrison er al., 1977 ; Nickels er al., 1981a), the effects of substratun biodegradatility
(Bobbie et al., 1978), the effects of substratum microtopology (Nickels er al., 1981b), the
effects of mechanical disturbance (Nickels ez al., 1981c¢), the effects of amphipod grazing
and resource partitioning { Morrison and White, 1980 ; Smith et ai., 1982a), the effects of
sand dollar bioturbation and predation (Findlay and White, 1983a), the effects of
essential elemental chelation (Nickels et af., 1979). the effects of o1l and gas well drilling
fluids (Smith et af., 1982b), the effects of light (Bobbie er «f.. 1981) and the effects of
epibenthic predation {Federle er /.. 1983) on microbial films.

In Table 1, the sensitivity of some of the methods by which biomass and community
structure can be determined is listed. These methods utilize fluorimetric detection after
high pressure liquid chromatography (HPLC) (phytanyl glycerol ether phospholipid
assay) or detection by flame ionization after gas-liquid chromatography (GLC). With
these technigues it is possible to detect 103 to 105 organisms the size of £. coli. The use of
more sensitive assays based on derivatives that give strong responses in electron capture
detection capillary GLC should increase the sensitivity of these assays.

The phospholipids are found in the membranes of all cells. The membrane phospholipids
have arelatively rapid turnover so the assay of these lipids gives a measure of the “viable™
cellular biomass (White ¢ al., 1979a). The phosphate of the phospholipids or the
glycerol-phosphate and acid labile glycerol from phosphatidyl glycerol has been assayed
(Gehron and White, 1983). The ester-linked phospholipid fatty acids are both the most
sensitive and the most useful measures thus far developed (Robbie and White, 1980). The
usefulness of this assay has been greatly increased by the determination of the configura-
tion and position of double bonds in monoenoic fatty acids (Nichols et a/., 1985). Samples
from marine sediments often yield 300 fatty acids which give decp insight into the
community structure as well as an estimate of the biomass. “Signatures™ (components
restricted to subsets of the microbial community with similar physiological functions) for
some of the microbial groups involved in anaerobic fermentations have been developed.

The rate limiting step in fermentations is the degradation of polymers that is carried out
by the anaerobic fermenters. A portion of these organisms contain plasmalogen phospho-
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Component Concentration Sensitivity Y‘quivalence
nmoles/g dry wt. moles (102 E. coli/g dry wt.)

Extractable Phospholipid

Phosphate 50 107 2 x 107

Celycero! Phosphate 50 1071 2 x 105
Ester-linked Extractable

Fatty Acids 100 3x 10713 3x 103
Muramic acid. glucosamine 14.5 3x 10713 2 x 104
LPS-Lipid a hydroxy

Fatty Acids 13.5 2x 10713 [ x 104
Teichoic Acid

Glycerol/ Ribitol 341 1071 Ix 104
Diphytanyl Glycerol Ether 1.7 4 x 10714 4 x 104 [

S—

Table I : Sensitivity of biomass measures in microbial biofilms.

lipids that are limited to this physiological class of anaerobes (Goldfine and Hagen, 1972).
Plasmalogens can be essayed by their resistance to alkaline methanolysis and extreme
sensitivity to mild acid (White er al., 1979b). Other groups of anacrobic fermenters
contain phosphosphingolipids with unusual sphingosine hases. These were described in
Bucteriodes (Rizza er al., 1970). Sphingosines are readily assayed in acid hydrolysates of
the polar lipids by their amine groups or by GLC of the long chain bases (White et af.,
1969).

Phytanyl glycerol ethers found in the Archaebacteria can be assayed by HPLC after
appropriate derivatization {Martz er af., 1983). C. Mancuso in this laboratory has
improved and resolution of the analysis of the diphytanylglvcerol ether lipids of the
methanogenic bacteria by HPLC. She has also been able to show the presence of
isoprenologues of the aliphatic side chains of the ether lipids using highiy sensitive
GC/MS techniques with the aim of identifying the specific types of methanogenic
bacteria.

The sulfate-reducing bacteria contain lipids which can be utilized to identify at least a
portion of this class. They contain a unique profile of branched saturated and monounsa-
turated as well as hydroxy faity acids in ester linkage to the phospholipids (Fredrickson,
H.. Ph. D. thesis, FSU). These organisms are active even in fermentations in which there
1s no added sulfate as they can recycle organic sulfur in the feed-stock (Smith and Klug,
1981).

From the residue of the lipid extracted biofilm muramic acid, a unique component of the
bacterial cell wall can be recovered (Findlay er @/, 1983). Muramic acid in the bacterial
cell wall exists in a {:] molar ratio with glucosamine. Since the analysis gives both
glucosamine and muramic acid and the chitin walls of many microeukaryotes yield
glucosamine, the glucosamine tc muramic acid ratio gives insight into the prokaryote to
eukaryote ratio. This compiements the information developed from the ester-linked
phospholipid fatty acids. Giram negative bacteria contain distinctive patterns of amide or
ester linked hydroxy fatty acids in the lipid A of their lipopolysaccharide wall polymers
(Parker ez al., 1982). This has praved to be an extremely valuable assay. Teichoic acid
polymers such as the substituted poly-glycerol or ribitol phosphate esters are found in
some gram positive bacterta (Gehron ez al., 1984). We have also developed assays for
extracellular polysaccharide polymer based on the specific content of uronic acids (Fazio
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et al., 1982). This assay has been utilized to show that poor growth conditions stimulate
the formation of uronic acid containing exopolymers (Uhlinger and White, 1983) and
their role in sediment stability (Nowell ef al., 1985).

The nutritional status of biofilms can be estimated by monitoring the proportions of
specific endogenous storage compounds relative to the cellular biomass. The nutritional
status of microeukaryotes (algae, fungi, or protozoa) in biofilms can be monitored by
measuring the ratio of triglyceride glycerol to the cellular biomass (Gehron and White,
1982). Certain bacteria form the endogenous lipid poly-beta-hydroxy alkanoate (PHA)
under conditions of nutritional stress (Nickels et al., 1979). A more sensitive assay based
on GLC of the components of the polymer showed the presence of 3-OH acids longer than
d-carbons in these polymers (Findlay and White, 1983b). The ratio of the rate of
formation of phospholipid fatty acids to PHA has been shown to be an extraordinarily
sensitive measure of the nutrient environment in the bacterial niche (Findlay and White,
1984 ; Findlay et al., 1985). This ratio of incorporation can be utilized to measure the
“disturbance artifact” involved in the application of labeled precursors to highly stratified
environments such as sediments (Findlay er a/., 1985).

The analyses described above all involve the isolation of signature components of
microbial biofiims. Since each of the components are isolated, the incorporation of
labeled isotopes from precursors can be utilized to provide rates of synthesis or turnover.
This has proved useful in the quantitative description of the effects of predation on
detrital microbial biofiims (King et al., 1977 ; Morrison and White, 1980). Analysis of
signatures by GC: MS makes possible the utilization of mass labeled precursors that are
non-radioactive, have specific activities approaching 100 %, include isotopic marker for
nitrogen, and can be efficiently detected using the selective ion mode. The high specific
activity makes possibie the assay of critical reactions using substrate concentrations in the
biofilms that are just above the natural levels. This is not possible with radioactive
precursors. Improvements in analytical techniques have increased the sensitivity of this
analysis. Utilizing a chiral derivative and fused silica capillary GLC with chemical
ionization and negative ion detection of selected jons, it proved possible to detect 8pg
(90 femtomoles) of D-alanine from the bacterial cell wall (the equivalent of 103 bacteria)
the size of E. coli (Tunlid ¢t al., 1985). In this analysis it proved possible to reproducibly
detect a | 9 enrichment of '5 N-D-alanine in the '4 N-D-alanine.

Non-destructive infrared analysis

The analysis of biofilms based on the isolation of chemical signatures is a destructive
analysis and cannot be readily automated or utilized to give real time monitoring of
biofilms. The possibility of utilizing a non-destructive technique to monitor the chemistry
of living biofilms is now available in the Fourier transforming infrared spectrometers

(FT/IR).

The infrared portion of the spectrum is extraordinarily rich in information regarding the
vibrational and rotational motions of atoms in molecules. Not only specific infrared
absorption be assigned to particular types of covalent bonds but the modifications of
these bonds by the local electronic environment can be detected in the details of the
spectra (Bellamy, 1958 ; Parker, 1971). The infrared spectrum of a compound has long
been accepted as one of the best mondestructive absolute proofs of identity in organic
chemistry.

One of the problems restricting the application of infrared spectroscopy has been that the
atomic interactions sensed in the infrared portion of the spectrum are at relatively low
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energies and the detection is relatively inefficient. This has precluded the full usage of the
power of the analysis using complex materials isolated from the environment.

The advent of fast computers has made possible a new type of infrared spectral analysis.
This has made it possible to utilize the far infrared portions of the spectrum, to follow
rapid reaction rates with changes in spectral intensity, and to utilize different types of
sample exposures such as the photoacoustic spectroscopy. The secret lies in the array
processor computers that can perform Fourier transformations so rapidly that interfe-
rence spectroscopy can be possible.

The FT;IR has several advantages over conventional IR spectroscapy.

I. The Fellgett advantage results from the fact that the entire spectrum passes through
the sample during the entire analytical interval. The spectrum is generated by the
interference between one portion of a split beam that is “retarded™ in that it is reflected
from a vibrating mirror. In this way the entire interferogram is allowed to impinge on the
sample throughout the entire analytical interval. Conventional spectrophotometers
create a beam that scans the sampie with a series of wavelenghts. In these instruments the
signal from each wavclength interval occurs for only a small portion of the analytical
interval whereas the noise continues to be generated throughout the entire analytical
interval. Inthe FT/ IR both the signal and the noise occupy the entire analytical interval,
Under the conditions of continuous analysis by the entire spectrum, during the time a
signal of amplitude n is generated, the random noise of n'/21y also generated. This means
that quadrupling the number of scans doubles the signal to noise ratio. This s the Fellgett
advantage.

2. In the throughput or Jacquinot advantage the FT/IR utiizes the whole beam.
Conventional spectrophotometers focus a narcow slit of light on the diffracting engine to
create the analylical beam. Thus only a small portion of the light entering the monochro-
mator is utilized 1n the analytical beam. The high throughput of the FT; IR means that a
smaller beam can be utilized and thus a smaller portion of the sample can be analyzed.
The beam of the Nicola 60 SX in our laboratory is 3 mm in diameter.

The combination of the Fellgett and Jacquinot advantages in the FT/ IR gives an increase
in the signal to noise ratio in the mid-IR spectral range of 2.4 orders of magnitude
(Griffiths, 1975, 1983).

3. The signal generated by the FT /IR interferogram is actually produced in the time
domain. T'o transform the signal into the frequency space in which spectra are usually
perceived requires a Fourier transformation. Although this step prevented the utilization
of.interference spectroscopy until the advent of modern computers, it is actually an
advantage. Since data described in Fourier space are in general expressed as successive
approximations in terms of sines and phase (cosines) which are mathematically well
behaved, simple mathematical manipulations on data in Fourier space can be utilized to
correct for huseline shifts, overlapping, apodization, etc. that would require complex
mathematical manipulations in frequency space if they were even possible.

4. For the interferograms to be transformed from Fourier to frequency domains the
signal 1s digitized. This digitzation 1s achieved using equal intervals of opticul path
difference using the sinusoidal interferogram from a laser beam focused on another part
of the mirrors. The interferogram is digitized once per wavelength of the laser interfero-
gram at the zero crossing which gives an extraordinary spectral resolution. Qur instru-
ment provides a spectral resolution that is continuously variable between 100 cm™ and
0.25 em™. The best conventional IR spectrometers formerly gave resolutions of about
5cm™. The extremely high resolution greatly increases the information content of the
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spectra. Unfortunately most of the standard spectral compilations have been made with
conventional IR spectrophotometers and are only crude approximations of what can be
achieved with the FT/IR instruments. The solution to this problem is just as it is in mass
spectroscopy to generate reference spectra with authentic samples.

5. Since a large capacity computer is required to transform the signals this computer can
also be utilized to manipulate the signals. The generation of difference spectra by
electronically subtracting before and after treatments allows small differences to be
detected. These small differences can be further increased by plotting derivatives of the
spectra.

6. The high capacity of the array processors allow for 64,000 Fourier transforms/second.
This makes possible the online monitoring of successive scans. The computer can be
programmed to discard scans that are outside specific limits set by the spectroscopist.
This facilitates the use of repetitive scanning that greatly increases the sensitivity of
analyses.

7. The high signal to noise ratio allows measurement in the far infrared region (1000-
10cm™). The weak vibrations that involve heavy metallic atoms can now be included in
the spectra.

Use of the FT/IR in microbial biofilm studies has been reviewed (Nichols et al. 1985).
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Figure | : Fouriertransforming infrared spectra of washed and lyophilized cultures of Pseudomonas atlantica.
poly-beta-hydroxy butyrate (alkanoate, PHA), Bacillus subtilis, and Escherichia coli (top to bottom) measured
with the diffuse reflectance (DRIFT). The C-O bonds of the polysaccharides, the carbonyl of the PHA, and the
amide ! of the proteins are indicated.
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CONCLUSIONS

The application of new analytical techniques have greatly increased the specificity and
sensitivity of the destructive chemical analysis of biofilms for signature components that
can provide insight into the biomass, community structure, nutritional status, and
metabolic activities of the microbes and their extracellular products. The application of
the non-destructive FT/IR to biofilms provides a second analytical teol that can provide
real time estimates of some of these parameters. IR spectra of lyophilized biofilms
measured with the diffuse reflectance cell show the presence of polysaccharide in Psew-
domonas atlantica, and the PHA in Bacillus subtilis compared to E. coli (Figure 1).
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