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Chapter 21

Regulation of External Polymer
Production in Benthic Microbial
Communities

Christopher S. F. Low and David C. White

INTRODUCTION

Attachment to an inanimate or animate sur-
face 1s a common mechanism of microorga-
nisms (o increase survival. Organisms may
form specific consortia with component or-
ganisms of different physiological properries
to increase the metabolic versarility of che
compiex. The importance of attachmenr to
specific surfaces is a key feature in the dis-
tribution of microorganisms in nature, and
the mechanisms and consequences of atrach-
ment have beea the subject of several inten-
sive studies (14, 23-26, 31, 32, 38, 39). The
consequences of specific attachments of mi-
crobial parasites to tissues have been recog-
nized from the earliest scudies of infectious
diseases, and the enormous literature based
on these studies is far roo complex and
extensive to be reviewed here.

In this chapter, only the relatively non-
specific attachmenr of bacteria to substrata
will be considered. It is clear from maay
studies, for example, the extensive work of
Fletcher and co-workers, thar the physiolog-
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ical status and metabolic acrivities of ar-
tached and nonattached microorganisms in
the same monoculture can be very different
{12, 13); thus, making generalizations abour
the regulation of external polymer produc-
tion is fraught wich risk.

The ubiquity of cell adhesion to a wide
variety of surfaces (inciuding other cells)
reinforces the fundamencal concepr thac sur-
face contact or proximity must occur prior to
attachment. This may represent a phase of
relauvely nonspecific arrachment. This is a
prelude to biologically directed adhesion,
which may.induce a specific response for
specific substrata (30) or may evoke a gen-
eral response. These rwo stages represent
the primary physical artraction, which is re-
versible, and a secondary, biologically di-
rected adhesion stabilization reaction, which
1s irreversible (23),

The irreversible step of adhesion often
tnvolves the elaboration of extracellular sur-
face structures or polymers. Elucidation of
the controls in this complex process is com-
pounded by the diversity of the surface
substrates to which the organisms attach, che
enormous matrix of organisms that can po-
tentially adhere in monoculture as well as in
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adherent consortia (19), and the muldiple
mechanisms that organisms use in the attach-
ment process. Cell surface components and
seructures that are known to influence ad-
hesiveness include chin fimbriae (34}, cell
surface antigens {34), secreted lipopolysac-
charides, and exrraceliylar polysaccharide
{glycocalyx) polymeﬁw‘d‘nﬁgﬁ?ﬁcemly ilus-
trated in the work of Costerron ec al. (3).
The multitude of responses of different
bacteria to changes in the physicochemical

" parameters of the substrata that influence

the specific structure or to changes in the
chemistry of extracellular processes respon-
sible for irreversible adhesion strongly indi-
cate that few generalizations are possible and
thar specific mechanisms {or a number of
microbes will have to be defined before the
fundamental parterns are elucidated. Many
of the factors that could influence the spe-
cific microbizal response in the formation of
the irreversible adhesion component will not

be considered furthery sincechescamphents

she~iasight-intothe. control ofb-the-process

An apparent prerequisite for adhesion in

marine systems is the presence in the sub-
stratum of carbohydrate-enriched layer scav-
enged from the bulk liquid phase. Inorganic
as well as organic substrates for adhesion are
rapidly coated with a fayer of adscrbed mac-
romoleciles and lipids (11, 14). This is pos-
sibly part of che mystericus process of sur-
Facéonditionin?%hat can eicther increase
or decrease the adhesion of microorganisms
to a substratum. The nature of the condition-
ing film for substrata exposed to the marine
enviconment has so far eluded chemical def-
inition (1). Bacteria also adsorb anubodies
and macromolecules from animal hosts,
which may or may not promore cell atzach-
ment competency (34). This mechanism will
not be considered further.

This review will concentrate on meth-
ods for studying two responses of specific
microorganisms to metal substrara in the
marine environment. The two phenomena
are the formaticn of hydrophobic protein
fimbriae and the elaboration of acetic extra-
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cellular polymer polysaccharides as the bio-
fogical manifestation of irreversible attach-
ment.

EXOPOLYMER SECRETION

For our purposes adhesion will be de-
fAined as the formation of a single interface
berween two material phases so that me-
chanical work can be passed through the
inrerface without loss of intimate concact.
An adhesive jointis formed from at least ewo
adhesion interfaces with an interveniag third
phase. By these definitions, an adhesive joint
will have two strengths of adhesion and an
adhesion interface will have one (15).

Destructive physical and quantitative
chemical methods of assessing adhesion in-
volve the examination of the finished bio-
inorganic interface integrity. Washing wich
solvents, chemical degradation, and physical
stress are the major processes which are
coupled to spectrascopic, chromatographic,

or gravimetric gechniques for quanticative ___

assessment g_éwhat remains bound o the
test surfacé@X combination of analytical
techniques (gas chromatography [GC], high-
pressure liquid chromatography, and gas-
chromatographic mass spectromecry [GC-
MSD, can be used o elucidate the structure
and components forming the biofilm and
surface-binding marrix. However, owing w0
the complexity and diversity of organisms,
these techniques do not always provide the
definitive results expected, nor do they pro-
vide dynamic in situ monitoring of film for-
marion kinetics. Nevertheless, GC-MS tech-
niques (33) have been used to determine the
structures of mono-, di-, and polysaccha-
rides, biologically important sugars (deoxyri-
bose, ribose, aminosaccharides, uronic acid
[s], phosphorylated sugars, and glycosides).
Complex biological saccharides are usuaily
totally or pardally hydrolyzed as well as
methylated to ideatify, sequence, and deter-
mine the linkages 1o the polymer (33). Su-
percritical fluid chromatography (SFC) can
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he used to separate the neutral, glycolipid,
and polar lipid fractions from various envi-
ronmental sources. SFC provides the advan-
tage of separating high-molecular-weighe,
‘high-boiligg-point, and thermolabile com-
pounds at moderate temperatures. Wich
SFC, the high 'Remperature used for volatil-
ization of high-molecular-weigh: compounds
is replaced by fluid density manipulacons
(18, 35).

" Extracellular polymeric substances par-
ticipate in the formation of microbial aggre-
gates. They are readily detecred as capsules
and slimes in fungi, bacteria, and algae. Se-
creted capsular material adheres to the cell
wall, whereas slime exists free in the sus-
pending medium. The gel form of the extra-
cellular polymeric substances 1s hydrazed (ca.
98%% warter); it 1s dehydrated in che hxaton
process for electron microscopy and can
appear as fibrous strands berween the orga-
nism and the subswara. Antibody w the

extracellular polymeric substances has been -

used by Costerton et al. (3) before fixation to
show the diffuse nature of exopolymer ad-

herent marterials. Flocs are larger mars (20 1o

€0 ~7200 pm Jof mucus- or slime-coared organic

particles (16). One means of demonstrating
exopolysaccharide function in adhesion has
been to use sodium periodate treatment
denature polysaccharide by oxidaton and
cleavage of vicinal hydroxyl groups (24).
This clearly documents the polysactharide
nature of extraceliular pelymeric substances.
Orher"componencs possibiy involved in at-
tachmengfiromche-broterat-eek-wals include
peptidoglycan {minor fraction in gram-nega-
tive bacteria and up ro 8067 in gram-positive
bacteria) or reichoic and rteichuronic acids
{polymers of glycerol and ribitol phosphare
with sugar substituents and esrer-linked ala-
nine) linked to muramic acid, lipopolysac-
charides, and ourer membrane proteins (39).

The irreversible step in adhesion of a
number of microorganisms  involves che
elaboration of an extracellular polymer.
These substances are primarily polvsaccha-
ride with reactive carboxyi, amino, or car-
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bonyl groups on the carbohydrate residues.
In eubacteria the uronic acid group seems to
provide rthe acidic properrties that characrer-
ize these attachment polymers. From exam-
ina aoﬂcompendla of strucrural analysis of
c/ouQ vmers (7Y, it was clear that uronic
acidywére the most unique yet universal
component found in polymers on the out-
side of the cytoplasmic membrane in bacte-
riz. A quantitative assay based on the pre-
dominance of D-glucuronic, D-galacturonic,
D-mannuronic, and L-gulonic acids in chese
polymers was developed (3). Since the pres-
ence of the carboxyl group stabilizes the
glycosidic linkage (20}, low yields result
when the polymers are subjected to acid
hydrolysis prier to separation and analysis.
Once the uronic acids are released from the
polvmer, they are subjected to lactonization
that is not reproducible. The solution to the
quanrtirative assay problems involved activar-
ing the carbonyl group by esterification and
then reducing the carbonyl group w an
alcohol group with sodium horodeuteride.
The uronic acid residues were then reduced
to primary alcohols while they were still in
place in the polymers but containing the
deuterium rracer. The deuterium-conraining
sugars were readily hydrolyzed and sepa-
rated by capillary GC after anomeric carbon
reduction and peracetylation. The deute-
rium _was derected after electron-impact
mass ' ind the proportion of
uroni¢ acids was estmared. Quantitative re-
covery of gum arabic polymer D-glucosa-
mine and D-galactosamine confirmed the
success of the procedure. Mixtures %ﬁpolm
galactosuronic acid were deflvattzed
dideuterated galactose ywwecs rccoveredj and
mixed with authentic galactose in various
proportions. The percentages of added di-
deuterated galactose correlated with the re-
sules of the GC-MS analysis. With this tech-
nique, uronic acid-coataining polymers were
derecred in marine pseudomonads, Maldan-
id worm tubes, prychodera fecal mounds,
biofouled titanium and aluminum, and estu-
arine sediments (7, 8). It was also possible to
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show that cultures of the marine bacrerium
- Pseudomonas  atlantica formed increased
amounts df extracellular polysaccharide gly-
cocalyx with increased proportions 6f uronic
acids as the age of the culture increased (38).
The age of monoculture was estimated from
the growth curve and the adenvlare energy
charge. Maximal glycocalyx formarion corre-
sponded to coaditions of nucritional scress.
The faster the rate of exopolymer syathesis,
the - higher the uronic acid concencration.
These data clearly showed that the composi-
tion of the exopolymer glycocalyx could
change during the growh cycle. During a
period of 8 days the toral extractable phos-
pholipid content increased 3-fold. the ol
polysaccharide polymer contear increased
24-fold, and the rotal uronic acid content
increased 83-fold, representing an increase
in-proportions from 8 o 265 . The towl
content of arabinose and xylose in the poly-
mer remained relarively constant. The galac-
tose/galacturonic acid rado decreased from
9.3 o 1.8, compared with an increase from
2.4 10 3.4 in the glucose/glucosuronic acid
racio (38). In an unidenrtified marine bacte-
rium (22), changes were observed in poly-
B-hydroxyburyrare {PHB). When these cells
were starved for 24 h, rotal fauey acid levels
and the ratio of monounsarurated fatty acids
to saturated facy acids decreased, and the
level of short-chain farry acids increased.
Igi{i_gij_sj starving cells contained PHB, but

after 3 h no PHB was detected. Addition of ;

a phosphorus buffer permitted an inital in-
crease in PHB and then a prolonged delay
priot to the disappearance of PHB.

The chemical detection of the glvcoca-
lyx by derivatization, hydrolysis wich GC-
MS, and detection of uronic acid propor-
tons was a long and ardous procedure, It
provided compositional dara only, wich little
insight into the detailed strucrure of the
glycocalyx. The role of exopolymer struc-
ture in atachment reguires more detailed
study. The preliminary experiments wich 2.
atlantica suggested strongly that the cellular
attachment stengeh to metzls in seawarter
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was increased as the proportion of uronic
acids was increased. Various compooents of
the glycocalyx polysaccharides have been
suggested to be cridical in the atrachment of
the cells 10 substrata. In che polymer of P.
atlantica, <whe uronic acidg)-t-he- acerylated b
bdeemesls, and shespyruvate acetals all could
contribute charged or hydrophobic groups.
Auempts to change the adhesive strength of
the isolated polymer or the cells by chemical
means, such as methylaung the polymer
uronic acids, did result in a much less adher-
ent poiymer, bur fragmentation in the poly-
mer, deacetylation, and methylarion of the
uronic acids resulted under even the gentlest
conditons for ester formation. Chemical
modifications of polymers appeared to be
just oo bluat an instrumene with which to
dissect the structure-adhesion relationships.

GENETIC ANALYSIS

The sharp instrument with which to
study the effects of specific changes in the
extraceiiular polymers that result in changes
in the specificity and strength of adhesion is
at hand: the creation of murants wich modi-
fications in the structure of the exopalymers.
A dramaric and uncontestable change relafed
to adhesion was detected in Vibrio parabae-
molyticus. The irreversible attachmenr to
substrata coincided with the elaboration of
thin lateral flagelia by the bacteria. These
lateral flagella were clearly distinct from che
sheathed polar flagelium used for motility.
Generic analysis by Sdwecman -and-.co-

- wagkess-has shown that genes for producrion

of lateral Ragella are switched on about 30
min after the organism has made concact
with a surface. Clearly, a surface-sensing
event has taken placg_i&_)_.__B_yvtrans,pgﬁon

genetic manipulation [mini-Mu(LacZ Tet)), = =7

Belas et al. (2) were able to isolate peritric-
hous retracycline-resistant V. parabaenolyti-
cu5 with defective lateral flagella ( nonswarm-

ers). Since V. parabaemolyticus is '_;‘-Lac.p_},fLa.c. maoul-:n

nonswarmers were tested for B-galactosi- ‘\l

"
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dase activity as a function of induction of
lateral flagella. In at least 4067 of the iso-
lates, a surface-dependent B-galacrosidase
activity on agar, nitrocellulose, cellulose ac-
etate, and wetted polyvinylidene Huoride
filters was demonstrated. The time course of
appearance for surface-dependent B-galac-
rosidase was the same as that observed for
production of lateral flagella (2). Silver-
man and co-workers were able to isolate
the genes for bioluminesence from Viério
fischeri (6) and have used them in che same
way as the [B-galactosidase to detect the
activity of the specific operon that contains
the genes. Thus, the activity of specific genes
involved in adhesion can be monitored in
real time as the adhesion process conunues.
The elegant work has provided the tools
required to modify the exopolymer or extra-
cellular organelle involved in irreversible
adhesion once che specific mechanism(s) is
known.

METHODS OF MEASUREMENT OF
ADHESION

The crearion of mutants with different
adhesive propensities provides the biological
material for the analysis of the role of extra-
cellular polymers in adhesion. Clearly,
chemical analysis of polymers provides in-
sight into che facrors %:féic'tiﬁ‘g-‘:formation;
however, new methods, particularly if they
can be rapid and nondestructive, provide a
means of interpreting the molecular conse-
quences of the mutations involving adhestve
properties.

Shear Force

One method of measuring adhesion is
to zpply a fixed or variable force ro adhered
cells. Adhesion is rhen expressed as a per-
centage of the cells which withsrand the
applied disruprtive force (e.g., gravity flow,
gentle washing, sonication, vortexing, and
gravity and resultant buovant density). One
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of the most accurate methods of measuring
adhesive strength is Lo use the disk shearing
device (40,41), in which a disk is spun at a
known rate and distance from another disk
with adhered cells. Transmitted shear stress
is then dependent upon rotation rate, sepa-
ration distance, fluid viscesity, and radial
position. These methods measure the adhe-
siveness of the fully formed biological ad-
hesion joint. Dynamic assessment of adhe-
sion, however, sers up a fluid shear against
which the cell must adhere. The cells are
carried along in a cylinder of nutrient liquid
berween two parailel rest surfaces separated
by a distance A. Opposing forces (attraction
t0 the test surface and fluid shear) acc upoan
the cells, and there is a mean residence ume
during which che cells are ia contact wich the
test surfaces. The rime required for biologi-
cal adhesion to occur is then dependeac
upon the biclogical adhesion potenual of the
cells (15). By using the cell adheston mod-
ule, the dynamic shear force required for a
celi to become attached to a surface can be
determined as a functon of che radius, ». In
the cell adhesion module there are two types
of low rates; {1) the linear (overall) flow rate,
which is set to ensure laminar flow (Rey-
aolds number [R,] < 2,000} (Fig. 1}, and (1)
the decreasing differendal How of nucrient
medium berween the plates of che cell adhe-
sion module. The differential flow results
from the ever-increasing volume (r is contin-
uously increasing) which must be flled
fvolume = ™ % r* X A) as the front of che
flowing medium moves from the cencer of
the test surface to beyond us outer edge,
where the flow again becomes linear. The
cells which form the inaner ring of the bichlm
(Fig. 2) are the most strongly adherent cells,
since they are attached to the test surface at
a point of higher differencial flow (higher
shear force) than are the cells at the periph-
ecy. By measuring cthe radius formed by the
most strongly adherent cells, the maximum
dynamic shear force can then be calculared
(153, A variety of techniques exist for mark-
ing the inner boundary of the biofilm with
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Figure 1. Cell adhesion module, used to monitor microbial attachment
(adhesive strength) in a controlled shear grudient. Buacterial monoculture is
pumped through the cell in a continuous-flow system as Jepicted or m a
closed batch svstem (not shown). The test surtace here s a glass disk
{diameter, zﬁ)%m and is rernovzble. Laminar flow rates are used (Revnolds
N ] number, <<2,000Y, and the shear force, v is calcviated from v = 3Qp/wrd”,
S where £ is tozai volumerric ow rate (in cubic cenrimeters per second), s
the dynamic viscosity of the medium (in ceatipoise), r is the radius tin
centimeters), and & is the vertical disrance berween the plates (in centime-
LCIS).

. measwsiund” of .
attached cells( diffuse reflectance - Fou-
rier)g’transform:_qéx'nfrared spectroscopy [FT-
1R]{28)), biological staining and epifluores-
cence MICroscopy, rritium exchange and

autoradiography, and destructive extraction
followed by chromarography for signature
compounds (36, 37, 43).

Ve Tl e o,

e R i e

o
Nondestructive Methods

Most Adherent AC Inpedance

The basic concept of impedance mea-
surement methods lies in the development
of an electrical field struciure ar the elec-
rode interface and a differear electrical field
strucrure 1o the bulk medium. The elecrrical
interface (electrode/bulk medium) forms a
comprt)}nise structure. To measure micro-

Least Adherent

Figure 2. Cell adhesion module (ingk The disk from the
cell adhesion module (diamerer, . with artached
microbial film and bacteria, 15 shown. The inner ring
conains the mosc serongly adherenr bacteria, since chey
have become attached in a region of high shear force

compared with the least srrongly adherent cells {ar-
tached under lower shear force). The cells become
actached to the removable disk, forming a clear zone
around the cenrer inler; the outer radius of the clear
zone is measured and used o calculare the maximum
dynamic shear force for the given bacterial strain, The
mean least radius tmaximum shear force: of artachment
is mogitored by a varicty of methodsf(.ML o

bial growth, the impedance or the capaci-
rance of the bulk medium is measured (32);
however, the effects of adhesion require a
surface to which rthe organisms can atrach.
Therefore, the methodology must allow for
removal of the effects of bulk phase changes
(e.g., bacrerial growth, pH, charged species,
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and solvent dipoles) and analyze only the
electrode interface changes. This region of
the electrodefelectrolyte interface is electri-
cally neurral, but has a potential difference
across the interface {(the electrical double
layer) (10). Therefore, the electrobacterio-

logical experimental setup consists of at least.

two electrodes placed in the growth medium
chambers which have been inoculated with
the appropriare culrures. At each electrode
there is an electrical double layer wich irs
own direct current (DC) boundary potential.
When an alternaring curreac (AC) signal is
impressed across these electrodes, the DC
boundary potential becomes modulared by
the AC signal and the resulting impedance
can be calculated. When the appropriate
experimental protocol (dual-chamber celis
separated by a'membrane filter and multiple
electrodes) (21) is foilowed, the resultant
impedance provides a calculated measure of
the events at the rest surface interface elec-
trode. Practical applications of AC imped-
ance methods (4) have shown that it is
possible to measure microbially facilirated
corrosion rates repeatedly in the same bio-
film. This allows the detection of the conse-
quences of succession in the biofilms. The
measurements have been shown to correlate
with the classical porentiometric DC mea-
surements of corrosion rates (3). The DC
methods unfortunately impress such large
voltages on the surface that the measure-
ments are destructive o che biofifm. AC
impedance measurements offer the potential
of nondestructive monitoring of biofilm
chemistry, particularly when correlated with
other nondestructive methods.

FT-IR

FT-IR provides spectral advanrages suf-
ficient to allow the examination of biofilms
{27, 43). When FT-IR is used with the
artenuated total reflectance {ATRY) cell, liv-
ing biofilms can be detecred. With ATR, the
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incident light passes through the cryseal a
given number of rimes thar are dependent
upon the angle at which the crystal face was
cut. The atrenuated emicted light is chen
detected by the FI-IR spectrometer. The
ATR system involves a crystal of german-
ium or zinc selenide shaped i such a way
thar the TR spectrometer sees an evanescent
wave exteading abour 0.3 gwto the test
system {Fig. 3). The ERs b f whatever
becomes attached to the crystal surface to
the -edge of the evanescent wave can be
detected continuously and nondestructively.
If a cell is created in which seawater tlows
over the cell (Fig. 3), the formation of bio-

films can be detected. The formazion of the

conditioning fAlm on surfaces exposed to
seawater was readily monitored, and the
steady accumuladon of carbohydrate was
monitored as an increase in the echer stretch
absorbance (27). Geesey er al. (1) was
FT-IR with ATR ro directly demonstrate the
corrosion of copper in seawater by the dep-
osition of acidic bacterial polymers on the
surface of the copper. They spurter-coated
the ATR crystal with a thin film of copper,
placed the crystal in a cell, and compared the
effects of seawater with those of seawarer
plus atcached bacterial excpolymer. They
detected corrosion by measuring rthe accu-
mularion of copper in the seawater and by
directly watching the increase in water ab-
socption at 1,640 ¢cm™ ' as the copper was
removed from the film. Recgar gxperiments

in our laboratory hy Nivensthave shown that
the attachment of Cawnlobacter species o the
ATR crystal is correlated with the appear-
ance of bacterial proteins and polysaccha-
rides in the IR spectra. By using a crystal
sputter-coated with a thin film of meral such
as srainless sreel, it will be possible to simul-
taneously monitor the attachment of baceeria
to the coated ¢rystal by FI-IR and AC
impedance techniques. The effects of chang-
ing the electrical potendal of the metals on
adhesion chemistry of the bacteria can then
be observed.

{umpotsishs stz
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(ATR}

SOURCE

(g}

/— ATR CRYSTAL

ATTENGATED
(Eq)

N DETECTOR
N SEAWATER IN

\EHMA MUM CR rs?;/

DEVELOPING

DEPTH OF
PENETRATION

BULN  PHASE  SEAWAYER

BIOFILM

Figure 3. ATR schemaric. The incident source of radiant energy impinges upon
and is retlected chrough the ATR cryscal. The angle of reflection und rhe number
of times the light beam is reftected before it is detected are dependent upon the
angle ar which the crystal face was cur. Background spectra (without any attached
biofilm) can be subtracted from the specira raken as che biohlm tand as the
bacteria) arrach, and wavelengehs characteristic for the molecules of interest can

be examined.

Surface-Enbanced Raman Spectroscopy

Surface-enhanced Raman spectroscopy
1s a nondestructive technique chat comple-
ments FT-IR. In this analysis the molecules
of material are activated by exposure to
visible light from a laser. The Raman scarter-
ing of light from molecules results in a col-
or shift in a portion of the scattered light
by conversion of quanta (o the vibrational
energy of molecules. This is detected in 2
different region of visible light, with the
difference representing the vibrational spec-
tra of the activated molecules. Because
the exciting and emitted light are both
in the visible portion of the electromag-
netic spectrum, the problems with solvencs
that are associated with the FT-IR are obvi-
ated. The absorprion pattern of water, car-
bon dioxide, glass, etc., is not a problem
in Raman spectroscopy, since any opuically

clear component is clear to the Raman spec-
rometer. In the past, the problem with
Raman spectroscopy has been lack of sensi-
rivicy, Generaliv, Raman scakerlya 15 B0
L Tess “LEEES than

spoass. Recently it has proved possible to
enhance the intensity of Raman scatrered
light by a factor of 10° when the molecules
of interest form a monolaver on 2 merallic
surface. The enhancement of polarizability
of molecules in the electron plasmon of
silver has proved the mosr effective method
of increasing the sensitivity of Raman spec-
troscopy to date {9). These developments
mean that an apparatus like that lluscraced
in Fig. 4 could be developed. If the fiber-
opric probe is used, ir should be possible to
detecr and idensify molecoles amaching o
the silver granules in specific parts of the
biofilm.

gw&e.gm._g
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(difference betwaen two visible beams)
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\ U ~— Djode Arrey Detector
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or 7 b) ._-/ o Dual Light Plpe
Light Pipe POOO Py
Microbases “-':Ierohnn

(with silver film)

Figure 4. Surface-enhanced Raman spectroscopy schemartic. The incident
light from the laser can be focused through a microscope or fiber-optic tube
on the microbases on which the silver surface is deposited, The plasmon of
the silver on the microbases enhances the Raman scatrered bghr from che
molecules deposited on the microbases, and the scattered light is detected by
a diode array detector. The surface-enhanced Raman spectroscopy system
can be made specific (inset) by acraching antibodies or enzymes ro the
microbases and analyzing the changes in conformarion when the molecule
reacts with ies antigen or subsrrate.

v

Ultrasensitive Destructive Measurement specific microorganisms ace located in spe-
Techniques cific parts of a biofilm. All of these analytical
' ' methods provide quantitative structural data

Examination of biofilm development in for biofilm adhesive joints that are finished.

moneculture or use of microbial consortia
very often is limited by the sensitivity of the
instruments used. To eahance the sensirivicy

and accuracy of these measurements {femto- CONCLUSIONS

and ‘actomolar ranges), high-purity gases and

solvents, efficient extractions, and ultrasen- Applications of current techniques,
sitive Instruments are used. The methods when combined with mutants selected for
developed for the extracrion and concentra- their differences in adhesive properties, can

tion of cellular components, particularly of  vield considerable insight into the faccors
the membrane phospholipids ¢(42), wili be that control the elaboratior of exopolymers.
usea prior to purification by high-pressure  The questions of the mechanisms by which
liquid chromatography and SFC. These  bacteria adhere to surfaces, the role(s) of
membrane - lipopolysaccharide - exopolymer extracellular polymer in attachment and ad-
components are further separated by SFC or hesion, the strain or species divergent evo-
capillary GC for analysis by MS. If eleciron- lutionary mechanism(s) of attachment, and
withdrawing derivatives and soft chemical- the signaling events which resulr in derect-
ionization MS with derecrion of negative  able physiological changes ail deal with small
ions (29) are used, the sensitivity can be numbers of cells (Jess than 10 cells per ml),
increased significantly. Direct znaiysis of  and the limits of instrumental derecrion are
biofilms or isolated cellular components has  easily reached. In some cases, observarion
recently been shown by using fasc-atcom  and analysis of the arrachment of one bacte-
bombardment MS (see chapter 39 of this  rium are required. The development of new
volume jy Ehis-eaainereasethe-usiinesignif- nondestructive methodologies with several-
+eansly and may be used to show whether  fold increases in sensitivity will herald the
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next stage of understanding of chis essential
feature of the microbial mat.
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