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5 Gene Expression of Cells Attached to
Surfaces

Amanda E. Goodman and Gill G. Geesey

Gene expression in biofilm microbial populations can now be assessed at the single cell level, Studies
of generically engineered bacterial populations attached to surfaces have revealed a variety of genes that
are up-expressed when cells exist in biofilms. Real-time studies have shown that gene cxpression within
a cell may be transient duting residence on a surface. Within isogenic, surface-associated populations,
gene expression can be heterogeneous, possibly reflecting microscale variations in environmental con-
ditions. Since a significant propottion, if not the majority of microbial life forms spend some portion
of their existence in association with surfaces, it is likely that many genes and cell functions yet to be
discovered will be detected in microbial biofilm populations. The genetic capacity of microbial life cannot
be realized and the emerging field of genomics cannot achieve full potentiaf until a better understanding
is gained of gene expression in cells on surfaces.

KEY WORDS: biofilm, reporter genes, gteen fluorescent protein

INTRODUCTION

Mictobial biofilms represent a complex assemblage of individual cells that are asso-
ciated with surfaces. Unlike microbial cells freely dispersed in an aqueous phase,
biofilm cells associated with surfaces develop spatial relationships to each other that
permit interactions approaching those of multicellular organisms. Because biofilm

~ “gells are fixed in“space for at least shart periods of time, their behavior can be eva-
. = luated on an‘individual cell basis. This, provides the opportugity, to detefming iptra-
©population vatiations as well as intér-population intéractions in mixed species biofiim "~

communities.

Spatial relationships between biofilm cells have been observed microscopically for
decades (Mack et 4/., 1975; Kudo et al., 1987). Post-treatment of fixed populations
with specific fluorescent-labeled antibodies has been used to reveal the locations and
associations between cells of different microbial species. Fluorescently-labeled-oligo-
nucleotide probes that hybridize i situ with specific sequences in the ribosomal RINA
molecule in intact cells have been used to identify specific microbial populations and
as indicators of overall cell activity in biofilm populations (Poulsen ¢f al., 1993; Mgller
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et al., 1996). While these microscopic approaches have been used to characterize
activity and spatial relationships between biofilm cells at a single point in time, there
is growing interest in following the development of spatial relationships and cell-cell
interactions in real time (Caldwell e 2/., 1992),

REPORTER GENES

Recent investigations have shown that communication, ¢4« chemical signals can occur
between bacteria in biofilms. Repotter genes were used in this regard. Here the
expression of a gene of interest is coupled to a promoterless gene (reporter gene) whose
product is readily detectable by microscopy ot other analytical instrumentation. Genes
that have been used as reporters include cat, xy/E, and galK. The most popular reporter
gene in bacteria is /ocZ, which codes for the enzyme B-galactosidase (B-gal). Chro-
maogenic and fluorogenic substrates (chromophote and fluorophore-galactose conju-
gates which ate colorless or non-fluorescent until cleavage) are used to detect facZ
expression and hence expression of the gene of interest. When used in conjunction
with a fluorogenic substrate, this reporter gene can be used to detect and localize gene
expression at the cellular level by fluorescence microscopy and flow cytometry.
Quantification of the amount of enzyme produced can be achieved using fluorimetry
or colorimetry.

Use of lacZ as a Reporter of Biofilm Activities

Thete is growing interest in evalvating the activity and, in particular, the expression
of specific genes in individual biofilm cells non-destructively .in real time. This has
been made possible in recent years through the use of a combination of bioreactors,
molecular techniques, and microscopic imaging systems (Davies e al., 1993). An
indirect approach that has been used for decades is assessment of specific activities
in populations of cells by following the expression of genes encoding the enzymes
associated with biochemical pathways linked to the activities. A more direct approach
is to use reporter genes to assess particular gene activity in individual bacterial cells
in biofilms, :

Exeracellular polymer production

epOreeT-Hag hedid-ised fofollow the expression of #eCs

gene also‘involved in alginace biosynthesis in Psexdonmonas aeruginosa. Since members

of the genus Psendomonas are naturally lacZ-, the level of expression of this reporter
gene does not have to be corrected for background expression. In P aerugingsa strain
8830, /facZ was put under the control of the #/gC promoter in the algC-lacZ tran-

scriptional fusion plasmid pNZ63 (Davies et o/, 1993). When a comparison was made

between a mature biofilm population growing on a Teflon substratum and a suspended
cell population, ‘#/C expression was neatly 20-fold higher and alginate levels were
over 2-fold higher in the former compared to the latter population. Cells shed from
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the biofilm into the bulk aqueous medium displayed #/gC expression levels in between
those of the biofilm and original suspended cell populations.

. The lacZ reporter has also been used to follow expression of #/gD, the gene
encoding GDP-mannose dehydrogenase, which catalyzes the conversion of GDP-
mannose to GDP-mannuronic acid in the alginate biosynthesis pathway in biofilms
of P. aernginosa (Hoyle et al., 1993). P. aeruginosa 579 was transformed with plasmids
pSDF13 and pSDF14 containing /acZ under the control of the #/gD promoter and
conferring gentamicin resistance. J-Gal activity in extracts of suspended cell populations
was significantly less than that of 1- and 4-day biofilm populations containing
equivatent numbets of viable cells. Cells of 7-day biofilms displayed reporter activity
that was not significantly different from that of suspended cells, suggesting that
alginate production drops with biofilm maturation. The presence of NaCl appeared
to depress but not completely eliminate a/gD expression. Hoyle ef &/, (1993) suggested
that the decrease in #/gD expression in biofilm populations after day 4 was consistent
with a decrease in production of mucoexopolysaccharide, based on the establishment
of a plateau after day 1 in accumulation of neutral hexose in the suspended population
as assayed by the method of Dubois et /. (1956). Electron transport activity, based
on reduction of 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazolium chloride (INT)
to INT-formazan was found to follow #/gD expression more closely than neutral hexose
accumulation. The results were interpreted as strong evidence for enhanced but
transient production of mucoexopolysacchande by P, weruginosa 579 following attach-
ment to a surface.

Exptession of the P. aernginosa algC gene was also monitored during the initial
phase of biofilm development in individual bacteria which had detached from an
upstream biofilm and subsequently reattached to a glass substratum in the presence
of the fluorogenic substrate methylumbelliferyl-B-D-galactoside (MUG) in a flow-
through, flat plate, channel reactor with 4 viewing window that permitted fluorescent
and phase contrast microscopic observation of the attached cells (Davies and Geesey,
1995). Using this approach it was found that the expression of #/gC was temporally
related to sutface attachment and colonization of individual bacterial cells. Although
algC was down-expressed in the majority of the cells (>93%) that had been attached
to the substratum for less than 15 min, during the subsequent 165 min period, #/gC
expression. in the attached cells increased from 26 to 50% of the total attached
population, with 89% of the total attached population up-expressed for #/¢C at the
end of this observation period. Many of the attached cells displayed transient expres~
sion of #/gC and became detached from the substratum over the observation period.
Over 70% of the cells that detached became down-expressed for 2/gC just prior to
_detachment. These results suggest a_relationshi emeen-xh&cz_cigrcsszengicemnm
" genes and ¢h¢ Ability ol ‘cells to remain Associatiw ra—ﬁffacé‘—‘..*‘- =

The use of the /acZ reporter system in this application yielded new ms:ght into
biofilm bacterial cell behavior. The results demonstrated 1) variation in gene expres-
sion among cells of an isogenic population, 2) up-expression of #/gC in cells shortly
after they become associated with a substratum, 3) transjent expression of #/gC in cells
during attachment to a substratum, and 4} bacteria that were down-expressed for 2lgC
while associated with the substratum showed a higher propensity to detach from the
substratum than did bacteria which were up-expressed for a/gC.
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Cell-cell signaling

Fuqua and colleagues used a /aZ reporter gene system to show that bacteria in biofilms
produce cell-cell signaling molecules. In one study (McLean ef 4., 1997) a community
of freshwater bacteria, including strains of Psewdomonas putida and Psendomonas Sluorescens,
growing as biofilms on rocks in a river, were found to produce acylated homoserine
lactone (HSL) type chemicals. Stickler e 4/, (1998) found that pure cultures of P
aeroginosa biofilms colonizing model catheters produced acylated homosérine lactones,
and showed that these compounds were produced in about 50% of biofilm-colonized
catheters recovered from hospital patients. The three dimensional (3D) biofilm struc-
ture formed by P. aeruginosa cells has been found to rely on chemical communication
occurring between cells, Davies ¢ 4/ (1998) compared the 3D biofilm structures
formed by a JasI mutant strain of P. aeruginosa and the wild-type. Lasl directs syn-
thesis of che cell-signaling molecule N-(3-oxododecanoyl)-L-homoserine lactone, Cells
unable to produce lasl formed flat, non-structured biofilms that were sensitive to
the detergent sodium dodecy! sulphate and produced as much extracellular polymer
as the wild type. When exogenous HSL was supplied to the /as] mutant strain, a
thick, differentiated biofilm developed, similar to that produced by the wild eype,
which consisted of mushroom- and pillar-like structures attached to the substratum
between liquid-filled spaces (Davies ¢ /., 1998). Another HSL molecule produced
by P. aeruginosa, N-buytryl-L-homoserine lactone, did not appear to have any effect
on the structure of the biofilm produced on a glass substratum (Davies ef /., 1998),

It should be noted that other biofilm-forming bacteria develop biofilm architectures
completely differerit from that produced by P. aeruginosa. The structures of bacterial
biofilms often depend on the natute of the substratum (reviewed in Dalton ef 2/, 1994;
1996; Lawrence ef al., 1995; Stretton ef #/., 1998) as well as the nutrient concentration
and composition of the aqueous phase (Lawrence et /., 1995).

Use of the lacZ yeporter gene to evalnate conditions of biofilm envivonment

Reporter genes have been used to probe the condition of the environment at the
microscale. A JacZ reporter gene was used to show that individual B. coli cells
(previously inactivated for their natural B-gal production) incorporated into a drinking
water biofilm, expressed the anaerobically-induced #irB promoter in microcolonies
when examined after 13 d of biofilm growth (Robinson ef #/., 1995). This demon-
strated that cells within the microcolonies were experiencing anaerobic conditions,

Limitations of lacZ as a reporter of bacterial activity

The success of the /zeZ gene in reporting gene expression in individual cells of a
biofilm population depends on accessibility of the fluorogenic substrate to the cells,
the uptake of the substrate by the cells, and the retention of sufficient quantities of
the fluotescent product by the celis to elicit a detectable fluorescent signal. Many types
of bacteria do not take up the substrate or retain the product in sufficient amount
to produce a fluorescent cell, thereby precluding use of the /a7 reporter gene in studies
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of gene expression in individual cells, Furthermore, these substrates are costly to use
in flow-through systems such as described above. In such situations, other reporter
genes offer advantages over lacZ.

The use of /#cZ to teport expression of other genes in a bacterial cell is usually
restricted to those strains that normally lack a functional copy of this gene or have
had the normal gene deleted. Otherwise, the B-gal assay will report the combined
activity of the reporter gene as well as that of the normal gene that is present,

Use of Iux Genes as a Repofter of Biofilm Activities

Biofilm activities have also been evaluated using a Jux gene cassette composed of 5
genes, /uxCDABE. The /uxAB genes encode a heterodimeric luciferase enzyme. The
enzyme requires no fluorophore/enzyme substrate, and oxidizes a tetradecanol to a
tecradecanoic acid using oxygen and reduced flavin mononucleotide (FMNH,), yield-
ing light as a byproduct (Meighen, 1991), The light is detected by an extremely
sensitive photon-counting camera, producing spatially resolved quantitative images
of photon flux at the level of resolution necessary to assay Jux expression within single
bacterial cells (Palmer et /., 1996). Since most bacteria cannot make sufficient
tetradecanol for prolonged light production, it must either be added as a supplement
to the medium or the genes necessaty for in vivs production (JuxCDE), included in
the cassette,

The /ux reporter cassette has been inserted by transposan mutagenesis.into the
plasmid PUTK21 carrying genes for naphthalene catabolism to report #ahG (salicylate
hydrolase) gene expression in cells of P. fluorescens strain SRL growing as a biofilm
in a cell adhesion measurement module (CAMM) (Mittelman er al., 1992). Luciferase-
mediated light production was induced upon exposute to sodium salicylate, collected
with a flexible liquid light cable and collimated beam probe, and detected as a
photoelectric-induced cutrent using a photomultiplier-digital readout system. Upon
addition of sodium salicylate, induction of 775G based on light production from the
Iux reporter was similar in cells attached to glass and stainless steel. Light production
was positively correlated with total attached cell densities. Such a light-based approach
was used to relate substratum colonization rate to surface shear force.

Light emission from cells of the marine bacterium Vibrio harveyi, which carries
/ux genes naturally on the chromosome, was used to evaluate the efficacy of marine
antifouling coatings on bacterial sutface colonization (Mittelman ¢ 2l., 1993). Since
light flux correlated positively with the sutface densities of both viable and total direct

~ counts, /ux gene expression offered a simple, non-destructive, real time ineasure of
. the extent of bacterial surface colonization. Two capper-based, coatings, Navy F-12] -

and International Paints BRA-G40; were colonized less feadily than a 15% dinitro-
phenol coating. The expression of lux genes in V. barveyi was found to be a useful
indicator of antifouling efficacy under dynamic-flow conditions.

While the lux repotter system avoids the need for a fluorogenic enzyme substrate,
its dependence on oxygen and sensitivity to oxygen concentration limits it use to
environments of high, constant oxygen concentrations. ‘This feature of the /ux reporter
has been exploited to measure oxygen mass transfer between the bulk liquid and
bacterial cells growing on the surface of a hollow fibes reactor (Sheintuch ef 4/, 1992).
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Since the respiratory activities of bacteria in biofilms generate strong oxygen
gradients within the biofilm (Abrahamson ef /., 1996) gene expression is difficule
to interpret from photon flux using the Jux reporter system. The luciferase enzyme
is also sensitive to other factors such as ATP and metal concentrations, as well as the
ability of a cell to preduce or regenerate FMNH. Any variation in the availability
of these factors can complicate enzyme activity interpretation (Jacobs et 4/, 1991).

Use of the gfpy Gene to Report Biofilm Activities

Green Fluorescent Protein (GFP) from the jellyfish Aeguorea victoria fluoresces upon
transfer of energy from the Ca2*-activated photoprotein, aequorin. The energy transfer
is thought to proceed #ix direct interaction between these two proteins. Aequorin is
a “precharged” quasi-stable enzyme peroxide intermediate formed by reaction of the
coelenterate fuciferase and luciferin wich oxygen (Hastings, 1996). Apo-aequorin is,
thus, coelenterate luciferase, which binds the substrate coelenterazine (luciferin) and
reacts with oxygen to form aequorin, which is then stored until its further reaction
is triggered by calcium, GFP emits green light (.. = 510 nm) when excited with
ultraviolet or blue light (l,,,, = 395 nm with a minor peak at 470 nm). GEP fluo-
rescence can be monitored non-invasively by fluorescence microscopy and flow cytometry.

While full-length GFP is required for fluorescence, the minimal chromophore
needed for light absorption is located within a hexapeptide at amino acid position
64 chrough 69. This region of the protein contains a ser®-dehydrotyr-gly®7 crimer
which cyclizes to yield the chromophore. Mutant GFP proteins have been reported
in which the excitation maximum is shifted from 395 nm to around 490 nm, and
this causes increased intensity of protein fluorescence by changing the ser® to thr
(Heim e 4/., 1995), or by various changes to amino acids at positions 64, 65, 68 or
69 (Delagrave e 4., 1995). Mutations both within the chromophore and at distal posi-
tions in the protein yield functional GFP mutants with altered fluorescence spectta.
Red- and blue-shifted GFP mutants are available as reporters as are the filters needed
to separate their fluorescence (Delagrave er 2/, 1995).

The wild type gfp gene did not appear useful in prokaryotes, as the intensity of
GFP fluorescence was so weak that cell populations of about 10°-10% ml~! were
necessary for detection. Falkow and colleagues mutagenised the cloned &b gene in
E. coli and selected mutant proteins, GFPmutl-3, that produced high levels of
fluorescence such that single bacterial cells were easily visualised (Cormack er #/.,
1996). These mutant GEP proteins remained soluble in the bacterial cell, had their
excitation maxima shifted to 481-501 nm (with heg_figﬂ:zh%&miﬁsjgﬁfﬂng:ﬁl%%

£ L?iw.
the wild type GEP. Cormack ef 4/, (1996) suggested that the maximal fluorescence
produced by these mutant GEPs results from simultaneous double mutations at amino
acid positions 65 and 72. The expression of gfp does not adversely affect bacterial
survival (Valdivia et 2/, 1996) and requites no cofactors or addition of exogenous
substrates or other factors. It is ideally suited, therefore, for use as a reporter gene,
and constructs for use in bacteria have been developed (for example Matthysse e a/.,

1996; Stretton et 2/, 1998).
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&t as a reporier of chitinase gene activity

Using a vector construct designed for use with marine bacteria, Stretton e /. (1998)
placed a gfp reporter gene undet the control of a chitinase encoding gene, chiA, in
the marine bactetium Psendoalteromonas sp. $9. 89 chiA-gfp cells were grown on squid
pen (a natural marine biodegradable polymer consisting of about 60% protein and
40% chitin by weight, Gooday, 1990} and found to colonize patches of the surface
in small microcolonies. After 7 d, sutface colonization still appeated to be patchy
although microcolony volume had increased substantially. Visualization by laser scan-
ning confocal microscopy showed that the chiA gene was strongly expressed in in-
dividual bacterial cells within microcolonies (Stretton e #/., 1998).

More recently, Baty and Geesey (unpublished results) have followed colonization
of starved cells of Psendsalteromonas sp. 59 on a thin film of pure chitin cast on an
optically smooth silicon substrate. In the absence of other carbon, nitrogen and energy
sources, cells colonized the substratum in a random manner. Following initial colo-
nization, it was determined that a portion of the attached population synthesized
chitinase enzyme(s), which permitted the utilization of the solid chitin film for
attached cell growth and replication. Under these conditions, a biofilm formed over
2 200-h period that consisted predominantly of a monolayer of evenly distributed cells
across the surface. That not all cells of the isogenic population attached to the chitin
surface produced the chitinase enzyme was demonstrated by incorporation of a gfp
reporter gene under the control of 2 promoter for the chitinase-encoding gene, chiA.
Through a combination of reflected differential interference contrast and epifluorescence i
microscopies, total attached cells and chitinase-producing cells could-be located in i
the same field of view of the chitin surface. Although total cells were randomly i
distributed across the sutface, chitinase-producing cells were clearly aggregated. Thus, !
reporter genes are useful in evaluating metabolic heterogeneity among cells within
isogenic populations.. .

gfb as @ reporter of contaminant biodegradeation

Mgller e 2/, (1998) developed a system to simulate the biodegradation of toluene and
other related aromatic compounds by microbial biofilms. P. putida strains were con-
structed in which each of the promoters of the two operons, as well as appropriate
activator genes, involved in the toluene degradation pathway were fused independ-
ently to a gfp-reporter and inserted into the chromosome. The Pz and Pm_promoters
. ‘ . bl dc cartchaldlig e
subsecquent” transformation of catechiol t6 Krebs cyclé itermedrates, tespeceively.”In
pure culture biofilms, growing in once through flow chambers supplied with benzyl
alcohol as the carbon source, it was found that the P promoter was homogeneously I
expressed in all cells, and that the Pm promoter was strongly expressed in only a 'S
sub-population (<0.01%) of cells. Twenty four h after addition of benzoate (a known { .
inducer of the Pm promoter) strong expression of the Pm promoter in all cells was :
observed. This showed that biofilm cells degrading benzy! alcohol (or toluene) did
not accumulate benzoate.
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In mixed culture biofilms, similar results were found for the P promotet,
although it showed heterogencous expression after 24 h, with P putida cells
immediately surrounding an Acinetobacter microcolony displaying the highest Px
activity. It was found that the Acinetobaczer sp. produced a diffusible “inducing agent”
which spread through the biofilm with time so that in a 3-day old biofilm expression
of Pm in the P. putida cells was telativley strong and homogenous. It was suggested
thac either the “inducing agent” leaching from the Acinetobacter cells (which also
contain genes for degradation of benzyl alcohol) was benzoate or that the Acinetobacter
cells caused a change in the way the P, prtida cells were degrading benzyl alcohol such
that the benzoate accumulated in these cells (Mgller er /., 1998).

&b as a reporter of the dynamics of gene expression

Further variants of GFP have now been constructed by the addition of a peptide
sequence to the C-terminal end of the molecule that renders it susceptible to protease
degradation (Andersen ef 4/, 1998). These protein vatiants have a half-life of from

40 min to a few houss when synthesized in B. coli and P putida, making them useful

reporters of temporal gene expression.

Limitations of gfp as a veporter under low oxygen conditions

Because GFP requires molecular oxygen for fluorescence, it has not been used in
anaerobic bacteria. Recent studies suggest, however, that only small amounts of
oxygen are required for the fluorescence reaction in the cell (Gorby, Weaver, Brown,
Romine, Neal, unpublished results). GFP fluorescence has been detected in indi-
vidual cells of the faculeatively anaerobic, dissimilatory iron seducing bacterium
Shewanella putrefaciens MR-1, cartying a plasmid with a constitutively-expressed gfp
gene in the presence of less than 0.7 mg 1! dissolved oxygen in the bulk aqueous
medium. GFP flucrescence has also been detected in actively-growing, individual cells
of the dissimilatory sulfate-reducing bacterium Desulfovibrio deswlfuricans, carrying a
plasmid with a constitutively-expressed gfp gene (Neal, Techkarnjanaruk, Mead,
unpublished results). Thus, it appears that the &P gene can be transcribed and the
GFP product induced to fluoresce in bacteria cultured under conditions of low oxygen

. concentration.

Gene expression of cells attached to surfaces has received increased attention in the
past few years. Gene fusions involving Jux, JucZ and gfp have facilitated the detection
of cells and changes in cell metabolism following attachment to a variety of surfaces.
There is growing evidence that cells on surfaces, and in particular, those within
biofilms, display unique physiologies different from those displayed by cells in sus-
pension. There-appears to be considerable heterogeneity in gene expression among
isogenic population of cells on surfaces. The significance of this phenomenon may
relate to survival and fitness of the population. What remains to be determined is
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how gene expression in one population affects gene expression and cell fitness in
surrounding microbial populations within biofilms.
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