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AbstraeV--Crucial and potentially rate limiting events in biofilm formation are the transport of 
microorganisms to the solid-water interface and the subsequent attachment onto a substratum. If these 
attached cells find suitable environmental conditions they will replicate, grow and form a biofilm. 
Experiments with different surfaces--stainless steel, glass, and polycarbonate--and two Pseudomonas 
species were conducted and parameters describing attachment, growth, and transport were measured 
in situ and in real time using image analysis techniques. The phenomenon of cellular starvation was 
investigated with special attention to the effect on the attachment characteristics of the two tested 
Pseudomonas species. Experiments were conducted with Pseudomonas aeruginosa and Pseudomonas 
fluorescens as a Mot+ and a Mot-  strain. As a result of superior transport properties, flagellated cells 
of Pseudomonas fluorescens colonized a substratum at a higher rate than unflagellated cells. Nutrient 
conditions in the bulk water influenced the growth of suspended and attached organisms, as well as the 
cellular transport to the solid-water interface and the rate of attachment onto the substratum. Starved 
cells of P. aeruginosa and P. fluorescens exhibited increased cell motility by size reduction. Cellular 
transport was demonstrated to be a crucial process in microbial colonization, and may be limiting the 
overall rate of surface colonization. The phenomenon was demonstrated for a motile and nonmotile 
mutant of the same strain. Hence, diffusive, advective, and hydrodynamic properties of a specific system 
cannot be neglected if we try to understand and simulate microbial colonization. Copyright © 1996 
Elsevier Science Ltd 
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INTRODUCTION 

Oligotrophic conditions inherent in drinking water, 
industrial pure water, and certain cooling water 
distribution systems preclude extensive planktonic 
microbial growth (Marshall, 1985). Organic carbon 
levels are low and residual disinfectants may further 
reduce the potential for suspended cell survival 
(McFeters, 1989; LeChevallier and McFeters, 1990). 
If nutrient concentrations are sufficiently low, 
starvation of suspended cells may occur (Morita, 
1982; 1988). However, these environments may favor 
the presence of bacterial biofilms. Microbial growth 
in biofilms is enhanced over suspended growth due to 
the flux of substrates to the cells (Kjelleberg et al., 
1982; Kjelleberg and Herrnansson, 1984). Nutrient 
availability on surfaces may be higher due to 
surface-associated organic material (LeChevallier 
and McFeters, 1990; Davies and McFeters, 1988). 
Cells need not be firmly attached to a substratum to 
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benefit from the nutrient-enriched state at the 
solid-liquid interface (Marshall, 1979). Biofilm 
systems can also enhance cell survival with respect to 
biocides or other chemical stressors (LeChevallier 
and McFeters, 1990; Van der Wende et al., 1990; 
Chen et al., 1992). An attached form of growth is 
beneficial to the organisms, especially under low 
nutrient conditions. 

The processes occurring during microbial coloniza- 
tion and biofilm formation on a solid-liquid interface 
are summarized by Mueller et al. (1992) as: 
substratum conditioning by organic molecules; 
transport of cells to the surface; adsorption of cells to 
the substratum; transformation of reversibly ad- 
sorbed cells to irreversibly adsorbed cells; growth; 
and erosion of cells. Process analysis techniques have 
been used to mathematically model the processes that 
occur during colonization (Powell and Slater, 1983; 
Esther and Characklis, 1990; Mueller et al., 1992). 
Variables such as mass, energy, and momentum have 
been combined with stoichiometry, reaction rate, and 
transport coefficients to form predictive models. 

The coefficients responsible for attachment of cells 
vary with environmental parameters such as tempera- 
ture, pH, concentration of trace elements, the 
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composition and balance of essential nutrients and 
their ratio to carbon, the ionic strength of the 
medium, and the presence or absence of specific ions 
such as calcium and magnesium (Abbott et al., 1983; 
Paul and Jeffrey, 1985; Pedersen et al., 1986; 
Turakhia, 1986; Stanley, 1983). Abiotic variables 
have been used to describe the physical and chemical 
environment in which the microbial colonization 
is occurring. Phenomena governing the process of 
bacterial colonization have been shown to be 
influenced by microbial and surface characteristics. 
For example, adsorption can be influenced by 
compounds such as chlorine and chloramine (Her- 
manowicz and Filho, 1992). Surface active chemicals 
also influence microbial attachment (Whitekettle, 
1991). Cellular adsorption is mediated by cell surface 
hydrophobicity, bacterium-substratum charge inter- 
actions, surface roughness, and surface free energy 
(Vanhaeke et al., 1990; Van Loosdrecht et al., 1990; 
Mueller et al., 1992). Firm attachment following 
initial adhesion, although not clearly understood, 
may include specific cell surface structures (e.g. fibrils 
or polymers) (Geesey, 1982). 

All of these interactions may be limited by the 
transport of  bacteria to a surface, which is primarily 
a function of cellular diffusivity, hydrodynamics, and 
the system geometry. Cellular diffusivity is governed 
by bacterial properties such as size and motility; a 
small, motile bacterium will be characterized by a 
higher diffusivity value than a large, nonmotile cell. 
Transport could potentially be the rate limiting 
step in colonization, and an understanding of the 
importance of the bacterial growth state may provide 
insight into predicting and controlling microbial 
fouling. 

THEORY 

Cellular diffusivity is considered to be the primary 
transport process for bacteria through the laminar 
boundary layer at the solid-liquid interface and 
values have been calculated by Jang and Yen (1985). 
Using the cellular properties of motility and the 
length of the random free run for the organism the 
following equation was derived: 

Vr'dr 
D~ - 3-(1 - cos 7)' (1) 

where D, = diffusivity [L 2 t-~], vr = velocity of motil- 
ity [L t-~], dr = length of random free run [L], and 
7 = main angle of turn; assuming no chemotaxis: 
cos 7 = 0. 

This equation allows for the calculation of 
nonBrownian diffusivity from cellular motility data 
for a specific species. For example, the nonBrownian 
diffusivity for Pseudomonas aeruginosa based on data 
from Vaituzi and Doetsch (1986) (vr-- 55.8/~m s -~, 
dr = 500-85/~m) is 10 -3 mm -: s-L In comparison, 
the diffusivity for nonmotile P. aeruginosa as 
calculated by the Stokes-Einstein equation (Brown- 

ian diffusion alone) at 22°C is 4 x 10-Tmm2s-L 
Thus, transport of motile P. aeruginosa cells is 
superior to that of their nonmotile counterparts. 

If a cell is transported to the surface in a system 
with fluid flow, it must then form a cell-surface 
association to remain on the substratum. Sticking 
efficiency, defined as the ratio of cells adsorbing to the 
total number of cells colliding with the surface, was 
used by Escher and Characklis (1990) to quantify 
the adsorption potential of a particular microbial 
species to a substratum. A mathematical description 
of  sticking efficiency was developed from a model of 
Bowen et al. (1976), who proposed an analysis to 
describe particle deposition from a suspension under 
fully developed laminar flow in a parallel plate 
channel. Sticking efficiency is determined by separ- 
ating the transport and sorption processes when the 
cell diffusivity, system geometry and hydrodynamics 
are known. Values vary from 0 (no cells adsorb) to 
1 (all cells transported to the surface adsorb). Since 
sticking efficiency is independent of transport and 
depends only on cell-surface interactions, it can be 
used to compare bacterial adsorption at various 
interfaces or in environments independent of cellular 
transport phenomena. Comparisons may also be 
made between different bacterial species or the same 
organism at varying stages in the growth cycle. 

Cellular adsorption rate is primarily the result of 
two processes; cellular transport rate and sticking 
efficiency. A specific rate coefficient for adsorption 
can be calculated by normalizing the rate of 
adsorption onto the substratum for the cell 
concentration in the bulk water (Mueller et al., 1992). 
Adsorption and desorption rates are driven by the 
bulk water cell concentration, while growth and 
erosion rates are dependent on the irreversibly 
attached cell surface concentration: 

r. (2) ~ = ~  

g a  -- ra x~ (3) 

/~ = (1 - ~)K~ (4)  
rg 

~ = ~-v  (5)  

Ke = ~,, (6) 

where: {P = sticking efficient [-], N~ = total flux of 
cells to the substratum [cell no. L-2t-~}, Ka, 
Kd = specific rate coefficient of adsorption and 
desorption, respectively [L t-q,  #s , /~ = specific rate 
of growth and erosion on the substratum, respectively 
I t - l ] ,  ra, rd, r~, re = rate of cell adsorption, desorption, 
growth, and erosion, respectively [cell no. L -2 t-~], 
Xg = bulk water cell concentration [cell no. L-a], 
X " =  cell surface concentration [cell no. L-2], and 
( 1  - ~t) = probability of desorption [-]. 

Ka is independent of bulk water cell concentration 
but dependent on geometry and hydrodynamics of 
the flow system, as well as the diffusivity and inherent 
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adsorptive capabilitieo o f  the cells. The adsorption 
rate coefficient is a useful parameter  for comparing 
the propensity of  an organism to adsorb under 
specific environmental  conditions. The adsorption 
rate coefficient was shown to be independent o f  bulk 
water cell concentration for cell densities below 
107 C F U  m l - '  (Escher and Characklis, 1990). At 
higher cell densities a more complex relationship is 
expected due to particle blocking (Dabros and van 
de Ven, 1982). For  example, it was shown that 
adsorption rate coefficients were a better predictor of  
microbial transport through a porous medium 
column than measured parameters of  cell size, 
motility, or hydrodynamics in the column (Camper 
et al., 1993). 

The goal of  this research was to determine the 
adsorption characteristics for healthy and starved 
bacteria, as well as those with and without motility. 
The resulting changes in adsorption rate were 
separated into transport and adsorption processes. 
Results were obtained for healthy Pseudomonas 
aeruginosa and Pseudomonasfluorescens (Mot  + and 
M o t -  ) grown in a continuously fed stirred tank 
reactor (CFSTR).  In the flow cell 316 stainless steel 
was used as the substratum. Long term starvation 
experiments were performed with P. aeruginosa and 
the Mot  + strain of  P. fluorescens. 

MATERIALS AND METHODS 

Experimental system 

The experimental system utilized was developed by 
Mueller et al. (1992) (Fig. 1). The system consists of a 
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flat plate flow cell sufficiently thin to allow direct 
observation of the attached bacteria by microscopy. A 
coupon of the material of choice was placed in the flow cell 
prior to inoculation. In these experiments, glass, polycar- 
bonate, and stainless steel coupons that had been polished 
with 0,3gin alumina (Buehler Alpha Micropolish II 
deagglomerated alumina) were used. Surface roughness for 
the stainless steel coupon was determined from a reflected 
light scatter distribution using a Rayleigh perturbation 
relationship (Stover and Serati, 1984). Light scatter was 
used to calculate a root mean square (RMS) surface 
roughness value for the stainless steel surface of 121 ,~. Cells 
were pumped through the flow cell, and the accumulation 
of bacteria measured nondestructively in real time by 
recording images at defined time intervals. The inoculum 
was prepared in a CFSTR with glucose as the carbon source 
(40 mg l -~ as carbon). Growth in all experiments was carbon 
limited and pH was phosphate buffered (pH 6.8). Tempera- 
ture was maintained at 22 _+ 1°C with a dilution rate of 
0.2h-L 

Because of a relatively high cell concentration in the 
CFSTR, the effluent was diluted with buffer solution of 
the same composition as the growth medium without 
glucose addition. The diluted CFSTR effluent was pumped 
at a constant flow rate of 1.2 x 10-4m3h -] and a mean 
bulk water velocity of 2.75 x 10 -2 m s -] through the flow 
cell, These conditions corresponded to a laminar flow 
regime (Re = 1.4) at a shear stress at the coupon surface of 
0.75 N m -2. The stainless steel surface was monitored 
continuously using reflective light and a Nomarski lens, 
while transparent coupons were monitored by light 
microscopy. Images were captured and the accumulation 
of cells on the surface quantified by an image analysis 
system. The use of image analysis to measure bacterial 
surface colonization is described in more detail by Mueller 
et al. (1992). All surfaces used for colonization experiments 
were washed in a sequence of sterile water, acetone, a 70% 
ethanol/water solution, and sterile water again (Mueller 
et al., 1992). 

Nu_ri Io,,u  q [ 
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Image Analyzer 
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Temperature 
Measurement 

EPI Light 
Microscope 

~ Meter ing  
Pump 

Fig. 1. Schematic diagram of the experimental system, consisting of a CFSTR, a parallel flow-through 
cell, and a microscope equipped with image analysis. 
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Analytical methods 
Total cell counts. Bacterial numbers in the CFSTR and 

flow cell effluent were determined by an acridine orange 
direct count. Bacteria in the fluid samples were fixed in 2% 
formalin, homogenized, and stained with 0.01% acridine 
orange for 30 min. Organisms were collected on 0.2 #m pore 
size black polycarbonate filters and counted using image 
analysis at 1000 x total magnification (Hobble et al., 1977). 
Numbers obtained from 10 fields per sample were averaged. 

Viable cell counts. Viable cell numbers were determined in 
triplicate on R2A agar (Difco) by the spread plate technique 
after appropriate dilution in sterile buffer. Plates were 
incubated for 2 days at room temperature and the results 
recorded as the arithmetic mean of the three replicate values. 

Organic carbon. Dissolved organic carbon was deter- 
mined by filtering samples through a PTFE membrane (pore 
size 0.2/~m) pre-rinsed 10 x with dilute phosphoric acid. 
The carbon content of the filtrate was measured using a 
Dohrmann Model DC 80 total organic carbon analyzer. 
Triplicate measurements were made for each evaluation and 
the average value reported. 

Organisms 

Pseudomonas aeruginosa was isolated from a pipeline 
environment and characterized by Mueller et al. (1992) and 
Robinson et al. (1984). Pseudomonas fluorescens strain 
CC-840406-E (Mot + ) and a nonmotile transposon mutant 
(Mot - ) were provided by Darren Korber, University of 
Saskatoon, Saskatchewan, Canada. The Mot - strain was 
found to lack a flagellum by transmission electron 
microscopy analysis (Korber et al., 1989). There was no 
significant difference between the growth rate of P. 
aeruginosa and P. fluorescens of the Mot + parent and the 
Mot - mutant in batch cultures (yma~ = 0.45 h-~), (Korber 
et al., 1989). 

The two organisms (P. aeruginosa and Mot + P. 
fluorescens) were prepared for starvation experiments by 
terminating the CFSTR influent while maintaining aeration 
and mixing. Organisms starved for up to 50 days were 
utilized in the experiments. Cell size and concentration were 
monitored over time. 

Estimation of cell size distribution 
Cell sizes were determined in the bulk water and on the 

substratum by using image analysis with n > 40 for each cell 
size distribution reported. Cell size distributions on the 
substratum were determined each time the cell surface 
density on the substratum was measured. 

Estimation of cellular motility 

The substratum was exposed to the diluted cell suspension 
containing 106-107 CFU ml -~ until a cell surface density of 
approximately 4000 CFU mm -2 was reached. After initial 
adsorption occurred, the flow over the substratum was 
terminated. Within 5-10 min, most of the initially adsorbed 
cells became motile on the surface. The surface was 
monitored continuously at a magnification of 1500 x and 
recorded by a high resolution video camrecorder. The TV 
screen was calibrated by recording a calibration slide at the 
same magnification in the horizontal and vertical directions. 
The random free runs were measured by marking traveling 
phase (free run) and twiddling phase (change in traveling 
direction). When replaying the tape in slow motion with 
time control, the cellular swimming speed for a free run 
could be estimated, The same procedure was used to test 
Mot - cells for motility. 

Measurement of rates 

Adsorption/desorption. These rates were obtained by 
counting individual bacteria on the surface over time. Cell 
locations and size were also determined. Measurements were 
taken at 10 min time intervals. A linear regression of the 

number of cells adsorbing (new to an area) or desorbing 
(absent from an area previously recorded) versus time 
yielded estimates for the adsorption and desorption rate. 

Growth~erosion. Colonization of the surface was allowed 
to proceed until a density of 2000--3000 cells mm -2 was 
reached. Bulk water flow was then switched from diluted 
CFSTR effluent to the sterile CFSTR influent. The rate of 
growth was determined by following division of individual 
cells with time. Simultaneously, erosion was obtained by 
observing the number of bacteria leaving immobilized 
colonies. Specific growth rate, doubling time, and erosion 
rate were determined by regression analysis. Growth 
or erosion was not measured during the starvation 
experiments. 

RESULTS 

Results were obta ined  for three different bacterial 
s trains (P. aeruginosa and P.fluorescens M o t  + and  
M o t - )  and  for three different materials  (316 
stainless steel, polycarbonate ,  and  glass). Adsorp t ion  
of  heal thy cells of  P. aeruginosa and P. fluorescens 
M o t  + growing at  a di lut ion rate of  0.2 h -~ was 
compared  to tha t  of  s tarved cells of  ei ther strain. 
Adsorp t ion  of  the motile s train was also compared  to 
the nonmot i l e  counterpar t .  

Substrata colonization of  three Pseudomonas  strains 

Figure 2 is a cumula te  plot  of  adsorpt ion,  
desorpt ion,  growth,  and  net  accumula t ion  on to  316 
stainless steel over 300 min  for P. aeruginosa growing 
on  glucose at  a growth rate of  0.2 h -~. Dur ing  this 
t ime per iod the major  factor  cont r ibu t ing  to cell 
accumula t ion  on  the stainless steel subs t ra tum was 
adsorpt ion.  Ne t  g rowth  (growth rate less rate of  
erosion) was observed after 200 min. The  cellular 
growth  and  erosion rate for P. aeruginosa on stain- 
less steel was 0.33 + 0.06 and  0.09 + 0.08 h -~, 
respectively. 

Compar i sons  were made  for rate coefficient of  
adsorpt ion,  the probabi l i ty  of  desorpt ion,  and  the 
sticking efficiency for the three heal thy species. The 
specific rate coefficient for adsorp t ion  was signifi- 
cantly lower for P. fluorescens (Mot  + and  Mot  - ) 
t han  for P. aeruginosa regardless of  the subs t ra tum 
(Table 1). The  M o t  - P.fluorescens had  the lowest 
specific ra te  coefficient for  adsorp t ion  on  all 
substrata .  In contrast ,  the lowest sticking efficiency 

was seen with the M o t  + P. fluorescens. The 
subs t ra tum as well as the bacterial  s t rain influence the 
kinetic parameters  of  adsorpt ion.  For  M o t -  P. 
fluorescens the specific rate coefficient for adsorpt ion,  
desorpt ion,  and  sticking efficiency were highest  for 
the stainless steel subst ra tum.  Glass  had  the lowest 
specific rate coefficient for adsorp t ion  and  sticking 
efficiency, and  an  intermediate  desorpt ion  rate. 

Effect of  starvation 

Dwarfing and fragmentation. The C F S T R  nut r ien t  
supply was cut off after  steady state condi t ions  were 
reached to observe cellular colonizat ion by P. 
aeruginosa and P.fluorescens in ol igotrophic environ-  
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ments. Stirring and aeration in the reactor did 
continue and subsequently the CFSTR was changed 
to a batch stirred tank reactor (BSTR). Since 
the BSTR has no influent or effluent, water flow to 
the flow cell was achieved by water depletion in the 
reactor vessel. Because of the high cell concentration 
in the BSTR, the out-take was diluted with buffer 
solution of the same composition as the growth 
medium without glucose addition. The cell size 
distribution and the cell concentration were moni- 
tored over time. Immediate responses of both species 
to starvation were size reduction (dwarfing) and an 
increase in cell number (fragmentation). For  P. 

aeruginosa, total and viable cell concentrations 
increased after 24 h and plateaued until 8 days of 
starvation (Fig. 3). From 8 to 12 days, the cell 
concentration decreased continuously. The average 
size, determined as cell surface area, was plotted as a 
function of  starvation duration for P. aeruginosa 
(Fig. 4). The average size of  healthy cells was 
0.91 + 0.14/~m 2. After 24 h of  starvation, the average 
cell size decreased to 0.58 + 0.02#m 2. For longer 
durations of  starvation the average size remained 
relatively constant (range 0.454).58 ~m2). The aver- 
age cell size for healthy P. fiuorescens was 
0.86 + 0.12 #m 2 which decreased to 0.54 _+ 0.03 ~m 2 

Table 1. Summary of the kinetic results for P. aeruginosa and P. fluorescens (Mot + and Mot - ) for 
three substrata (bacteria were grown at a dilution rate of 0.2 h -r) 

Bacterial strain Substratum K, (ram h -I) 1 - ~t (-) ¢ (-) 

P. fluorescens (Mot + ) 
316 stainless steel 0.30 + 0.03 0.61 4. 0.20 0.0036 _+ 0.0006 
Glass 0.25 4. 0.01 0.41 4- 0.25 0.0029 4- 0.0003 
Polycarbonate 0.23 + 0.02 0.20 4- 0.22 0.0028 5:0.0002 

P. fluorescens (Mot - ) 
316 stainless steel 0.18 4. 0,04 0.84 4. 0.11 0.48 4- 0.03 
Glass 0.09 -4- 0,02 0.23 _+ 0.03 0.17 _ 0.06 
Polycarbonate 0.15 + 0.02 0.03 4- 0.01 0.33 4- 0.01 

P. aeruginosa 
316 stainless steel 1.84 4. 0.22 0.30 + 0.18 0.022 + 0.002 
Glass* 1.14 0.62 + 0.18 0.018 

K, = specific rate coefficient of adsorption. 
I - ~ = probability of desorption. 

= sticking efficiency. 
*From Mueller et al. (1992). 
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Table 2. Motility and diffusivity results for all bacterial strains 

Bacterial strain v, (/~m s -~) d, (~am) D~ (mm 2 s -~) 

P. aeruginosa 55.8* 50-85* 1.0 x 10 -3 
P. aeruginosa 100-200 33 + 11 1.3 x 10 ̀ 3 

(starved 216 h) 
P. fluorescens 60 + 34 60 + 21 1.2 × 10 _3 

(Mot + ) 
P. fluorescens 100-200 42 _+ 16 2.1 + 10 -3 

(Mot + ,  starved 200 h) 
P. fluorescens 0 0 3.9 x 10 -7 

(Mot - ) 

v, = swimming speed. 
dr = length of free run. 
D~ = calculated diffusivity. 
*From Mueller et al. (1992). 

Fig .  3. T o t a l  a n d  viable  s u s p e n d e d  cell c o n c e n t r a t i o n  o f  P .  
aeruginosa p lo t t ed  versus  d u r a t i o n  o f  s t a r v a t i o n .  

after 8 days of starvation. For  both species under 
starved conditions the size decrease was statistically 
significant, based on a 95% confidence interval. 

Cellular diffusivity. Cellular motility was of interest 
due to the dependency of diffusivity on motility and 
cell size. Swimming speed and the length of runs was 
measured for healthy and starved P. aeruginosa, 
healthy Mot + and M o t -  P. fluorescens, and 
starved Mot + P.fluorescens. For both strains tested 
the starved bacteria responded with a substantial 
increase in swimming speed and a slight reduction in 
the length of random free runs when compared to 
healthy cells (Table 2). Starved free runs, as 
determined from more than 47 observations for each 
cell type, were 3 3 + 1 1  p m a n d 4 2 +  16/~m for P. 
aeruginosa and P. fluorescens, respectively. The 
cellular swimming speed for either species was 
increased by up to four-fold over healthy cells. Using 
these experimentally determined motility parameters, 

diffusivities were calculated. Both starved species 
exhibited higher diffusivity values than those 
for healthy cells. The average diffusivity value for 
P. aeruginosa after 8 days of starvation was 
1.3 + 0.8 x 10 -3 mm 2 s ~, which was not significantly 
different ( p = 0 . 0 5 )  than the diffusivity value 
reported for healthy cells (De = 1.0 × 10 -3 mm 2 s-~). 
For starved P. fluorescens the diffusivity value 
(De = 2.1 + 0.5 x 10 -3 mm 2 s -~) was significantly 
higher (p  = 0.05) than for healthy ceils 
(De = 1.2 × 10 -3 mm 2 s-~). 

Rate of  cellular adsorption to a substratum. 
Adsorption/desorption of starved P. aeruginosa cells 
was determined as a function of starvation duration. 
Zero time values are for healthy cells grown at a 
dilution rate of 0.2 h-L The specific rate coefficient 
for adsorption, detachment, and sticking efficiencies 
decreased until 8 days of starvation (Table 3). The 
specific rate coefficient for adsorption then remained 
relatively constant (K, = 0.4-0.6 mm h-~), as did the 
probability of desorption and the sticking efficiency. 
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Fig.  4. Cell size ana lys i s  p e r f o r m e d  o n  s u s p e n d e d  P. aeruginosa cells d u r i n g  s t a r v a t i o n .  T h e  ave rage  cell 

sizes a re  p l o t t e d  versus  d u r a t i o n  o f  s t a r v a t i o n .  
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Table 3. Kinetic results fbr starved P. aeruginosa on 316 L stainless 
steel 

t~, (h) K,~ ( m m  h-~)  1 --  ~ ~ )  ~ ( - )  

0 1.56 _+ 0.34 0.28 + 0.02 0.019 _+ 0.005 
72 1.21 + 0.29 0.17 + 0.03 0.010 + 0.002 

216 0.90 + 0.17 0.10 + 0.03 0.007 4- 0.001 
348 0.95 +_ 0.16 0.07 +_ 0.04 0.008 +_ 0.002 
504 0.54 + 0.16 0 0.004 +_. 0.002 
(648-1224)* 0.47 + 0.15 0.08 __+_ 0.05 0.004 _.+ 0.001 

t~, = duration of starvation prior to addition to flow cell. 
Ka, = averaged specific rate coeflficient of adsorption. 
1 - z~ = probability of desorption. 
q~ = sticking efficiency. 
*The values for 648, 816, 936, and 1226 h of duration of starvation 

were averaged. 
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The rate of  adsorp t ion /desorp t ion  for starved 
Mot  + P. fluorescens was observed at one specific 
t ime (8 days of  s tarvat ion)  and  compared  to cells at  
zero time, The  cell concen t ra t ion  was cons tan t  dur ing  
each adsorp t ion  experiment ,  with values between 106 
and  107 cells ml t. The  specific rate coefficient for 
adsorp t ion  increased significantly when this organism 
was starved. Heal thy,  growing cells adsorbed  with 
K, = 0.30 m m  h ~ and  a probabi l i ty  of  desorpt ion 
of  61%. The  value for s tarved cells increased 
to 1.08 mm h ~ and  the probabi l i ty  of  desorpt ion  
was zero. In contrast ,  the sticking efficiency 
was not  substant ia l ly  different after  s tarvat ion  
(0.004 +_ 0.002 before versus 0.009 +__ 0.003 after). 
Therefore,  increased t ranspor t  ra ther  than  sticking 
efficiency was responsible for the increased specific 
rate coefficient for adsorpt ion.  In all s ta rvat ion  
experiments ,  no  growth  or cell division was observed 
on  the subs t ra tum for ei ther  species dur ing  the t ime 
period moni tored .  

DISCUSSION 

Simulation of  surface colonization of  a mixed 
population 

The rate of cell accumula t ion  on a subs t ra tum can 
be expressed as a funct ion of  net adsorp t ion  rate and  
net growth rate: 

dX"/dt = ctK, X~ + (p~ - K~)X". (7) 

Der iva t ion  of  this equa t ion  is described in detail  in 
Mueller  et al. (1992). This model was used with 
measured  parameters  to simulate the accumula t ion  of  
the bacterial  s trains on  a subst ra tum.  

Different cells were shown to exhibit  different 
surface colonizat ion characteristics.  Even at the 
same growth state p = 0.12 h ~, P. aeruginosa cells 
colonized the surface much  more  rapidly than  
P. fluorescens cells. This  is i l lustrated in Figs 5 and  
6, where the cell surface colonizat ion was simulated 
on the basis o f  the experimental ly determined kinetic 
data.  After  500 rain five t imes more  P. aeruginosa 
cells had  accumulated  on  the subs t r a tum surface than  
P. fluoreseens. Hence, the lat ter  may be "ou t -com-  
peted'" in a specific system when b o t h  bacter ia  are 
initially present  in suspension. Differences in cellular 
surface colonizat ion have been shown to be 
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Fig. 6. Simulation of cell accumulation of P. fluorescens on 
stainless steel for healthy cells growing at a growth rate of 
0.12 h ~ and under nutrient depletion, where starvation may 
occur. Shear stress at the substratum surface and the 
suspended cell concentration were kept constant during the 
simulation at 0.75 N m -2 and 2 × 106 cells ml -~, respect- 
ively. Simulated cellular accumulation is plotted versus time 

of exposure to a stainless steel substratum. 
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impor t an t  in cell separat ion/pur i f icat ion techniques 
(Ross and  Hjortso,  1989) and  could possibly affect 
the s tructure and  composi t ion  of  the entire biofilm 
formed on a surface (Mueller, 1994). 

In very low nut r ien t  env i ronments  where s tarvat ion  
is occurring,  the adsorp t ion  characterist ics of  a 
specific cell can be significantly different f rom heal thy 
cells of  the same species. P. aeruginosa cells exhibi ted 
a decrease in their  surface coloniza t ion  rate by abou t  
50% (Fig. 5), whereas P. fluorescens increased their  
rate of  adsorp t ion  almost  four-fold (Fig. 6). Hence, 
when compar ing  the same species at  different 
envi ronmenta l  condit ions,  such as low nut r ien t  or 
nutr ient-depleted envi ronments ,  where s tarvat ion  
may  occur, the two species tested showed the 
reverse colonizat ion behavior  than  at high nutr ient  

1500 

300 400 500 600 700 
TIME (MINUTES) 

Fig. 5. Simulation of cell accumulation of P. aeruginosa on 
stainless steel for healthy cells growing at a growth rate of 
0.12 h ~ and under nutrient depletion, where starvation may 
occur. Shear stress at the substratum surface and the 
suspended cell concentration were kept constant during the 
simulation at 0.75 N m -2 and 2 × l06 cells ml ~, respect- 
ively. Simulated cellular accumulation is plotted versus time 

of exposure to a stainless steel substratum. 
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environments (Figs 5 and 6). In the case of starvation, 
P. fluorescens colonized surfaces at twice the rate of 
P. aeruginosa when all other parameters including 
suspended cell concentration, flow rate, and the 
resulting shear stress at the substratum surface were 
kept constant. Hence, the environmental conditions 
as well as the species specific growth and attachment 
kinetics could determine the competition outcome in 
a biofilm system. 

Comparison of M o t +  and M o t -  Pseudomonas 
fluorescens 

Cellular surface colonization by motile and 
nonmotile cells was compared using Pseudomonas 
fluorescens as a Mot + and Mot - strain. For this 
comparison, 316 stainless steel, glass, and polycar- 
bonate were used as substrata. The M o t -  mutant 
did not possess a flagellum, as the parent Mot + 
strain did. The probability of desorption was similar 
for the two strains on all the investigated substrata. 
The observed adsorption coefficient of motile cells 
was twice as high as that for nonmotile cells (Table 1). 
Korber et al. (1989) reported four-fold increase in 
recolonization rate of motile cells of P. fluorescens 
com'oa~-ed to the Mot - mutants. However, there is 
a mt~h larger differenc,:- between the transport 
properties of motile cells and nonmotile ceils. The 
difference in diffusivity is almost four orders of 
magnitude. A higher value for sticking efficiency for 
the Mot - mutant as compared to the Mot + cells 
may indicate a transport limitation rather than a 
limitation in adsorption for the M o t -  cells. This 
finding might exclude the possibility that the cell 
flagellum is of major importance for adsorption 
mechanisms on the substratum (Kefford and 
Marshal, 1984; Fletcher, 1980). However, the cellular 
adsorption rate and, therefore, the rate of cell 
colonization on a substratum is largely dependent on 
the cell transport rate from the bulk water to the 
solid-water interface. Hence, flagellated cells adsorb 
and accumulate on a substratum at a higher rate than 
unflagellated cells. 

Starvation and microbial surface colonization 

Immediate responses of Pseudomonas aeruginosa 
and Pseudomonas fluorescens to starvation were size 
reduction (dwarfing), and an increase in cell number 
(fragmentation). Kjelleberg and Hermansson (1984) 
also reported fragmentation and continuous size 
reduction (dwarfing) of the suspended organisms 
as a response to the initial phase of starvation (4 h). 
The reduction in cell size may indicate an adaptation 
of the cells to the low nutrient environment by 
increasing their surface/volume ratio and therefore 
their efficiency in nutrient assimilation. 

An increased swimming speed was observed for 
both species under starvation. The increase in 
swimming speed could be caused indirectly by the size 
reduction the cells underwent during the first 24 h of 
starvation. The increased cell motion resulted in a 

significant increase in diffusivity for P. fluorescens. 
The increase in diffusivity for P. aeruginosa was 
statistically not significant. Starved cells of P. 
fluorescens had superior transport properties over 
healthy, growing cells of the same strain. 

Sticking efficiency was calculated from transport 
properties and the specific rate coefficient for 
adsorption (Escher and Characklis, 1990). Sticking 
efficiency, the specific rate coefficient for adsorption, 
and the probability of desorption decreased with 
duration of starvation of P. aeruginosa. Sticking 
efficiency decreased proportionally to the specific rate 
coefficient for adsorption, since diffusivity (i.e. 
transport rates) did not change significantly for this 
organism. 

When adsorbed to the substratum, the probability 
of desorption decreased significantly for starved cells. 
This can be explained by an increase in substrate flux 
for adsorbed cells. Therefore it would be energetically 
not favorable for the adsorbed cells to desorb from 
the substratum. When P. fluorescens cells were 
starved the rate of adsorption increased four-fold. 
The difference in sticking efficiency for P. fluorescens 
was statistically not significant. Hence the higher rate 
of cellular adsorption of P. fluorescens was due to an 
increased cel!ular transport rate to the solid-liquid 
interface. 

Kjelleberg et al. (1982) reported that the irrevers- 
ible adsorption of Pseudomonas sp. strain $9 
(hydrophobic) and Vibrio sp. strain DW1 (hy- 
drophilic) increased during 4h  of starvation. 
Kjelleberg (1984) did a similar experiment with seven 
marine isolates and found a small increase in 
irreversible adhesion after 5 h, followed by a small 
decrease after 22 h of starvation of six strains. For 
one strain, the irreversible binding remained con- 
stant. This indicates a cell type specific change in 
adsorption/transport rate, as we found with the two 
Pseudomonas species we tested. 

Marshall (1979) reported regrowth to a normal size 
of small, dwarf-like bacteria within 12-20 h after 
surface colonization. Attachment of microorganisms 
to carbon particles in a low nutrient environment 
was shown to prevent a reduction in cell size (Davies 
and McFeters, 1988). The authors stated that this 
phenomenon indicated a higher nutrient availability 
at the solid-liquid interface than in the bulk water, 
and that the bacteria attached to carbon particles in 
low nutrient drinking water have an enhanced 
survival advantage. 

Transport phenomena in cellular colonization 

As our results indicated, transport has a major 
effect on microbial deposition rates. Motile cells 
exhibit superior transport properties and sub- 
sequently colonize at a faster rate than nonmotile 
species. Korber et al. (1990) found a four-fold 
increase in attachment rate for P. fluorescens 
( M o t + )  compared to an otherwise identical 
nonmotile mutant. However, this higher rate of 
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attachment does not necessarily represent a higher 
sticking efficiency, if one is capable of separating the 
transport process from the actual process of cellular 
adsorption to the surface. Korber's results may 
also reflect a difference in diffusivity or transport 
properties. Many starvation studies reported a size 
reduction of the cells after a short period of 
starvation. This size reduction may have an effect on 
the swimming speed of these cells and therefore the 
diffusivity should be treated as a function of the cell 
microenvironment. The actual difference in observed 
adsorption rate may be caused by a change in 
transport and not only be due to changes in the 
cell wall physiology or other cellular attachment 
mechanisms. 

CONCLUSIONS 

A technique was developed to measure initial cell 
colonization on reflective metal surfaces at varying 
environmental conditions, based on previous work 
(Mueller et al., 1992). Experiments were conducted 
with Pseudomonas aeruginosa and Pseudomonas 
fluorescens as a Mot + and a M o t -  strain. The 
following conclusions have been derived from this 
work. 

Resulting from superior transport properties, 
flagellated cells of Pseudomonas fluorescens adsorb 
and accumulate on the substratum at a higher rate 
than unflagellated cells. 

Nutrient conditions in the bulk water not only 
influence the growth of suspended and attached cells 
but also influence cellular transport to the solid- 
water interface, as well as the rate of adsorption and 
desorption onto the substratum. Starved cells of P. 
aeruginosa and P. fluorescens exhibited increased cell 
motility by size reduction. In low nutrient environ- 
ments attachment might be used as a strategic 
survival mechanism of organisms. This is one way to 
increase the flux and availability of nutrients to the 
ceils. Size reduction of planktonic organisms was 
reported as another mechanism for improvement of 
nutrient availability. 

Cellular transport is a crucial process in microbial 
colonization, and may be limiting the overall rate of 
surface colonization. This phenomenon was demon- 
strated for a motile and nonmotile mutant of the 
same strain. Hence, diffusive, advective, and hydro- 
dynamic properties of a specific system cannot be 
neglected if we are to try to understand and simulate 
initial events of microbial colonization. 

Acknowledgements--The author thanks Ann Camper for 
her help in developing the manuscript, and Paul Sturman, 
Warren Jones and John Sears for their contributions and 
helpful discussions. The author acknowledges the support of 
the National Science Foundation (Cooperative agreement 
EEC-8907039) and the industrial associates of the Center for 
Biofilm Engineering. 

REFERENCES 

Abbott A., Rutter P. R. and Berkeley R. C. W. (1983) The 
influence of ionic strength, pH, and a protein layer on the 
interaction between Streptococcus mutans and glass 
surfaces. J. Gen. Microbiol. 129, 439-445. 

Bowen B. D., Levine S. and Epstein N. (1976) Fine particle 
deposition in laminar flow through parallel-plate and 
cylindrical channels. J. Colloid Interface Sci. 54, 375--390. 

Camper A. K., Hayes J. T., Sturman P. J., Jones W. L. and 
Cunningham A. B. (1993) Effects of motility and 
adsorption rate coefficient on transport of bacteria 
through saturated porous media. Appl. Environ. Micro- 
biol. 59, 3455--3462. 

Chen C.-I., Griebe T., Srinivasan R. and Stewart P. S. 
(1993) Effects of various metal substrata on accumulation 
of Pseudomonas aeruginosa biofilms and the efficacy of 
monochloramine as a biocide. Biofouling 7, 241-251. 

Dabros T. and van de Ven T. G. M. (1982) Kinetics of 
coating by collodial particals, J. Colloid Interface Sci. 89, 
232-244. 

Davis D. G. and McFeters A, (1988) Growth and 
comparative physiology of Klebsiella oxytoca attached to 
granular carbon particles and in liquid media. Microb. 
Ecol. 15, 165--175. 

Escher A. R. and Characklis W. G. (1990) Modeling the 
initial events in biofilm accumulation. In Biofilms (Edited 
by Characklis W. G. and Marshall K. C.). Wiley, New 
York. 

Fletcher M. (1980) Adherence of marine micro-organisms to 
smooth surfaces. In Bacterial Adherence: Receptors and 
Recognition, Series B, Vol. 6 (Edited by Beachey), 
pp. 347-374. Chapman and Hall, London. 

Geesey G. G. (1982) Microbial exopolymers: Ecological and 
economic considerations. ASM News 48, 9-14. 

Hermanowicz S. W. and Filho F. L. (1992) Disinfection and 
attachment of bacterial cells. Wat. Sci. Technol. 26, 
55-664. 

Hobbie J. E., Daley R. J. and Jasper S. (1977) Use of 
nucleopore filters for counting bacteria by fluorescence 
microscopy. Appl. Environ. Microbiol. 33, 1225-1228. 

Jang L. K, and Yen T. F. (1985) A theoretical model of 
convective diffusion of motile and non-motile bacteria 
toward solid surfaces. Microbes and Oil Recovery: Int. 
Bioresources J. 1, 226-246. 

Kefford B. and Marshall K. C. (1984) Adhesion of 
Leptospira at solid-liquid interface: a model. Arch. 
Microbiol. 138, 84-88. 

Kjelleberg S., Humphrey B. A. and Marshall K. C. (1982) 
Effect of interfaces on small, starved marine bacteria. 
Appl. Environ. Microbiol. 43, 1166-1172. 

Kjelleberg S. and Hermansson M. (1984) Starvation 
induced effects on bacteria surface characteristics. Appl. 
Environ. Microbiol. 48~ 497-503. 

Kjelleberg S., Marshall K. C. and Herrnansson M. (1985) 
Oligotrophic and copiotrophic marine bacteria--obser- 
vations related to attachment. In FEMS Microbiology 
Letters. Elsevier Biomedical Press, Amsterdam. 

Korber D. R., Lawrence J. R., Sutton B. and Caldwell D. E. 
(1989) Effect of laminar flow velocity on the kinetics of 
surface recolonization by Mot + and M o t -  Pseu- 
domonas fluorescens. Microb. Ecology. 18, 1-19. 

Lechevallier M. W. and McFeters G. A. (1990) Micro- 
biology of activated carbon. In Drinking Water 
Microbiology (Edited by McFeters G. A.), pp. 104-119. 
Springer Verlag, New York. 

Marshall K. C. (1979) Growth at Interfaces, pp. 281-290. 
Dahlem Konferenzen, Berlin. 

Marshall K. C. (1985) Bacterial adhesion in oligotrophic 
habitats. Microbiol. Sci. 2, 321-326. 

McFeters G. A. (1989) Detection and significance of injured 
indicator and pathogenic bacteria in water. In Injured 
Index and Pathogenic Bacteria: Occurrence and Detection 



2690 R.F .  MueUer 

in Foods, Water and Feeds (Edited by Ray B.), 
pp. 179-206. CRC Press, Boca Raton, Fir. 

Morita R. J. (1982) Starvation of heterotrophs in the marine 
environment. Adv. Microbial Ecol. 6, 171-198. 

Morita R. J. (1988) Bioviability of energy and its 
relationship to growth and starvation survival in nature. 
Can. J. Microbiol. 34, 436-441. 

MueUer R. F. (1994) Biofilm formation in water systems 
and their industrial relevance. In Proceedings TAPPI 
Biological Science Symposium, pp. 195-201, Minneapolis, 
MN. 

Mueller R. F., Characklis W. G., Jones W. L. and Sears J. T. 
(1992) Characterization of initial events in bacterial 
surface colonization by two Pseudomonas species using 
image analysis. Biotechnol. Bioeng. 39, 1161-1170. 

Paul J. H. and Jeffrey W. H. (1985) Evidence for separate 
adhesion mechanisms of hydrophilic and hydrophobic 
surfaces in Vibrio proteolyica. Appl. Environ. Microbiol. 
50, 431-437. 

Pedersen K., Holmstroem C., Olsson A.-K. and Pedersen A. 
(1986) Statistic evaluation of the influence of species 
variation, culture conditions, surface wettability and fluid 
shear on attachment and biofilm development of marine 
bacteria. Arch. Microbiol. 

Powell M. S. and Slater N. K. H. (1983) The deposition of 
bacterial cells from laminar flows onto solid surfaces. 
Biotechnol. Bioeng. 26, 891-900. 

Robinson J. A., Trulear M. G. and Characklis W. G. (1984) 
Cellular reproduction and extracellular polymer for- 
mation by Pseudomonas aeruginosa in continuous culture. 
Biotechnol. Bioeng. 33, 1409-1417. 

Stanley P. M. (1983) Factors affecting the irreversible 
attachment of Pseudomonas aeruginosa to stainless steel. 
Can. J. Microbiol, 29, 1493-1499. 

Stover J. C. and Serati S. A. (1984) Calculation of surface 
statistics from light scatter. Optical Eng. 23, 406-412. 

Turakhia M. H. (1986) The Influence of Calcium on Biofilm 
Processes, Ph.D. Thesis, Montana State University. 

Vaituzi Z. and Doetsch R. N. (1969) Motility tracks: a 
quantitative study of bacterial movement. Appl. Environ. 
MicrobioL 17, 584--588. 

Van der Wende E., Characklis W. G. and Smith D. B. (1989) 
Biofilms and bacterial drinking water quality. Wat. Res. 
23, 1313-1322. 

Vanhaeke E., Remon J. P., Moors M., Raes F., De Rudder 
D. and Van Petighem A. (1990) Kinetics of Pseudomonas 
aeruginosa adhesion to 304 and 316-L stainless steel: Role 
of cell surface hydrophobicity. Appl. Environ. Microbiol. 
56, 788-795. 

Van Loosdrecht, M. C. M., Lyklema J., Norde W. and 
Zehnder A. J. B. (1990) Influence of interfaces on 
microbial activity. Microbiol. Rev. 54, 75-87. 

Whitekettle W. K. (1991) Effects of surface-active chemicals 
on microbial adhesion. J. Indust. Microbiol. 7, 105-116. 


