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Abstract

Distributions of bacterda and microcolonies developed
on glass and acryl surfaces were observed MHCroscopi-
cally 1o study bacterial adhesion to and accumulation on
the surfaces immersed in coastal seawater. Adhesion of
bacteria to the surfaces seemed to play a dominant role
in bacteral colonization of the surfaces during the early
phase (< 6 d) of microbial film formations. Adhesion
rates tended to increase for the first day of immersion,
suggesting that cooperative interactions among initial
colonizers. Acryl surface seemed to allow more rapid
rates of adhesion and accumulation than glass surface,
and thus mote colonized bacteria. In both sucfaces, spe-
cific accumulation rates tended to decrease to near zero
rates as bacterial film developed. Biovolumes of adhered
bacteria changed from large biovolumes (0.31-0.39 =)
at 1 d of colonization to smaller ones (0.24-0.27 (") at &
d, although biovolumes of adhered bacteria were still
larger than those of bulk-phase water bacteria (0.13-0.24
w”). Bacterial abundances, growth rates and fractions of
hydrophobic bacteria of the bulk-phase water did not
significantly correlate with adhesion rates of bacteria.

introduction

Surfaces exposed in marine waters adsorb dissolved
organic matier from the surrounding waters, and the con-
ditioned surfaces are invariably colonized by marine nat-

ural bacteria (Cooksey and Wigglesworth-Cooksey,
1995). The surface colonization by bacteria soon leads 10
the formation of microbial films. The formation of
microbial films on diverse surfaces attracts many practi-
cal interests (Denyer er al., 1993), Thus, many studies
on this subject have been performed (Little, 1984; Melo,
1992; Geesey et al., 1994). Information on bacterial
adhesion rates and growth rates after the adhesion are
very important to understand and regulate bacterial sur-
face colonization. However, there are limited quantita-
tive studies on adhesion and accurnulation rates of natur-
al marine bacteria to surfaces (Fera er al., 1989; Zheng
et al., 1994).

Adhesion of bactenia to surfaces is primarily deter-
mined by the interactions between surface properties
{e.g. hydrophobicity vs hydrophilicity and roughness vs
smoothness) of substrate and bacterial surface character-
istics under constant conditions of physico-chemical
environmental factors (Fera et al., 1989; Rosenberg et
al., 1991). Many studies employed diverse surfaces to
analyze the effects of substrate surface properties on
bacterial surface colomizations. However, no measure-
ments of bacterial surface characteristics have been
made for natural marine bacteria. In this study, we
asked (1) what are the adhesion and accumulation
rates of natural marine bacteria? (2) Do bacterial adhe-
sion rates and accumulation rates on glass and acryl

1) Corresponding author



52 Chaoi et al.

surfaces dynamically change during the development of
microbial films? (3) Are bacterial parameters of the
bulk-phase water ineluding bacterial surface characteris-
tics related to bacterial aftachment 1© the surfaces?

Materials and Methods
1. Study areq and colonization experiments

Studies on bacterial surface colonization were done
i Kyunggi bay for 3 times: the {5t experiment was con-
ducted on April 28th, the 2nd on July 18th, and the 3rd
on August 10th in 1995. In April, an experiment was
carried out in a glass container containing ca. 40 1 of sea-
water from Kyunggi bay, and settlements of particles
were prevented by miermittent shaking, The 2ad and 3ed
experiments were made i site in Incheon hatbor, In in
siru experiment, slide holders were tied to a buoy to
maintain a constant (ca. 1 m) depth, Slide holders, which
were made of acryl, could hold up to 10 slides in vertical
position. On the 2nd day of the 3rd experiment, another
set of slide holders was immersed in 1.0 yo filtrate of
seawater in a glass container which was shaken intermat-
tently. To provide surfaces, giass or acryi slides were
wsed. Glass or acryl siides were washed copiously with
10% HC and Milli-Q distilled water. Slide holders with
glides were immersed in a container in laboratory or in
sits for up 1o 6 days. Dupiicate slides or single shide
were removed from slide holders perodically o exam-
ine microscopically. Also, surrounding waters were $am-
pied for measurements of bacteriai abundance, bacterial
production, and bacterial surface characteristics (see
belaw). The recovered slides wete washed gently with
0.2 um filtered seawaler to remove wnattached bacteria,
and put in 0.2 e filtered formalin solution {final conc.
of 2%) to fix bacteriz. The fixed shides were stod I
refrigerator until examination. The slides were stained
with DAPI, and examined under an epifluorescence
microscope (Wolfaardt ef al., 1991), The number of
microscopic fields {area of 6400 1w’} examined were
from 1510 30,

2. Kinetics of colonization

Estimations of bacterial adhesion rates and micro-
colony accurmulaton rates of a particular size were made
on the basis of diszibutions of aftached bacterial num-
bers and microcolony numbers as follows: Numbers of
microcolonies containing unicells or more and numbers
of bacteria in microcolonies of a particular size were

recorded for each siides sampled. Acdhesion rate (A at
time t can be determined from the difference of total
colony numbers at time t. and tdivided by the incuba-
tion time inlerval,

A= (Cor - C¥or - 1,

where C is the total number of microcolonies ¢antaining
unicells or more at time t and Ci is the total nomber of
microcolonies containing unicells or more at time . In
other words, i is the sum of numbers of microcolonies
of untcells (), two-celis {1}, four—cells {C4), eight-cells
{Ce), and sixtesn-cells {Cis) at tme 5. Significant num-
bers of nonexponential colony sizes (e.g.. Ci, Cs, G,
etc.) did occur. We followed the classification of such
colonies according 10 Malone and Caldwell (1983}, In
cur expetimpents lasting for & 4, microcolonies contain-
ing more than 16 cells were not pbserved.  Specific
accumulation rate of a microcolony (.} of 2 particular
size (s) at time 6 can be calculated from the difference
between sum of microcolony. numbers at time t.. and
that at &, where sizes of microcolonies used for the cal-
culations are greater than s. Here, the calculated specific
accumulation raie represents the net result of the micre-
cplony growth and removal rate. The detadled equations
for calculation of the specific accumulation rvate of a
microcolony of a particular size (s) at a given tme (L)
are shown as follows:

fai = (I Ny - In BT - T
Nuowor = [Coi # {Caonr + Caont + Cooor + 000 3= (Crii +
Cly + Cooi + ++ )], &nd N = [Cn]

where (T - T) is an incubation time interval and C. is
the number of microcolony of a particular size(s) at time
ti. Por example, for 5 = 2 the number of microcolony
(0.} at time b 18 Co Hikewise Ca, Con, and G sopre-
sents Ca, Ce. and Cias, respectively.

3. Characterizarion of bacteria and substrate surfaces

Use of n-hexadecane was employed to characterize
bacterial cell surface (Rosenberg ¢t af., 1591} To 10 mi
of seawater samples, 0.8 ml of n-hexadecane was added
and vortexed for 3 min in maximum power. Bacterial
abundance in aqueous phase was measured (Porter and
Feig, 1980) and substracted from total bacterial abun-
danece to calgutate fraction of hydrophobic bacteyia The
use of 0.8 mi n-hexadecane addition fo 10 mi sample
was empirically detecrnined in this study to give optimal
concentration of n-hexadecane (not shown). To measure
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wettability of substrate, aquecus methancl solutions
were used (Gerhart et al., 1992).

4. Other analyses

Bacterial production was measured by "H-thymidine
method (Fuhrman and Azam, 1982) modified by Wicks
and Robarts (1987). Specific growth rates of the bulk-
phase water bacteria were calculated by using data of
bacterial production and abundance. In the calculation of
specific growth rates, exponential growth in bacteria
was assumed. Bacterial abundance were measured
from DAPIl-stained bacteria under an epifluorescence
microscope (Porter and Feig, 1980). Biovoiumes of bac-
teria were measured by the method of Ammerman er ai.
(1984). Temperature was measured with a thermometer.
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Fig. 1. Tima-course changes of (A) bacterial abundance and
microcoiony aumbers, (B) numbers of migrocolony cantaining unicell
(G, two-cells [Ca) and four-cells (C4), (C) adhesion rates, (D) specific
accumulation rates of microcoionies, and (E} bactenal production (BSP),
bacterial abundance, and spacific dacterial growth rates of the bulk-
phase water. Glass surface was used for bacterial colanization.
Experiment was done in a container on April Z8th in 1985 in Kyunggi
bay.

Results

Colonizations of marine natural bacteria on glass and
acryl surfaces for < 6 d were in general in an exponentia]
mode {Figs 1-4A), and sometimes showed saturation
even after 50 h incubation (Fig. 3A). [n one experiment
(Fig. 2A), colonization of bacteria on glass surface was
negligible up to 75 h incubation, but afterwards it was in
an exponential mode. Numbers of total-microcolonies
corresponded to 56-87% (Fig. 2A), 78-89% (Fig. 3A)
and 37-77% of total bacterial numbers (Fig. 4A) after 1
d incubation. Microcolonies containing unicells com-
pnised a dominant fraction (> 553%} of total microcolony
numbers throughout this smdy. Thus, changes of unicell-
micrecelony numbers closely resembled those of total
number of bacteria (Figs 1-4A & 1-4B). Also, unicell-
microcolonies dominated total bacterial counts (> 50%)
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Fig. 2. Time-course changes of {A) bactsrial abundance and
micrgcolony numbers, (B} numbers of microcelony containing unical
(C1), twe-cells {Cs), four-celis {C.), sighl-calls (Cs), and sixtean—cells
{Cw), {C) adhesion rates, {0} specific accumulation rates of
microcolonies, and (E} bacterial abundance and fraction of hydrophobic

tacteria in bacterial community (% of HPC) of the bulk-phase water,
and [F) bactenal production (BSF} and specilic bacténial growth rates of
the buik-phase water. Glass {open symbols} and acryl surfaces (closed
symbols) were used lor bacterial colonization{A to D). Experiment was
commenced i sitv an July 18th in 1985 in Kyunggi bay.
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Fig. 3. Zame as Figure 2. Experiment was commenced i situ on
August 10th in 1995 in Kyunggi bay.
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Fig. 4, Time-course changes of {A) bacterial abundance (&) and
microcalony numbers {#) on acryl surfaca and bacterial abundance of
the bulk-phasa water( w ), (B) numbers of microcolony containing unice
(Ci). two-calls {Cs), four—ceils {Ca, and sight-calls {Ca), (C) adhesion
rates, (D) specific accumulation rates of microcolonies. Experiment was
dong in a container containing 1.0 ;= filtrate of seawater on August 10th
in 1995 in Kyunggi bay.
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in most experiments. Only in two cases, 1.e. 71-95 h
incubation on acryl surface in July (Fig. 2) and after 40 h
incubation on acryl surface in August (Fig. 4), unicell-
microcolonies comprised 31-38% of total bacterial num- -
bers. Our results suggested that adhesion was the major
process in bacterial surface colonization during the early
phase of microbial film formations. Eight-cell micro-
colonies (Cs) were observed when total number of
microcolonies were more than 10X 10° mm* (Figs 2-
4B). Bacterial abundance per mm’ after 6 d incubation
ranged from 4.0 < 1{¥ 10 10.7 x 1 on glass and from
158 x10* to 31.7 X 10® on acryl surface. Numbers of
bacteria ¢colonized on glass surface were 2-8 fold lower
than those on acryl {(Figs 2A & 3A), consistent with the
resuit that glass surface was more hydrophilic than acryl
surface: glass and acryl surfaces showed standardized
harmenic mean of 59 and 285, respectively, by aqueous
methanol solution test. The high density of bacteria on
acryl surface was due to faster adhesion rates on acryl
than on glass surface (see below).

Adhesion rates of bacteria seemed to be quite variable
during the colonization of surfaces (Figs 1-4C).
Apparently, adhesion rates dramatically decreased in
accordance with decreases in total bacterial numbers or
total microcolony aumbers, and increased again with
increases in total bacterial numbers or total microcoiony
numbers (Figs 2-4}. Negative values of adhesion rates
were sometimes cbserved when total microcolony num-
bers substantially decreased (Fig. 2C). Adhesion rates
were faster in most cases on acryl substrata than glass
(Figs 2C & 3C). Adhesion rates on glass surface from all
experiments ranged from negative values (i.e. detach-
ment of bactena) to 162 bacteria mm? h', and those on
acryl from negative values 1o 543 bacteria mm™ h',

Specific accumulation rate of a microcolony of a par-
ticular size also changed during the incubation, and
tended to decrease with time (Figs 1-4D). The specific
accumulation rates among microcolenies of different
sizes at a certain time were not usually similar. Negative
values of specific accumulation rates (i.e. net removal of
bacteria) were observed when total bacterial numbers
decreased substantially.

Mean biovolumes of adhered bacteria on acryl surface
were large (0.31-0.39 @) after | d of immersion and
decreased after 3-6 d to 0.24-0.27 m’, which was still
larger than those of the bulk-phase water bacteria (0.13-
0.24 m?, Fig. 5).
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Fig. 5. Tima-course changes of {A & B) biovolumes of adhered bactena

on acryl surface, and {C & D} biovalumes of bulk-phase water bacteria.

Experiments were commaenced on July 18th (A & C) and August 10th (B
& Dyin 1995,

Specific growth rates of bacteria in surrocunding
waters ranged from 0.02-0.14 h' (Figs LE, 2F & 3F).
Bacterial growth rates in the bulk-phase water were
greater than or comparable to initial accumulation rates
of bacteria on glass surface (Figs 1-3), whereas bacterial
growth rates in the bulk-phase water were slower than or
comparable to initial accumulation rates of bactetia on
acryl. The bacterial growth rates of the bulk-phase water
were not related to adhesion rates of bacteria {not
shown). Neither bacterial abundances nor water temper-
ature did correlate with adhesion rates of bacteria (not
shown). Further, fractions of hydrophebic bacteria in
bacterial community did not show significant correlation
with adhesion rates of bacteria {not shown).
Interestingly, fractions of hydrophebic bacteria in bacter-
1al community showed a significant correlaticn with
bacterial growth rates in the bulk-phase water (r' = 0.80,
p < 001, n = 14) for the 2nd experiment (Fig. 2) and
pooled data (¢ = 0,73, p < 0.01, n = 24) of the 2nd and
3td experiments. Fractions of hydrophobic bacteria
ranged from 0% to 28% and from 22% to 42% in the
2nd experiment and 3rd experiment (Figs 2 & 3),
respectively, indicating that hydrophilic bacteria seemed
to dominate bacterial community in the bulk-phase
water examined.

Discussion

A noteworthy result from this study is that bacterial

surface colonization seems to be dominated by adhesion
of bacteria rather than growth of adhered bacteria on the
surfaces during the early phase (< 6 d) of bacterial sur-
face colonization. With time, growth of adhered bactena
seems o become a significant contributor o coloniza-
tion of surfaces, as indicated by observations that differ-
ences berween numbers of total bacteria and total micro-
colonies started to diverge after 1 d and then remained
relatively constant afterwards (Figs 1-4A). Interestingly,
in the very carly phase {< 1| d) of bacterial surface coio-
nization, adhesion rates seem to keep increasing. This
trend was, especially, clearly observed on acryl surface.
Since we intermittently shook the containers and no con-
tinuously increasing flow conditions were observed dur-
ing the in situ study, the increasing rates of attachment
within 1 d of bacterial colonization could not be due to
increasing hydrodynamic conditions which would
increase the transport of bacteria to sucfaces. The
increased adhesion rates during the very early phase (< |
d) of bacterial surface colonization (Figs. 2-4) suggest
that adhesion of initial colonizers to surfaces increased
attachments of next ¢colenizers {Vandevivere and
Kirchman, 1993). Thus, positive cooperative interactions
among initial colonizers might be responsible for the
increased adhesion of the next colonizers.

Specific accumulation rates of microcolonies changed
widely during the microbial film formations, often with
tnitial increases and subsequent decreses to near zero
rates. This trend in changes of accumulation rates of
microcolonies could be related to nutrient depletion
(Ford et al., 1989; Zheng et al., 1994) or accumulation
of metabolic wastes on surfaces during the development
of microbial films. Numbers of colonized bacteria on
surfaces in our study often showed temporary saturation
after 2-6 d immersion. Although reasons for it are
unclear, the temporary saturation of bacteria for some
periods of incubation seems to widely occurs (Fera e:
al., 1989; Wolfaardt et al., 1991) before bacterial density
increases again, Qur estimates of accumulation rates are
the net results of bacterial growth on the surface and
removel rates of attached bacteria. Thus, with measure-
menis of in situ bacterial growth (e.g. "H-thymidine
incorporation method) in microbial films we might esti-
mate removal rates of bacteria from the surface. Growth
rates of adhered bacteria were not measured in this
study, but bicvolumes of attached bacteria were always
greater than those of the bulk-phase water bacteria (Fig.
5). Recently, Gasol er al. (1993) reported that large bac-
teria were more active and grew faster than small bacte-
ria. It seemed thus that adhered bacteria would maintain
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active growth and metabolisms during the development
of microbial films in this study.

Quantitative studies on adhesion and accumulation
rates of naiural marine bacteria are not many. Adhesion
rates of 20-800 bacteria mm™ h' were reported for alu-
minium, stainless steel and polycarbonate filier surfaces
for the first 1 h of incubation in seawater (Fera et af.,
1989). Zheng er al. (1994) reported attachment rates of
ca. 50-140 bacteria mm? h' to Pyrex surface. Qur adhe-
sion rates of bacteria to acryl surface for the first 1 d
immersion ranged from negligible to 543 bacteria mm?
h', and are comparable to the reported ranges. Areal
density of bacteria on aluminium plate submerged in a
seawater flow system was ¢a. [ X 10" bacteria mm? at 3
d and 1 x 10° bacteria mm* after 6 d, respectively (Fera
et al., 1989). In a study using a two-stage continuous
culture, Zheng er al. (1994) showed that natiral marine
bacteria could accumulate on Pyrex surfaces ca. 1-16 x
10? bacteria mm” at 0.5 d depending on !aminar flow
rates. Areal density of bacteria on metals {(copper alloys,
titanium and stainless steel) exposed in an Arctic river
for 3 d and 6 d showed ranges of 1-4 x 10® bacteria mm*
and 4-11 x 1(¥ bacteria mm*, respectively (Ford et al.,
1939). In Woods Hole harbor a minimum estirnate of 1.2
x 10* bacteria mm~” on glass was observed in summer
after 168 h immersion by scanning electron microscopy
{Dexter et al., 1975). Our results of areal bacteria densi-
ty (4-10.7 @ 10 and 15.8-46.4 x 1(¥ bacteria mm™ after 6
d on glass and acryl surface. respectively) are generally
within the ranges reported for natural bacteria colonized
on diverse substrates. A huge difference between aurs
and Woods Hole harbor samples might be in part due to
more ewtrophic conditions in the latter. Adhesion rates
changed obviously in a close relation with changes of
total bacteria (or microcolony) numbers on the surfaces
during the early (< 6 d) development of microbial film
formations in our study. Adhesion rates did not either
correlate with bacterial abundance, or bacterial growth
rates of the bulk-phase water. Zheng er af. (1994) sug-
gested that variation of bacteria] abundance from 1.7 x
10° 10 8.5 X 10° bacteria ml" did not cause significant
effects on variations of attachment rates, Bacterial
growth rates of the bulk-phase water might be related 1o
bacterial cell surface characteristics as shown in this
study, but bacterial surface hydrophobicity did not seem
to be related to attachment rates. This suggests that
substratum-surface properties might change with time
during microbial film formations, and dynamic interac-
tions of substrate surface's properties and bacterial sur-
face characteristics would determine the attachment

rates of bacteria for a given moment. A recent study
showed that most isolates of adhered bacteria were
hydrophilic (Sonak and Bhosle, 1995). Especially, for
the Ist day of immersion 78% of bacterial isolates were
hydrophilic {Sonak and Bhosie, 1995). Since hydrophilic
bacteria were dominant in the bulk-phase water, it might
be possible that cooperative interactions among
hydrophilic initial colonizers during the very early phase
of colonization might contribute to surface hydrophilici-
ty.

Interestingly, fractions of hydrophobic bacteria in bac-
teriai community showed significant relationships with
growth rates of bacteria in the bulk-phase water. This
informaticn is new as far as we know. [t seems that frac-
tion of hydrophobic bacteria in bacterial community
increases when bacterial community grows faster. But,
we should note that majority of bacterial community was
composed of hydrophilic bacteria in this study. Since
hydrophobicity is thought to be involved to bacterial
attachment (Van Loosdrecht et al., 1990; Rosenberg et
al, 1991) and survival advantage of starved bacteria
(Kjelleberg and Hermansson, 1984), relative increases of
hydrophobic bacteria in growing bacterial community
rather surprising. QOligotrophic bacteria are reported to
be more adhering to surfaces than copiotrophic bacteria
(Kjelleberg ef al., 1985). Possibly, growth conditions of
seawater in this study might favored growths of
hydrophobic and oligotrophic bacteria. Further studies
on hydrophobicity of growing marine natural bacteria
needs to be made. Also, microbial ecological aspects of
surface colonization by natural microbes, i.¢. microbiai
interactions, exoenzyme activities, material cycles and
energy flow in microbial films are deserved to future
studies {Denyer et al, 1993; Melo, 1992; Freeman and
Lack, 1995) to understand the processes of and regulate
the formaticons of biofouling,
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