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Growth of the chitin-degrading marine bacterium S91 on solid surfaces under oligotrophic conditions was
accompanied by the displacement of a large fraction of the surface-derived bacterial production into the flow-
ing bulk aqueous phase, irrespective of the value of the surface as a nutrient source. Over a 200-h period of
surface colonization, 97 and 75% of the bacterial biomass generated on biodegradable chitin and a nonnutri-
tional silicon surface, respectively, detached to become part of the free-living population in the bulk aqueous
phase. Specific surface-associated growth rates that included the cells that subsequently detached from the
substrata varied depending on the nutritional value of the substratum and during the period of surface col-
onization. Specific growth rates of 3.79 and 2.83 day21 were obtained when cells first began to proliferate on
a pure chitin film and a silicon surface, respectively. Later, when cell densities on the surface and detached
cells as CFU in the bulk aqueous phase achieved a quasi-steady state, specific growth rates decreased to 1.08
and 0.79 day21 on the chitin and silicon surfaces, respectively. Virtually all of the cells that detached from
either the chitin or the silicon surfaces and the majority of cells associated with the chitin surface over the
200-h period of surface colonization displayed no detectable expression of the chitin-degrading genes chiA and
chiB. Cells displaying high levels of chiA-chiB expression were detected only on the chitin surface and then only
clustered in discrete areas of the surface. Surface-associated, differential gene expression and displacement of
bacterial production from surfaces represent adaptations at the population level that promote efficient utili-
zation of limited resources and dispersal of progeny to maximize access to new sources of energy and main-
tenance of the population.

In the marine environment, hydrolysis of particulate organic
matter (POM) to low-molecular-weight dissolved organic mat-
ter (DOM) is mediated primarily by ectohydrolytic enzymes
produced by particle-associated bacteria (25). While some of
the DOM derived from POM hydrolysis is respired as CO2, a
portion is used for new bacterial production (BP) (53). It has
also been hypothesized that a significant portion of the DOM
derived from enzymatic attack of POM by POM-associated
bacteria supports maintenance and reproduction of free-living
bacteria in the pelagic marine environment (3, 9). In fact,
POM-associated bacteria are thought to provide more DOM
for production of the free-living bacterial populations than for
production of POM-associated populations (4, 20, 45, 51).
However, detachment of POM-derived cells could lead to
overestimation of dissolved organic carbon-derived, free-living
BP. Jacobsen and Azam (23) reported that bacteria associated
with copepod fecal pellets were displaced into the surrounding
water during fecal pellet degradation. While these researchers
recognized the potential importance of detachment as a pro-
cess that contributes to free-living BP, the magnitude of this
process is currently unknown for the pelagic marine environ-
ment.

In the pelagic marine environment, bacterial degradation of
detrital POM is carried out under conditions of constant flow
as the detrital POM sinks through the water column (1). The
DOM generated by ectoenzymatic attack of POM that is dis-

placed into the surrounding seawater is quickly diluted as a
result of particle sinking. Thus, free-living bacteria in the bulk
seawater are likely to encounter this DOM at much lower
concentrations than are cells that remain associated with the
POM surface. The extent to which this influences bacterial
growth and production in these different compartments of the
water column is not clearly understood.

In order to gain a better understanding of the relative im-
portance of free-living and particle-associated populations to
total BP and how particle-associated BP changes during POM
degradation, it is necessary to determine the extent of bacterial
detachment from POM during the degradation process. Bac-
terial cells produced on POM that subsequently detach and
become part of the free-living population must be distin-
guished from BP contributed by the free-living bacterial pop-
ulation growing on the POM-derived DOM displaced into the
bulk aqueous phase.

In this investigation, solid chitin, an important form of POM
in the pelagic marine environment (18), was used as the pri-
mary source of carbon, nitrogen, and energy in a system
designed to study particle-associated BP. Chitin is a high-
molecular-weight biopolymer of b-1,4-linked N-acetyl-D-glu-
cosamine and is utilized by organisms that produce extracellu-
lar chitinase enzymes. Bacteria are the principal mediators of
chitin degradation (18), and since chitin is an insoluble
biopolymer, the bacterial populations that contribute to the
dissolution of this material are primarily surface associated.
The chitin-degrading marine bacterium Pseudoalteromonas
strain S91 was employed in this study to determine surface-
associated BP from chitin degradation. In order to determine
which cells were involved in chitin degradation, a strain of S91
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that produces green fluorescent protein (GFP) when chitin-
degrading genes are expressed was used (6). This approach
permitted the determination of POM-associated BP and the
fate of the surface-associated bacterial population during the
degradation of chitin. It also permitted the establishment of
the relationship between BP and chitinase gene expression
within the surface-associated cell population.

MATERIALS AND METHODS

Bacterial strains and media. The study employed Pseudoalteromonas sp. strain
S91, which was constructed to report the expression of chitinase genes through
fluorescence from GFP during the degradation of solid chitin. Strain S91 was
derived from the wild-type strain S9, described previously (22). Strain S91 con-
tained the pDSK519 plasmid carrying a complete chitinase gene (chiA) and a
truncated chitin binding gene (chiB) interrupted by the insertion of a functional
copy of the GFP gene (gfp) (26). In this configuration, the gfp gene is under the
control of both the chiA and chiB promoters. A set of fully functional chiA-chiB
genes resides on the chromosome (47, 48, 49). The plasmid confers kanamycin
resistance on strain S91, which is otherwise resistant to streptomycin.

Bacterial cultivation. Cultures of S91 were prepared as described previously
(6). Cells were cultured in defined seawater solution containing N-acetyl-b-D-
glucosamine (GlcNAc) as the sole carbon, nitrogen, and energy source when
up-expression of genes involved in chitin degradation was desired (6). Starved-
cell suspensions were prepared from glutamate-grown cultures (6). CFU were
monitored daily during the 400-h starvation period by plate counts on MB2216
agar (Difco, Detroit, Mich.) after incubation of plates for 24 h at 20°C.

Substratum preparation. Thin films of pure chitin served as the only added
sources of carbon, nitrogen, and energy during chitin degradation. Silicon cou-
pons, 1 by 1 cm square and 1.5 mm thick (Harrick Scientific, Ossining, N.Y.),
were used as nonnutritional controls. The methods used in the preparation of
pure chitin thin films were adapted from previously published methods for
spin-casting chitin films from chitosan solutions (5, 6, 38, 40). Details of prepa-
ration and characteristics of the chitin thin films used in this study are described
elsewhere (6). The pen from a Loligo species of squid was used as a substratum
in studies to compare the behavior of bacterial cells on chitin thin films with the
behavior of cells on a natural form of chitin. Squid pen chitin consists of ap-
proximately 40% chitin and 60% protein (19). Squid pens were dissected and
stored at 240°C. Prior to use, the squid pens were sterilized by autoclaving in
defined seawater solution, cut into 1- by 1-cm squares, and rinsed in 70% ethanol
before use.

Laminar flow cell (LFC) preparation. An LFC was used to observe bacterial
attachment, reproduction, and detachment during chitin degradation during
exposure to constantly flowing defined seawater solution as described previously
(6). Three separate LFCs were used to monitor surface-associated bacterial
activity. The first LFC contained two silicon coupons with spun-cast chitin thin
films prepared as described previously (6). This LFC was used to evaluate
bacterial activity during the degradation of pure chitin. The second LFC con-
tained two clean silicon coupons, which served as nonnutritional control surfaces.
The third LFC contained two 1-cm2 strips of natural squid pen chitin in place of
the silicon coupons. The LFCs were set up as previously described (6). The strict
cleaning procedure described previously (6) was used for all containers and
surfaces to which the bulk aqueous phase was exposed in order to minimize the
introduction of chemical contaminants that might support bacterial growth.

LFC operation. The LFCs containing the bare silicon and chitin-coated silicon
coupons were inoculated with the 400-h, starved-cell suspension (3.2 3 106 CFU
ml21) from the continuously stirred tank reactor (CSTR) to promote bacterial
colonization of the coupon surfaces as described previously (6). A second 400-h
starved-cell suspension (2.3 3 106 CFU ml21) in another CSTR was used to
inoculate the LFC containing squid pen chitin. All three LFCs were inoculated
for a period of 1 h at a flow rate of 0.5 ml min21. After inoculation, the LFCs
were fed sterile defined seawater solution containing kanamycin and streptomy-
cin but no added carbon, nitrogen, or energy sources equilibrated to 18°C at a
continuous flow rate of 0.5 ml min21 for an additional 199 h as described
previously (6). This flow rate mimics the conditions at the surface of a particle
that is sinking through the water column of the ocean (1). At this flow rate, the
residence time of the aqueous phase in the LFC was 55 s. Since this residence
time is much less than the generation time of S91, growth of free-living cells in
the bulk aqueous phase during the time that it passed through the LFC was
insignificant.

Flow cell hydrodynamics. The average fluid velocity and Reynolds number
(Re) experienced by the attached bacteria were calculated from the fluid flow
rate and LFC geometry. Re was calculated based on the relationship described
in equation 1,

Re 5 SDe z V z r

m D (1)

where De is a characteristic length that depends on the system geometry, V is the
fluid velocity, r is the density of the fluid, and m is the absolute viscosity (31). De
was calculated based on the equation for a full-flowing rectangular conduit in

cross section. The density and kinematic viscosity of the defined seawater solu-
tion were used to calculate the absolute viscosity (m) using equation 2,

m 5 ~0.01 z n z r! (2)

where n is the kinematic viscosity in centipoise and r is the density in grams per
cubic centimeter (55).

The shear stress at the point of cell attachment was calculated using the equa-
tion for parabolic flow velocity between two plates as described by equation 3,

v 5 Vmax F1 2 S x
yD

2G (3)

where x is the distance from the centerline of the flow cell in centimeters and y
is 1/2 the flow channel height in centimeters (43). The shear stress (t) was cal-
culated by substituting equation 3 into equation 4 and solving to yield equation 5.

t 5 2m z
dv
dx

(4)

t 5 2m z Vmax

x
y2 (5)

The units were converted to piconewtons per square micrometer and represent
the shear stress at the surface of the silicon and chitin coupons in the LFCs.

Microscopy and image analysis. Images of total S91 cells associated with the
pure chitin and silicon surfaces were obtained every 10 min during the 1-h
inoculation of the LFCs; 1, 2, 3, 5, 7, and 11 h after switching to sterile defined
seawater solution; and every 12 h thereafter for the remainder of the 200-h
experiment using reflected differential interference contrast (DIC) microscopy as
described previously (6). Images of GFP-fluorescing, surface-associated cells
up-expressed for chiA-chiB genes were obtained by epifluorescence microscopy
for the same field of view used to image total cells by DIC as described previously
(6). To compare relative fluorescence intensities (RFIs) of cells in different
images, all images obtained by epifluorescence microscopy were captured at an
exposure of 6 s using a gain of 4 and analyzed with Image-Pro Plus software
(Media Cybernetics, Silver Spring, Md.). The only image manipulation per-
formed on the DIC images was a background correction and in a few cases minor
adjustment of the gray-scale contrast. No image manipulations were performed
on the epifluorescence images. The software was used to count individual cells in
all images using manually adjusted threshold values for each individual image.
The intensity of GFP fluorescence was measured using Image-Pro Plus software
by measuring the relative luminosity of chiA-chiB-gfp-expressing cells in each
image. A minimum of six random fields (n 5 6) on both coupons in each flow cell
were imaged using both DIC and epifluorescence microscopy for every time
point. Total surface-associated cell density, percentages of total cells up-ex-
pressed for chiA-chiB-gfp, and luminosity of cells up-expressed for chiA-chiB-gfp
are presented as means 6 standard deviations.

Detachment rate. The rate of detachment of surface-derived bacterial cells was
determined from the number of CFU recovered from 2 to 5 ml of effluent
collected from the LFCs over a 4- to 10-min period at times over the 200-h period
of surface colonization when microscopic images were obtained for the surface
population. CFU were determined as described above for the starved-cell sus-
pension. The rate of cell detachment at each sampling time was calculated as
described by equation 6,

CFU min21 5 ~Ne!t 5 n ~Vt 5 n 2 1!/tn 2 1 (6)

where (Ne)t 5 n is the CFU per milliliter of effluent at sampling time n, Vt 5 n 2 1 is
the volume in milliliters passing through the LFC since the previous sampling
time n 2 1, and tn 2 1 is the time in minutes elapsed since the previous sampling
time n 2 1. The percentage of the total surface-derived bacteria that detached
following LFC inoculation was determined at various times postinoculation by
equation 7,

% D 5 ~Ne!t 5 n ~Vt 5 n 2 1!/@Ns! 1 S~Ne!t 5 n ~Vt 5 n 2 1!] 3 100 (7)

where Ns is the number of cells on the surface and all other terms are defined as
in equation 6 above. Since detached cells were enumerated by CFU instead of
total direct counts, moribund and viable but nonculturable cells in the detached
population were not taken into account in the detachment rate calculation.
Therefore, the detachment rates calculated from the data represent a minimum
surface-associated bacterial detachment rate and are referred to as such.

Growth of bacterial cells in the bulk aqueous phase. The extent to which
DOM, released by the surface-associated bacterial population, supported growth
of cells in the bulk aqueous phase after detachment from the chitin surface was
determined during chitin degradation. Effluent (5 to 10 ml) from the chitin LFC
was sampled at 50, 65, 78, 90, 102, 114, 126, 138, and 150 h postinoculation. Net
growth of the free-living population on surface-derived DOM present in each
sample was determined from plate counts obtained after further sample incuba-
tion in batch for 0, 24, 48, and 72 h at 20°C. CFU were determined as described
above for the starved-cell suspension. The effluent of LFCs containing bare
silicon coupons in place of the chitin-coated coupons was monitored for CFU to

VOL. 66, 2000 BACTERIAL FATE DURING CHITIN DEGRADATION 3575



account for any growth derived from sources of DOM other than chitin degra-
dation products.

Flow cytometric analysis. The level of chiA-chiB expression by cells that
detached from the surfaces over time was quantified by flow cytometric analysis
using a Becton Dickinson FACSCalibur as previously described (6). Detached
cells were partitioned on the basis of their RFI into one of three levels of
chiA-chiB expression; no expression (1 to 10 RFI units), low-level expression (10
to 100 RFI units), and high-level expression (30 to 300 RFI units). There was
some overlap in the fluorescence intensity histograms between the low and high
levels of expression. These ranges were chosen to capture all of the cells asso-
ciated with these subpopulations.

Surface-associated bacterial growth rate. The growth rate of bacteria on the
surfaces was calculated for two time intervals during chitin degradation. One
interval (20 and 70 h postinoculation) coincided with the time of initial prolif-
eration of bacteria on the surface. The other interval (100 and 200 h postinocu-
lation) coincided with the time over which surface-associated bacterial cell den-
sities and cell detachment rates remained fairly constant. The specific growth
rate, k, was calculated over each of these time intervals from the increase in total
surface-associated bacteria over that time interval plus the sum of the CFU
obtained from all samples of LFC effluent collected during the same time inter-
val. Specific growth rates associated with the squid pen chitin surface could not
be determined, as surface-associated cells could not be accurately enumerated
due to excessive surface roughness and autofluorescence of the natural chitin
substratum. Since detached cells were enumerated by CFU instead of total direct
counts, the growth rates calculated from the data, like the detachment rates
described above, represent a minimum surface-associated bacterial specific
growth rate and are referred to as such.

Bacterial biomass calculation. Cell biomass (milligrams of C cell21) was
estimated from surface-associated cells in images of chitin and silicon surfaces
and from detached cells collected on polycarbonate membranes (0.2-mm pore
size; Nuclepore) following filtration of the LFC effluent. Images were captured
with a Photometrics Imagepoint cooled charge-coupled device camera (Photo-
metrics, Tucson, Ariz.), acquired at a magnification of 31,000, and resolved with
32 bits of memory per pixel. The length and width of 40 randomly chosen
bacteria in each of five captured images (n 5 200) of the surface-associated
bacterial population were obtained for this population of cells using Image-Pro
Plus software (Media Cybernetics). The length and width of detached bacteria
recovered on the polycarbonate membranes were obtained in a similar manner.
The volume of cells of the surface-associated and detached populations was
calculated from cell dimensions obtained from each population using equation 8,

v 5 Sw2 z
p

4D z ~l 2 w! 1 Sp z
w3

6 D (8)

where v is cell volume and l and w are cell length and width, respectively (13). A
mean cell volume 6 1 standard deviation was then calculated for the surface-
associated and detached cell populations. Mean cell volume was then converted
to mean cell carbon using equation 9,

C 5 0.12 z V 0.72 (9)

where V is the volume in cubic micrometers and C is in picograms of carbon per
cell (36). Total surface-associated bacterial biomass was calculated by multiply-
ing the mean carbon content of a surface-associated cell by the number of total
surface-associated cells present at the end of the 200-h experiment. Total bio-
mass of the detached bacterial population was calculated by multiplying the
mean carbon content of the detached cell population by the total CFU present
in the entire volume of LFC effluent discharged from the LFC over the 200-h
experiment. Total surface-derived bacterial biomass was calculated as the sum of
the total surface-associated and total detached bacterial biomass. Since detached
cells were enumerated by CFU instead of total direct counts, the total detached
bacterial biomass and total surface-derived bacterial biomass calculated from the
data represent minimum values and are referred to as such.

BP. BP by the surface-associated population on the 2-cm2 coupon surface area
in the LFCs was calculated from the total surface-derived cell biomass produced
over the 200-h experiment. This area-based production value (milligrams of C
per square centimeter per hour) was converted to the more commonly encoun-
tered volume-based production value (milligrams of C per cubic meter per day)
by replacing the area over which surface-derived cell biomass was generated with
the volume of the bulk aqueous phase that passed through the LFCs over the
200-h experiment. Since detached cells were enumerated by CFU instead of total
direct counts, the total detached BP and total surface-derived BP calculated from
the data represent minimum values and are referred to as such.

RESULTS

Characteristics of starved population of S91. A culture of
S91 suspended in defined seawater solution containing no
added organic carbon, nitrogen, or energy sources in a CSTR
achieved a stable cell density of 4 3 106 CFU ml21 between
170 and 400 h of starvation (data not shown). During this time,

the cells decreased in size and transformed from rods to coc-
coid forms. Cells of S91 displayed no detectable GFP fluores-
cence and hence no detectable chiA-chiB expression at any
time during the 400-h period of starvation, based on epifluo-
rescence microscopic examination of cells recovered from the
starvation medium. Flow cytometric analysis of the starved-cell
suspension revealed a distribution of RFIs among cells in the
population that was similar to that displayed by a glutamate-
grown culture of S91 (Fig. 1). In contrast, cells cultured in
GlcNAc-containing medium displayed a range of RFIs that
were approximately an order of magnitude higher than those
of starved-cell suspension or glutamate-grown cultures (Fig. 1).

Surface colonization. Prior to exposure to the starved-cell
suspension, the surface of the chitin thin film was optically
smooth and nonfluorescent (Fig. 2a and b). Both the chitin and
silicon surfaces were rapidly colonized upon exposure to a
flowing suspension of starved cells, accumulating 7.4 3 105 and
5.6 3 105 cells cm22, respectively, within a 1-h period (Fig. 3).
On the chitin surface, cell densities achieved a plateau at 7.1 3
106 cells cm22 after 80 to 100 h, while on the silicon surface,
they achieved a plateau at 2.2 3 106 cells cm22 after 120 h.
These results demonstrate that the chitin surface supplied es-
sential nutrients for attached cell growth and replication that
were not available on the silicon surface. However, cells that
attached to the nonnutritional silicon surface were still able to
grow and replicate, presumably utilizing the trace amounts of
nutrients present as contaminants in the sterile defined seawa-
ter solution that flowed continuously across the coupon sur-
face.

Chitinase gene expression of surface-associated bacteria.
Upon initial attachment to the chitin or silicon surfaces, cells
displayed no GFP fluorescence, indicating that detectable up-

FIG. 1. Histograms of RFI from GFP reporting expression of chiA-chiB
genes in a population of S91 cells starved for 400 h in defined seawater solution
(a), growing as a batch culture in defined seawater solution supplemented with
glutamate (b), growing as a batch culture in defined seawater solution supple-
mented with GlcNAc (c), recovered in the effluent from the LFC containing
silicon surfaces 96.5 h postinoculation (d), recovered in the effluent from the
LFC containing pure chitin surfaces 96.5 h postinoculation (e), and recovered in
the effluent from the LFC containing pure chitin surfaces 200 h postinoculation
(f). Each histogram is based on evaluation of 5 3 105 cells.
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FIG. 2. DIC (left panels) and epifluorescence (right panels) photomicrographs of clean, sterile chitin thin film surface (a and b), silicon surface 96.5 h postinocu-
lation (c and d), pure chitin surface 96.5 h postinoculation (e and f), and pure chitin surface 200 h postinoculation (g and h).
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expression of the chiA-chiB genes was not required for initial
adhesion of cells to the substratum. However, some cells on the
chitin and silicon surfaces displayed GFP fluorescence 7 and
21 h postinoculation, respectively (Fig. 4a). The population of
cells up-expressed for chiA-chiB on the silicon surface dis-
played a mean relative luminosity from GFP fluorescence of
28.6 6 2.6 for the duration of the 200-h study (Fig. 4b). Over
most areas of the chitin surface, cells that were up-expressed
for chiA-chiB displayed a mean relative luminosity from GFP
fluorescence of 35.9 6 0.8 (Fig. 4b). The level of chiA-chiB
expression among cells associated with most areas of the chitin
surface is difficult to distinguish from that of cells expressing
these genes on the silicon surface (Fig. 2c through f). This
range of relative luminosity will be equated with low-level
chiA-chiB expression.

Beginning at 60 h postinoculation, some areas of the chitin
surface display clusters of cells with higher relative luminosity
than those described above (Fig. 2g and h), averaging 117.5 6
9.5 between 80 and 200 h postinoculation (Fig. 4b). Ninety-
three percent of the cells in these clusters displayed this high
relative luminosity (Fig. 4a). Thus, expression of chiA-chiB was
significantly higher in cells in these clusters than in cells asso-
ciated with the silicon surface or other areas of the chitin
surface. This higher relative luminosity will be equated with
high-level chiA-chiB expression. The density of cells in areas of
the chitin surface where high-level expression occurred was not
significantly different from that in surrounding areas of the
surface where low-level expression was observed (Fig. 2g and
h). At 96.5 h postinoculation, 37% of the total cells on the
chitin surface expressed chiA-chiB at one of these levels, while
60% of the total cells on the silicon surface displayed low-level
chiA-chiB expression (Fig. 4a). At no time during the 200-h
study did any cells associated with the silicon surface display
the high-level expression seen in clusters on the pure chitin
surface. Thus, three subpopulations of cells were resolved on
the chitin surface, based on levels of expression of chiA-chiB
genes: one subpopulation that displayed no detectable ex-

pression, a second displaying low-level expression, and a
third displaying a high level of expression. In contrast, only
two subpopulations were resolved on the silicon surface based
on levels of chiA-chiB expression; one subpopulation display-
ing no detectable expression and a second displaying low-level
expression.

Clusters of cells displaying high-level expression varied in
size from 308 to 49,125 mm2; the mean area of these clusters
was 4,845 mm2. At the end of the 200-h experiment, clusters of
cells displaying high-level expression covered approximately
20% of the total surface area of the chitin coupons. In a
replicate experiment, the clusters of cells displaying high-level
expression covered approximately 16% of the total surface
area of the chitin coupons.

Detachment. Rates of cell detachment from the pure chitin
film, natural squid pen, and silicon surfaces, based on CFU
recovered in LFC effluent, varied over the period of surface
colonization. Cells of S91 detached from the pure chitin films
and natural squid pen chitin surfaces at similar rates over the
duration of the 200-h experiment (Fig. 5a). Detachment rates
were lower on the silicon surface than on the chitin surfaces,
however. Detachment rates on the pure chitin surface dis-
played the greatest increase during the time at which the cells
accumulated most rapidly on that surface. The highest cell
detachment rate was observed at 130 h postinoculation on all
three surfaces (Fig. 5a). The detachment rate from the natural
squid pen chitin and silicon surfaces remained at the maximum
value for the remainder of the 200-h experiment, whereas the
rate of cell detachment from the pure chitin film fluctuated
over the 130- to 200-h interval (Fig. 5a). The detachment rates
reported here likely underestimate the actual detachment rates
since bacterial density determinations based on CFU did not
take into account those cells that became moribund or non-
culturable under the conditions employed in this study follow-
ing detachment.

Within 7 h of LFC inoculation, the percentage of surface-
generated cells that detached from either the chitin or the

FIG. 3. Total cell densities on silicon surface (E), in areas of a pure chitin surface lacking clusters of cells displaying high-level chiA-chiB expression (F), and in
areas of a pure chitin surface within clusters of cells displaying high-level chiA-chiB expression (�) following inoculation of LFCs with starved-cell suspension (vertical
dashed line). Vertical solid bars represent 1 standard deviation around the mean (n 5 6 for each data point).
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silicon surfaces and were recovered as CFU in the bulk aque-
ous phase exceeded that which remained on the surface (Fig.
5b). No aggregation of cells was observed in effluent samples.
The percentage of the total surface-generated cells that de-
tached from the natural squid pen chitin surface could not be
calculated, since the cells that remained associated with the
surface could not be resolved. At 130 h postinoculation, 97.3
and 87.1% of the total cells generated on the pure chitin and
silicon surfaces, respectively, had detached into the bulk aque-
ous phase (Fig. 5b). These percentages represent a minimum
since not all the cells that detached were likely to have pro-
duced a CFU. Thus, the vast majority of surface-derived cells,
regardless of the nutritional value of the surface, were dis-
placed from the surface into the bulk aqueous phase over the
200-h experiment.

chiA-chiB gene expression in detached cells. Flow cytometric
analysis of effluent samples from both the silicon and pure

chitin surfaces revealed that the population of detached cells
displayed a range of RFIs from GFP fluorescence that was
approximately the same as that observed for starved cells and
cells cultured on glutamate, indicating that they were not ex-
pressing chiA-chiB (Fig. 1). The vast majority of cells that
detached from either the pure chitin or the silicon surface over
the entire 200-h period of surface colonization were down-
expressed for chiA-chiB (Fig. 6). Some cells displaced from the
pure chitin surface after 170 h of surface colonization dis-
played a higher level of fluorescence than those cells displaced
from the surface at earlier times, suggesting a higher level of
chiA-chiB gene expression (Fig. 1f). The appearance of cells
displaying the higher level of fluorescence in the effluent of the
chitin LFC after 170 h, coincided with an apparent deteriora-
tion and sloughing of portions of the pure chitin thin film from
the coupon surface, presumably related to the biodegradation
process. Thus, cells displaying the higher level of chiA-chiB

FIG. 4. (a) Percentage of total surface-associated cells up-expressed for chiA-chiB on a silicon surface (E) and on the pure chitin surface in areas outside clusters
of cells displaying high-level expression (F) and within clusters of cells displaying high-level expression (�). (b) Relative luminosity of cells displaying different levels
of chiA-chiB gene expression. The vertical dashed line identifies the time at which the feed to the LFCs was switched from the starved-cell suspension to the sterile
defined seawater solution. Vertical solid bars represent 1 standard deviation around the mean (n 5 6 for each data point).

VOL. 66, 2000 BACTERIAL FATE DURING CHITIN DEGRADATION 3579



expression that were detected in the LFC effluent after 170 h
may have been displaced into the bulk aqueous phase with
portions of the chitin thin film that sloughed from the silicon
substratum, and not part of the population that detached from
the intact chitin thin film.

Growth rates of surface-derived cells. Taking into account
the cells that detached from the surface based on CFU recov-
ered in the effluent of the LFCs, as well as those that remained
on the surface, a specific growth rate was calculated for the
cells of the surface-derived populations over two different time
intervals. Specific growth rates of 3.79 and 2.83 day21 were
obtained for cells generated on the pure chitin film and silicon
surfaces, respectively, over the interval of 21 to 70 h postin-
oculation when cells first began to proliferate on these sur-
faces. Over the interval of 100 to 200 h postinoculation, when
the density of the cells on the surfaces and CFU in the effluents
had reached a steady state, specific growth rates decreased to
1.08 and 0.79 day21 for cells generated on the pure chitin and

silicon surfaces, respectively. These specific growth rates rep-
resent minimum values since CFU did not likely account for all
the cells that detached from the surfaces. Specific growth rates
could not be determined for the cells generated on natural
squid pen chitin since surface roughness and autofluorescence
precluded resolution and enumeration of single cells on this
surface.

Biomass of surface-associated and detached cells. At 200 h
postinoculation, the mean volume and carbon content of cells
that had accumulated on the pure chitin and silicon surfaces
were 2.07 6 0.15 mm3 (n 5 40) and 2.03 3 10210 mg of C
cell21, respectively. By comparison, the mean cell volume
(1.01 6 0.09 mm3, n 5 50) and carbon content (1.21 3 10210

mg of C cell21) of bacteria that had detached from these
surfaces were significantly less than those of the population of
cells that remained associated with the surfaces. Comparing
the biomass contributed by the cells that remained associated
with the chitin (3.0 mg of C) and silicon (1.1 mg of C) surfaces

FIG. 5. (a) Contribution of CFU in the LFC effluents by surface-derived cells that detached from the chitin (F), silicon (E), and natural squid pen chitin (})
surfaces. (b) Percentage of the total surface-derived population at different times of surface colonization that detached from the chitin (F) and silicon (E) surfaces.
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at the end of the 200-h experiment to that contributed by the
cells as CFU that had detached from the chitin (92.2 mg of C)
and silicon (3.2 mg of C) surfaces over the 200-h experiment
indicates that the detached cell population contributed the
bulk of the surface-generated bacterial biomass in the system.
This conclusion holds in spite of the smaller cell size and
underestimation of total detached cells by the CFU enumera-
tion method.

BP. BP was determined on the basis of (i) cell biomass that
remained associated with the chitin thin film and silicon sur-
faces at the end of the 200-h experiment, (ii) cell biomass that
had detached from the surfaces over the duration of the 200-h
experiment, and (iii) the combined biomass of cells that re-
mained associated with the surfaces after 200 h and the cells
that detached from the surfaces over the 200-h experiment
(Table 1). The 55.3-s residence time of the bulk aqueous phase
flowing through the LFCs was much less than the generation
time of S91. Therefore, BP contributed by the detached cells,
during the short time that they resided in the LFCs as a free-
living population, was insignificant compared to the BP coming
off the surface during that time.

While surface-retained BP on the chitin surface was nearly
three times that on the silicon surface, surface-derived BP that
detached from the chitin surface was nearly 30 times the BP
that detached from the silicon surface (Table 1). Interestingly,

BP that detached from the natural squid pen chitin was over
twice that which had detached from the pure chitin film. Total
chitin thin film-derived BP was 22 times the total silicon sur-
face-derived BP after the 200-h incubation (Table 1). The total
surface-derived and detached BP values for both chitin and
silicon surfaces represent conservative estimates since they do
not include that portion of the BP that had detached but failed
to form a CFU. A minimum of 96.8 and 75% of the total
surface-derived BP from the chitin and silicon surfaces, respec-
tively, was displaced into the bulk seawater solution. Thus,
irrespective of the nutritional value of the surface, and despite
the conservative estimate of the number of cells that detached
from the surfaces, the majority of the BP produced on the sur-
faces was displaced into the surrounding bulk aqueous phase.

BP by free-living cell population. Once the cells detached
from the chitin or silicon surface and became part of the
free-living population, they did not contribute detectable BP in
the effluent based on CFU recovered over a 72-h period fol-
lowing detachment. In fact, incubation of this population of
cells in the seawater solution in which they were displaced
resulted in a reduction in CFU over time (Fig. 7). A reduction
in CFU was observed in effluents collected at every sampling
period from 0 to 150 h postinoculation (Fig. 7). The decrease
in CFU in the LFC effluents over the 72-h period following
surface detachment resembled the decrease in CFU during the
early stages of starvation of the LFC inoculum following re-
suspension of a glutamate-grown culture of S91 in defined
seawater solution (Fig. 7).

Hydrodynamic conditions. The 0.5-ml min21 flow rate of the
defined seawater solution through each LFC during the sur-
face-associated cell growth and detachment corresponded to a
fluid flow velocity of 75 m day21. When crystal violet was
injected into the LFCs at this flow rate, it moved in a plug flow
manner with a Re of 1.30, suggesting laminar flow of the
aqueous phase across the coupons. The shear stress experi-
enced by the bacteria at the surface under these conditions was
equivalent to 0.004 pN of force mm22.

DISCUSSION

The cell density and cell morphology of a 400-h starved
population of S91 resembled the density and cell morphology
of natural bacterial populations in the pelagic marine environ-
ment (14, 15, 34, 50, 54). Thus, the physiological state of the
cells used to inoculate the surfaces of the model system may
have resembled that of natural bacterial populations colonizing
POM in the pelagic marine environment. The rapid attach-
ment of starved cells of S91 to the chitin and silicon surfaces
and subsequent growth and replication on these surfaces are
consistent with behavior displayed by free-living, starved cells
of other marine bacteria that have been exposed to surfaces in
oligotrophic environments (33). Growth of cells on the non-
nutritional silicon surface was most likely the result of surface-
associated cell scavenging and utilization of trace contaminants

FIG. 6. Percentage of total cells that detached from the pure chitin (top) and
silicon (bottom) surfaces that displayed no expression (F), 1 to 10 RFI units),
low-level expression (E), 10 to 100 RFI units), and high-level expression (�, 30
to 300 RFI units) of chiA-chiB genes.

TABLE 1. Surface-derived BP

Surface BP that remained associated with
surfacea (mg of C m23 day21)

BP displaced from the surfaceb

(mg of C m23 day21)
Total surface-derived BP

(mg of C m23 day21)
% Total surface-derived

BP that detached

Silicon 0.024 0.072 0.096 75
Chitin 0.068 2.060 2.128 96.8
Squid pen chitin NDc 4.17 ND ND

a Based on total cells attached to 2.0 cm2 of surface at 200 h postinoculation and the total volume of seawater that passed through the LFCs over the 200-h period.
b Based on CFU recovered from effluent samples collected over entire 200-h period.
c ND, not determined.
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of DOM in the defined seawater solution that flowed contin-
uously across the coupon surface.

Chitinases possess chitin-binding domains that aid in bind-
ing the enzyme to its substrate (39). These chitin-binding do-
mains may also serve to anchor the cell to the chitin surface
(38). That cells, upon initial attachment to either chitin or
silicon surfaces, displayed no detectable GFP fluorescence
and, hence, were not expressing chiA-chiB suggests that the
products of these genes are not required for establishment of
initial interactions between the cell and substratum, even when
the substratum is pure chitin. However, the observed low-level
expression of chiA-chiB genes following cell attachment to
both the silicon and chitin surfaces is consistent with previous
studies suggesting that expression of these genes was a surface-
controlled response, independent of the presence of chitin.

The properties of a solid surface that affect gene expression
have not been identified (10, 37, 44, 52, 57). Since chitin is one
of the primary organic carbon and nitrogen sources in the

pelagic marine environment, cells possessing chitinase genes
may express these genes at a low level following contact with
any solid surface to synthesize “sensing levels” of enzymes (6,
56). When a chitin surface is encountered, the small quantity
of enzyme produced could generate sufficient amounts of
GlcNAc or chitin oligomers, which, upon uptake by the cells,
may promote higher levels of chiA-chiB expression, as was
observed in cells on some areas of the chitin surface but not in
cells on the silicon surface.

An unanticipated result of the present study was the dis-
placement of the majority of the surface-derived BP as free-
living cells to the bulk aqueous phase, regardless of the
nutritional value of the surface. Even using the conservative
measure of CFU to assess the number of surface-derived cells
displaced into the bulk aqueous phase, the fraction of the total
surface-derived BP displaced from the chitin and silicon sur-
faces over a 200-h period was 97 and 75%, respectively. Jacob-
sen and Azam (23) found that as much as 90% of bacteria

FIG. 7. CFU recovered from effluents of chitin- and silicon-containing LFCs at various times postinoculation after incubation as a batch culture at 20°C for 0, 24,
48, and 72 h. CFU recovered following exposure of a glutamate-grown culture of S91 to unsupplemented defined seawater solution for 0, 24, 48, and 72 h are presented
for comparison (S).
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produced by cells attached to copepod fecal pellets were re-
covered in the surrounding water. They hypothesized that the
progeny of dividing cells leave the fecal pellet during the divi-
sion cycle.

While hydrodynamic forces exerted over the surface of nat-
ural detrital POM during settling through the water column
will vary as a consequence of complex geometry, those forces
exerted upon the bacteria associated with the pure chitin and
silicon surfaces by the flowing bulk aqueous phase were rela-
tively constant in LFCs. The 0.004-pN mm22 shear stress cal-
culated for cells associated with surfaces exposed to a bulk
aqueous phase flow rate of 0.5 ml min21 approximates the
shear stress at a point perpendicular to the flow of seawater
across a particle sinking at a rate of 75 m day21. This sinking
velocity is very similar to the mean sinking velocity (74 6 39 m
day21) of particles ranging from 2.4 to 75 mm in diameter off
the coast of southern California (1). Thus, the shear stress
experienced by bacteria attached to natural POM in the water
column of the ocean approximates that experienced by the
surface-associated cells in LFCs in the present study.

It is difficult to assess the significance of shear stress for the
process of bacterial cell detachment from a surface. However,
a study evaluating the effect of shear stress on the adhesion of
Staphylococcus epidermidis to a variety of materials including
glass, siliconizedglass,plasma-conditionedglass, titanium, stain-
less steel, and Teflon suggested that shear stresses ranging
from 0.2 to 1.0 pN mm22 had little effect on the detachment
rate of the surface-colonizing bacteria (32). Thus, the shear
stress of 0.004 pN mm22 calculated for cells of S91 attached to
surfaces exposed to flowing seawater in the present study likely
represents a negligible force for these bacteria.

In the absence of a significant shear stress, the cells them-
selves may have controlled their displacement from the sur-
faces by a yet-unknown mechanism of detachment. The higher
detachment rates that were consistently observed over the
study period for the chitin-associated population than for
the silicon-associated population may involve a chitin-specific
deadhesion process similar to that described for the marine
chitin degrader Vibrio furnissii (56). The deadhesion displayed
by progeny of cells of this bacterium during chitin utilization
was proposed to promote colonization of new surfaces (56).
Cells of another marine vibrio, MH3, associate with a surface
only long enough to scavenge and metabolize surface-bound
fatty acids before detachment (21). Detachment of S91 cells
from either the chitin or silicon surfaces was not likely the
result of space limitation, since detachment occurred even at
early periods of cell accumulation on these surfaces when large
areas of the surface remained unoccupied.

Jacobsen and Azam (23) recognized that detachment of
POM-associated bacteria contributes to an underestimation of
POM-derived BP and a corresponding overestimation of BP by
the free-living bacterial population when conventional meth-
ods are used to determine BP in water samples collected from
the environment. Methods of assessing BP in natural waters,
such as those involving [3H]thymidine or [3H]leucine incorpo-
ration, assume that detachment of cells from POM is insignif-
icant over the period of sample incubation (11, 12, 16, 27, 41).
Results based on these approaches typically indicate that
POM-associated BP is a small or insignificant fraction of the
total BP in the system, with the free-living bacterial population
always contributing the bulk of the BP (2, 20, 25, 51). Unfor-
tunately, a simple means of assessing the displacement of par-
ticle-associated bacteria during determination of BP in water
samples obtained from the environment does not exist at the
present time.

By utilizing a model system that accounted for the surface-

associated BP that was subsequently displaced into the bulk
aqueous phase, it was possible in the present study to demon-
strate quantitatively the contribution of the displaced BP to the
surface-derived BP. That the displaced BP represented the
bulk of the surface-derived BP supports the suggestion that
detachment of POM-associated bacteria during determination
of BP can result in errors in assignment of the bacterial pop-
ulations responsible for the BP in the system when approaches
that do not account for the displacement of cells from one
phase to another are employed (23). Thus, existing methods of
BP determination should be modified or new methods should
be developed to account for not only detachment of bacteria
from POM but also attachment of free-living bacteria to POM
during BP determinations. The results also suggest that, in
order to gain a better understanding of the dynamics of bac-
terial processes associated with POM degradation, it may be
necessary to evaluate both detachment and BP nondestruc-
tively in real time, or at least at intervals which capture the
significant changes in the rates of these processes during POM
degradation.

On the basis of biomass calculations derived from measure-
ments of cell dimensions, total biomass produced on the pure
chitin surface was 40% greater than the estimated available
carbon in the chitin thin films. The factors likely responsible
for this discrepancy are the empirically derived factors for
converting cell volume to biomass used in this study and the
uncertainty of the thickness of the chitin thin films. The carbon
content per volume can vary widely in marine bacteria (7, 17,
28, 29, 30). Since this was not determined in our study, the
conversion factors may be inaccurate. Film thickness may vary
as much as 30 to 40% when the casting temperature varies by
5°C, due to temperature-induced changes in the viscosity of the
chitosan solution. Since temperature was not controlled during
the casting of the films, estimated carbon content may be off by
as much as 30 to 40%. Theoretically, these uncertainties can be
minimized in future experiments, permitting an accurate de-
termination of the efficiency of bacterial conversion of chitin to
biomass in this model system.

Calculations based on the rates of POM-associated BP ob-
tained by methods that do not account for bacterial detach-
ment predict that it would take months to years for the bacteria
retained on the particle to consume the carbon load of the
particle (12, 24). This low rate of conversion of detrital partic-
ulate organic carbon to particle-associated BP cannot account
for the observed rapid disappearance of these particles with
depth, a phenomenon referred to as the “particle decomposi-
tion paradox” (24). One explanation that has been proposed is
that POM-associated bacteria generate more DOM from the
hydrolysis of POM than they can utilize, resulting in the release
of DOM into the bulk aqueous phase for utilization by free-
living bacteria (3, 9, 46). An alternative explanation may be
that some POM-associated bacteria generate more DOM from
the hydrolysis of POM than they themselves can utilize, and
the excess is utilized by other POM-associated bacteria for BP,
a significant portion of which becomes detached to become
part of the free-living bacterial population.

Two surface-associated subpopulations were described with
respect to chitinase gene expression: one comprised of cells
up-expressed for chiA-chiB and one composed of cells down-
expressed for these genes. These results are consistent with
those of a previous study that monitored only chiA gene ex-
pression (6). Like the detached cells that displayed no detect-
able chiA gene expression in a previous study (6), the cells that
detached from the surfaces in this study displayed no detect-
able chiA or chiB gene expression. Thus, in spite of the fact
that chiA and chiB are each under the control of their own
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promoters (48), they appear to be coregulated in the surface-
associated population. The evidence supporting the existence
of chiA-up- and -down-expressed subpopulations, which also
applies to chiA-chiB-up- and -down-expressed subpopulations,
is presented elsewhere (6).

As was shown to be the case for a significant portion of cells
up-expressed for chiA (6), a comparable portion of the cells
up-expressed for chiA-chiB in the present study are also likely
to be synthesizing and excreting active chitinase enzymes. On
the chitin surface, the amount of BP supported by chitin deg-
radation products created by the chitinase-producing subpopu-
lation corresponds roughly to that represented by the differ-
ence in total surface-derived BP on the chitin and silicon
surfaces (2.03 mg of C m23 day21). The surface-associated BP
supported by chitin degradation products was 0.044 mg of C
m23 day21 (Table 1), and the chiA-chiB-up-expressed sub-
population represented 37% of the total chitin surface-associ-
ated population during the time that BP achieved a quasi-
steady state. Thus, the chiA-chiB-up-expressed subpopulation
accounted for only 0.02 mg of C m23 day21, or approximately
1% of the total surface-derived BP attributable to that derived
from the chitin degradation products they generated. These
calculations suggest that the chiA-chiB-up-expressed subpopu-
lation must have produced a large excess of chitin degradation
products to support production of their chiA-chiB-down-ex-
pressed neighbors on the surface.

The means by which the chiA-chiB-down-expressed cells
gain access to the soluble chitin degradation products remains
to be determined. The matrix of extracellular polymeric sub-
stances excreted by surface-associated bacterial populations
may play a role in this regard by impeding displacement of
soluble chitin degradation products as well as chitinase enzyme
molecules from the substratum surface to the flowing bulk
aqueous phase. Channels and pores in the extracellular poly-
meric substance matrix near the substratum could then serve as
conduits for transfer of soluble chitin degradation products to
nearby cells that are not producing chitinase.

The present study also suggests that the DOM generated by
the chitinase-active, surface-associated population supported
no significant BP by the free-living population relative to that
generated by the surface-associated population. No new BP,
based on CFU, was detected in the LFC effluent containing the
detached cells over a 72-h period of batch incubation, regard-
less of when detachment occurred during the period of surface
colonization. In fact, the decrease in CFU over the 72-h incu-
bation of all effluent samples and the smaller size of cells in the
detached population than in the population that remained
surface associated suggest that, once the cells became part of
the free-living population, any DOM that they utilized was not
sufficient to prevent many from entering a moribund, noncul-
turable or starvation state. Thus, the bulk of the surface-gen-
erated DOM that was utilized for BP supported surface pop-
ulation growth rather than growth of the free-living population
in the model system employed in this study.

In summary, differential expression of chitinase genes among
cells of this surface-associated bacterial population supports
the idea that the chitin surface-associated subpopulation of
cells, whose chiA-chiB genes are up-expressed, produces more
soluble chitin degradation product than they can utilize and
that the excess supports production of the surface-associated
subpopulation of cells down-expressed for chiA-chiB. This then
permits two energy-demanding activities (ectoenzyme produc-
tion and BP) to proceed simultaneously but partitioned among
different cells within a population of surface-associated bacte-
ria (Fig. 8). Such altruistic behavior of cells in a bacterial pop-
ulation may be an adaptive response to conserve energy in

oligotrophic environments such as the ocean which, when co-
ordinated with a process like detachment for dispersal of
the surface-generated BP, optimizes exposure to the widely
dispersed, newly formed detrital POM in the pelagic water
column for colonization and, ultimately, maintenance of the
population. Other types of bacteria also appear to distribute
different physiological activities among different members of
the population as a means to enhance survival of the popula-
tion as a whole (8, 42).
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