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Cellulose colonization by Clostridium celulolyticum was studied by using [methyl-3lHJthymidine incorpora-
tion. The colonization process indicated that a part of the bacterial population was released from cellulose to
the liquid phase before binding and colonizing another adhesion site of the cellulose. We postulate that cellulose
colonization occurs according to the following process: adhesion, colonization, release, and readhesion.

Clostridium cellulolyticum ATCC 35319, a gram-positive,
anaerobic, mesophilic bacterium, is able to degrade cellulose
efficiently (10). C. cellulolyticum possesses cellulosome-like
structures with a complex peptide distribution (8), and its
cellulolytic system has been studied by molecular genetic
approaches (2, 3, 9, 12). However, interactions between C.
cellulolyticum and cellulose have not been well character-
ized. In a previous paper, we reported the adhesive proper-
ties ofC cellulolyticum (5). Analysis of the adhesion process
indicated a multilayer adhesion with cell-cellulose interac-
tion in the first step and cell-cell interaction due to an
aggregation of cells from the surface in the second step.
Furthermore, growth of C. cellulolyticum on crystalline
cellulose occurs when bacteria are attached to their sub-
strate (7). The purpose of this study was to examine the
colonization of cellulose by C. cellulolyticum by using
[methyl-3H]thymidine incorporation into DNA defined as the
cold-trichloroacetic acid (TCA)-precipitable fraction (4).
This method has been reported to be valid for measuring
bacterial growth rates (6, 11), in particular the C. cellulolyti-
cum growth rate (7).
Medium. C. cellulolyticum was grown anaerobically at

34°C in a previously described medium, CM3 medium (1).
The desired carbon source (Avicel cellulose or filter paper)
was included in this basal medium.

Colonization measurement. At the start of the experiments,
the N2-flushed Hungate tubes contained only 0.120 mg of
Whatman no. 1 filter paper (a single piece, 12 by 1 cm). This
filter paper band was inoculated with 50 ,ul of bacterial
suspension from an Avicel cellulose (7.5-g/liter) culture
harvested in the exponential phase and was spotted on the
extremity of the filter paper band. After 5 min at 34°C, the
filter paper was washed three times with 2 ml of CM3
medium to remove unattached cells. Finally, 8 ml of CM3
medium was added and the cultures were incubated with
gentle agitation (with a Bioblock Scientific no. 95212 recip-
rocating roller) at 34°C. In the course of fermentation (times
are indicated in the figure legends), [methyl-3H]thymidine
(specific activity, 82 Ci/mmol) (Amersham) diluted with
unlabeled thymidine (final concentration, 15 ,uM, 2.1 ,uCi/ml)
was added anaerobically. The cultures were incubated for 1
h at 34°C. At the end of this time, the filter paper band was

removed, washed with 8 ml of CM3 medium, and cut into six
sections (2 by 1 cm each). Each section was mixed with 6 ml
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of ice-cold TCA to precipitate the macromolecules, as de-
scribed by Fuhrman and Azam (4). RNA, macromolecular
protein, and DNA were included in this insoluble fraction
(4). After 1 h of extraction on ice, the cold-TCA-insoluble
material (filter paper sections were washed five times with
2.5 ml of ice-cold 5% TCA) was collected by filtration
through 25-mm cellulose nitrate filters (pore size, 0.22 ,um)
(Whatman). Filters were washed five times with 2.5 ml of
ice-cold 5% TCA and placed in scintillation vials. Both ethyl
acetate (1 ml) and scintillation fluid (9 ml) (Ready Safe;
Beckman) were added, and the radioactivity was monitored
with a scintillation counter (LS 5000 TD; Beckman). The
counting efficiency and quenching were estimated by com-
paring actual and theoretical values with standards.

Colonization experiments. To determine the inoculum po-
sition on the filter paper, Avicel cellulose-grown cells were
labeled with [methyl-3H]thymidine (final concentration, 42
FM, 2.1 p,Ci/ml) added in the exponential phase. These
labeled cells were used as the inoculum (see above). Radio-
activity was detected only on the first and second sections (0
to 4 cm). No radioactivity was found in the liquid phase,
demonstrating that washings had removed the unattached
cells.
The colonization of filter paper by C. cellulolyticum was

performed as described above (Fig. 1). At 1 h, thymidine
incorporation was found only on the first section (Fig. 1A);
at 4 h, it was detected only on the inoculated sections (0 to
4 cm) (Fig. 1B). At 7 h (Fig. 1C), radioactivity was found on
the entire filter paper band. However, the thymidine incor-
poration was greater on the first sections (0 to 6 cm) than on
the last (6 to 12 cm). After 12 h (Fig. 1D), the entire filter
paper was colonized, and a high incorporated radioactivity
was detected on each section of filter paper. At each point,
the proportion of total incorporated thymidine detected in
the liquid phase was measured. This amount always included
between 5 and 15% of the total detected radioactivity with-
out significant development, and the concentration of unat-
tached biomass (detected by optical density measurement)
remained less than 0.03 mg/ml. These results suggested that
(i) C. cellulolyticum colonized a large area of the substrate
starting from attached cells and (ii) the colonization ad-
vanced and thymidine incorporation was always detected in
previously colonized sections.
To determine whether the colonization process occurred

with a release of bacteria from cellulose, a part (the third
section [4 to 6 cm]) of the filter paper was covered with an
adhesive plastic (848408; Plasto S.A., Chenove, France)
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FIG. 1. Colonization of ifilter paper by C. celluko4yticum. Detec-

tion of the incorporated thymidine after 1 h (A), 4 h (B), 7 h (C), and
12 h (D) is shown. Each value is the mean of three experiments, with
a coefficient of variation of about 12%.

FIG. 2. Colonization of ifiter paper by C. celulolyticum in the
presence of a nonusable piece (4 to 6 cm). Detection of the
incorporated thymidine after 1 h (A), 4 h (B), and 7 h (C) is shown.
Each value is the mean of three experiments, with a coefficient of
variation of about 12%.

which cannot be colonized by C. cellulolyticum. The same
procedure as described above was performed. As shown in
Fig. 2, thymidine incorporation was detected on the last
section of filter paper (6 to 12 cm) after 7 h, in spite of the
presence of the nonusable section. At the same time, the first
(O to 4 cm) and last (6 to 12 cm) sections were colonized.
During this experiment, the amount of radioactivity detected
in the liquid phase included between 5 and 15% of the total
detected thymidine without significant development. These
results suggested that some of the bacteria are released and
adhere again to cellulose.

Since growth of C. cellulolyticum on cellulose occurs
when bacteria are attached to their substrate (7), we postu-
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late that cellulose colonization by C. cellulolyticum occurs
according to the following process: adhesion, colonization,
release, and readhesion. Adhesion of C. cellulolyticum to
filter paper occurs on specific sites (6). A possible explana-
tion for the observed bacterial release might be that, in the
course of fermentation, some adhesion sites are saturated (or
hydrolyzed), leading to a transfer of bacteria from cellulose
to the liquid phase. Our data demonstrated that these re-
leased bacteria could, at least in part, adhere again and
colonize another site. Further investigations are needed to
determine the effects of this bacterial release on C. cellu-
lolyticum metabolism.
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