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Regulation of cell-specific cellulase synthesis (expressed in milligrams of cellulase per gram [dry weight] of
cells) by Clostridium thermocellum was investigated using an enzyme-linked immunosorbent assay protocol
based on antibody raised against a peptide sequence from the scaffoldin protein of the cellulosome (Zhang and
Lynd, Anal. Chem. 75:219–227, 2003). The cellulase synthesis in Avicel-grown batch cultures was ninefold
greater than that in cellobiose-grown batch cultures. In substrate-limited continuous cultures, however, the
cellulase synthesis with Avicel-grown cultures was 1.3- to 2.4-fold greater than that in cellobiose-grown
cultures, depending on the dilution rate. The differences between the cellulase yields observed during carbon-
limited growth on cellulose and the cellulase yields observed during carbon-limited growth on cellobiose at the
same dilution rate suggest that hydrolysis products other than cellobiose affect cellulase synthesis during
growth on cellulose and/or that the presence of insoluble cellulose triggers an increase in cellulase synthesis.
Continuous cellobiose-grown cultures maintained either at high dilution rates or with a high feed substrate
concentration exhibited decreased cellulase synthesis; there was a large (sevenfold) decrease between 0 and
0.2 g of cellobiose per liter, and there was a much more gradual further decrease for cellobiose concentrations
>0.2 g/liter. Several factors suggest that cellulase synthesis in C. thermocellum is regulated by catabolite
repression. These factors include: (i) substantially higher cellulase yields observed during batch growth on
Avicel than during batch growth on cellobiose, (ii) a strong negative correlation between the cellobiose
concentration and the cellulase yield in continuous cultures with varied dilution rates at a constant feed
substrate concentration and also with varied feed substrate concentrations at a constant dilution rate, and (iii)
the presence of sequences corresponding to key elements of catabolite repression systems in the C. thermocellum
genome.

Clostridium thermocellum is a thermophilic, anaerobic, cel-
lulolytic bacterium that grows on soluble �-glucans, including
cellobiose and cellodextrins, as well as on cellulosic substrates,
including Avicel, filter paper, solka floc, and pretreated mixed
hardwood. The extracellular multienzyme cellulase complex
produced by C. thermocellum, the cellulosome (1, 29), exhibits
high activity against crystalline cellulose (26). To date, more
than 20 catalytic subunits have been sequenced, and these
subunits collectively exhibit a variety of activities, including
endoglucanase, exoglucanase, xylanase, mannanase, chitinase,
and lichenase (46, 48). The C. thermocellum cellulosome in-
cludes a nonhydrolytic subunit (scaffoldin) and three main
catalytic cellulolytic subunits (CelA [endoglucanase], CelS
[processive exoglucanase], and CelK [cellobiohydrolase]), as
well as a xylanolytic subunit (XynC) (46, 48). CelS is the most
abundant catalytic subunit, and the hydrolytic properties of
CelS closely resemble those of the cellulosome (28, 48).

Regulation of cellulase synthesis by C. thermocellum is an
important feature of the physiology of this microorganism,
particularly in light of the substantial investment of ATP that
cellulase synthesis represents (34, 35). Moreover, this regula-
tion is a central determinant of hydrolysis and growth rates and
thus is of interest for understanding cellulose utilization in

both natural environments and industrial processes. Johnson et
al. (25) reported that synthesis of true cellulase activity (i.e.,
degradation of crystalline cellulose) was markedly repressed by
cellobiose. mRNA corresponding to endoglucanases CelA,
CelF, and CelD were found to be regulated at the level of
transcription by a mechanism analogous to catabolite repres-
sion (40). Recently, the numbers of CelS and CipA transcripts
per cell were shown to decrease with increasing growth rate (8,
9), the numbers of CelS transcripts were found to be higher for
growth under cellobiose limitation than for growth under ni-
trogen limitation (8), and control of scaffoldin and CelS tran-
scription was shown to involve the housekeeping sigma-A fac-
tor (9). Based on the inverse correlation observed between the
growth rate and the synthesis of key cellulosome gene tran-
scripts (celS, cipA, olpB, and orf2), as well as the apparent
absence of key components of catabolite repression systems
(catabolite responsive element [CRE] sequences), Dror et al.
(9) inferred that that the growth rate plays a role in regulation
of the cellulosome-related genes that have been studied but
the known mechanisms of catabolite repression do not play a
role.

Studies of the control of cellulase synthesis by microorgan-
isms have been carried out using a variety of methodological
approaches. These approaches include measurement of super-
natant protein (11), measurement of activity in culture super-
natants (2, 3, 12, 19, 26, 30), measurement of cellular mRNA
content (8–10, 16, 17, 20, 23, 31, 37, 40), sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) (27, 49),
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fast liquid chromatography (21), and immunoblotting (39). Ac-
tivity measurements have the desirable feature of being spe-
cific to cellulase synthesis, but they have limited value in a
physiological context (e.g., for calculation of parameters such
as yields and ATP investment). mRNA measurements are
valuable because the expression of many genes can be moni-
tored simultaneously. However, there is little evidence for a
proportional relationship between mRNA levels and protein
synthesis, there is some strong evidence to the contrary in yeast
(18), and there are increasing indications that posttranslational
control of gene expression is important in prokaryotes (13, 24,
43). Quantitative measurement of cellulase synthesis is not
subject to these limitations and also provides information that
can readily be interpreted in a physiological context. Proteomic
analysis of microbial synthesis of cellulase, in which synthesis
of many cellulase components is evaluated simultaneously, is
of interest but has been used to date to a very limited extent
and awaits development of appropriate protein arrays and
related methodologies.

For anaerobic, cellulolytic microorganisms, including but
not limited to C. thermocellum, a large portion of the total
amount of cellulase synthesized (and in many cases most of it)
is bound to cells and/or substrate (2, 8, 34, 38, 56) and is thus
not present in culture supernatants. Moreover, the fraction of
bound cellulase can vary substantially as a function of the
growth conditions (2, 38, 56). Thus, measurement of the cel-
lulase present in culture supernatants, based either on mass or
on activity, gives a decidedly incomplete picture of cellulase
expression. Recently, we developed an enzyme-linked immu-
nosorbent assay (ELISA)-based assay using antibodies raised
against a peptide sequence from the C. thermocellum scaffoldin
protein, and we showed that the signal from this assay can be
used to infer the cellulosome concentration (or the total cel-
lulase concentration given an appropriate standard curve) in
cell-associated, cellulose-bound, and unbound forms with a
coefficient of variation of about 5% (56). The study described
here was undertaken in order to investigate control of cellulase
synthesis with this assay.

MATERIALS AND METHODS

Chemicals and strains. All chemicals were reagent grade and were obtained
from Sigma (St. Louis, Mo.) unless indicated otherwise. C. thermocellum ATCC
27405 was a gift from Arnold Demain in 1983 and has been maintained in our lab
since then as described elsewhere (34). Stock cultures were maintained in MTC
medium (see below) containing 10 g of Avicel (PH105; FMC Corp., Philadelphia,
Pa.) per liter as the carbon source (56, 57).

Medium composition and preparation. C. thermocellum was grown under
anaerobic conditions at 60°C. Chemically defined MTC medium was prepared by
combining six sterile solutions under a nitrogen atmosphere. Sterilization was
accomplished by filter sterilizing preparations with a 0.2-�m-pore-size filter (Pall
Corp., Ann Arbor, Mich.) for solution E and by autoclaving preparations for
solutions A, B, C, D, and F. Solution A contained distilled water, Avicel, and
0.2% resazurin (optional). Solution B, which was concentrated 25-fold relative to
the final medium, contained citric acid tripotassium salt, citric acid monohydrate,
NaSO4, KH2PO4, and Na2CO3. Solution C, which was concentrated 50-fold,
contained NH4Cl and urea. Solution D, which was concentrated 50-fold, con-
tained MgCl2 � 6H2O, CaCl2 � 2H2O, FeCl2 � 4H2O, and L-cysteine hydrochloride
monohydrate. Solution E, which was concentrated 50-fold, contained pyridox-
amine dihydrochloride, p-aminobenzoic acid, D-biotin, vitamin B12, and thia-
mine. Solution F, which was concentrated 1,000-fold, contained MnCl2 � 4H2O,
CoCl2 � 6H2O, ZnSO4 � 7H2O, CuSO4 � 5H2O, H3BO3, Na2MoO4, NiCl2 � 6H2O,
and citric acid monohydrate. The final concentrations have been reported else-
where (56).

Batch and continuous cultures. Batch and continuous fermentations were
carried out in round-bottom reactors (Applikon Dependable Instruments, Foster
City, Calif.) with agitation provided by a marine (six-pitched-blade turbine)
impeller at 300 rpm, and the working volumes and feed substrate concentrations
as indicated below. Continuous fermentation of cellobiose was also carried out in
60-ml (working volume) jacketed glass fermentors (NDS Glass, Vineland, N.J.)
with medium addition, medium removal, and base addition via 2-mm-internal
diameter stainless steel tubes penetrating a buytl rubber no. 6 stopper and with
agitation provided by a magnetic stir bar turning at approximately 200 rpm.
Avicel was delivered to continuous cultures via a peristaltic pump as described
previously (33). The temperature was maintained at 60 � 1°C by means of water
circulated through a jacket. The pH was maintained at 6.80 with an Applikon
ADI 1020 controller via addition of 8 M sodium hydroxide. For continuous
cultures, at least four steady-state samples were harvested at each dilution rate
for which data are reported below, and at least 0.5 residence time elapsed
between the times that samples were harvested. Cultures were considered to be
at a steady state when the variation among samples was less than 5% and
exhibited no consistent increasing or decreasing trend over time.

Quantification of protein, dry weight, substrate, and fermentation products.
The protein concentrations in supernatant samples were determined by the
Bradford protein assay with bovine serum albumin as the standard (56). The
concentrations of protein in culture pellets were determined by the Lowry
method after samples were lysed with SDS in the presence of NaOH (56). Dry
weights were determined by filtering 10-ml samples through Pall Corp. 0.2-�m-
pore-size Metricel membrane filters and drying the samples at 72°C until a
constant weight was achieved. Residual cellulose was measured by quantitative
saccharification as described elsewhere (34). For determination of cellobiose
concentrations below the high-performance liquid chromatography (HPLC) de-
tection limit (�0.15 g/liter), 0.8 ml of cell-free broth after centrifugation was
mixed with 0.2 ml of 10% (wt/wt) sulfuric acid and then autoclaved for 40 min to
convert the cellobiose to glucose. After neutralization to pH 4 to 6 with solid
CaCO3 and centrifugation, the concentration of glucose in the supernatant was
measured using the Sigma Infinity glucose kit reagents at double the concentra-
tions recommended (Sigma G2020), which can detect a concentration of glucose
as low as 0.005 g/liter (57). Ethanol, lactate, acetate, cellobiose, and glucose in
samples taken from steady-state continuous fermentors were acidified by adding
0.0565 ml of sulfuric acid (10%, wt/wt) to 1-ml samples, which were subsequently
analyzed by HPLC by using a Bio-Rad HPX-87H column (Bio-Rad, Hercules,
Calif.) operated at 55°C with a 0.01% (vol/vol) H2SO4 running buffer and a
refractive index detector.

Cellulase purification. Cellulase purification for the purpose of visualizing
the protein composition and development of standard curves was carried out
for cellobiose-grown and Avicel-grown cultures by affinity digestion involving
cold adsorption to amorphous cellulose followed by hydrolysis at an increased
temperature to release cellulase (56). SDS-PAGE was carried out at 150 V by
using a Bio-Rad 7.5% polyacrylamide Ready Gel (Tris-HCl). Protein-con-
taining samples were denatured by mixing equal volumes of 3% (wt/vol) SDS,
10% (vol/vol) glycerol, 5% (vol/vol) mercaptoethanol, and 0.02% (wt/vol)
bromophenol blue in 62.5 mM Tris buffer (pH 6.8) and boiling the prepara-
tion for 3 min (29).

Cellulase-based ELISA and cell mass determination. Antibody production
was carried out by Genosys Co. (The Woodlands, Tex.). The mass concentrations
of cellulase and cells were calculated based on an indirect ELISA by using
antibody raised against a sequence from the C. thermocellum scaffoldin protein as
described previously (56). For cells grown on cellobiose, cell mass (X) was
calculated based on the difference between the dry cell mass and the mass of
cell-associated cellulase measured by the ELISA. In the case of Avicel-grown
cultures, cell mass was calculated with the equation X � (PP � EP)/fP/X, where
PP is the pellet protein concentration, EP is the cellulase concentration, and fP/X

is the ratio of noncellulase pellet protein weight to noncellulase dry weight
calculated as follows: (pellet protein weight � pellet cellulase weight)/(dry
weight � pellet cellulase weight). For Avicel-grown batch cultures, a fP/X value of
was 0.52 was used based on end point measurements for a cellobiose-grown
batch culture (56). For Avicel-grown continuous cultures, we used fP/X values
that were obtained from steady-state continuous cultures grown on cellobiose at
the same dilution rate and feed substrate concentration.

Cell-specific cellulase yield (YE/X) (expressed in milligrams of cellulase per
gram of cells [dry weight]) was defined as the ratio of total cellulase (including
free, cell-associated, and cellulose-bound cellulase) to cell mass exclusive of
cell-associated cellulase.
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RESULTS

Cellulase composition and ELISA. Cellulases from the su-
pernatants of stationary-phase cellobiose-grown and Avicel-
grown batch cultures of C. thermocellum ATCC 27405 were
purified by affinity digestion, and 80 and 87% of the activity
originally present, respectively, were recovered. The composi-
tions of the cellulosomes produced during growth on these two
carbon sources were different, as shown by SDS-PAGE (Fig.
1A). The affinity digestion-purified cellulases from cellobiose-
and Avicel-grown continuous cultures produced SDS-PAGE
patterns similar to the patterns obtained for cellulases ob-
tained from batch cultures and appeared to be similar at var-
ious dilution rates (data not shown). The specific activity of
cellulase prepared from cellobiose-grown cultures on Avicel
PH-105 (1.8 IU/mg of cellulase protein) was 25% lower than
the specific activity previously measured for supernatant from
Avicel-grown cultures (2.4 IU/mg). Standard curves for ELISA
carried out with purified cellulases from Avicel- and cellobi-

ose-grown cultures are presented in Fig. 1B. The ELISA re-
sults were similar for the two preparations, although the mean
ratio of absorbance to concentration of purified cellulase pro-
duced for cellobiose-grown cultures was greater than that for
Avicel-grown cultures by a small amount (�10%). The higher
absorbance was consistent with the greater relative amount of
scaffoldin observed by SDS-PAGE on a weight basis. The cel-
lulase concentrations for Avicel- and cellobiose-grown cultures
reported below were determined with reference to ELISA
standard curves for the respective substrates.

Avicel and cellobiose batch cultures. Figure 2 shows the
profiles of substrate, cell, and total cellulase concentrations as
a function of time for batch cultures of C. thermocellum ATCC
27405 grown on cellobiose and Avicel at an initial concentra-
tion of 10 g/liter. The total cellulase included cellulase that was
free, cellulase that was cell associated, and (for cellulose-grown
cultures) cellulase that was cellulose bound. At the end of
fermentation, the total cellulase concentration was 223 mg/liter
for the Avicel-grown culture, compared to 24.9 mg/liter for the
cellobiose-grown culture. The amount of the pellet cellulase

FIG. 1. SDS-PAGE (A) and ELISA results (B) for purified cellu-
lases prepared from Avicel- and cellobiose-grown cultures. (A) Lane 1,
cellobiose-grown cellulase; lane 2, Avicel-grown cellulase; lane Std,
Bio-Rad prestained high-range protein standards, including myosin
(207 kDa), �-galactosidase (117 kDa), bovine serum albumin (95
kDa), and ovalbumin (49 kDa).

FIG. 2. Batch cultures of C. thermocellum grown with �10 g of
cellobiose per liter (A) and �10 g of Avicel per liter (B). Symbols: �,
cell mass; Œ, pellet cellulase fraction (pellet cellulase/total cellulase);
F, total cellulase; ■ , residual cellobiose (A) or residual Avicel (B).
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(cellulase bound to cells, to cellulose, or to both cells and
cellulose) expressed as a fraction of the total cellulase de-
creased from 0.8 to 0.52 and from 1 to 0.48 on cellobiose and
Avicel, respectively, as the fermentation proceeded. The total
cellulase synthesis by stationary-phase cultures represented
21% of the cell mass for growth on cellulose and 3% of the cell
mass for cellobiose-grown cells. The concentration of super-
natant protein (consisting of the cellulosome released from
cells, as well as noncellulosomal proteins) was nearly threefold
higher in the Avicel-grown culture than in the cellobiose-
grown culture (data not shown).

Avicel and cellobiose continuous cultures at low feed con-
centrations. To investigate cellulase synthesis under steady-
state conditions and at a variety of growth rates, continuous
cultures were grown on both cellobiose and Avicel with a feed
concentration of about 5 g/liter. Figure 3A shows steady-state
data for fermentation of cellobiose in two reactors. Data for
dilution rates from 0.0333 to 0.167 h�1 were obtained in a

round-bottom reactor with a 1.5-liter working volume and with
agitation by a turbine with six pitched blades rotating at 300
rpm. Data for dilution rates from 0.0625 to 0.384 h�1 were also
obtained with a 60-ml (working volume) reactor with agitation
by a stir bar. The results for these two reactors obtained at the
same dilution rates agree very well (Fig. 3A). The cell mass
increased from 0.44 to 0.67 g/liter as the dilution rate increased
from 0.0333 to 0.167 h�1, but it decreased at higher dilution
rates to 0.454 g/liter at a dilution rate of 0.384 h�1, at which
more than one-half of the feed substrate was not consumed. As
the dilution rate increased over the range examined, the total
cellulase concentration decreased from 80 to 16 mg/liter, and
approximately one-half of the cellulase was cell associated.

Figure 3B shows steady-state data for fermentation of �5 g
of Avicel per liter in continuous cultures with dilution rates
ranging from 0.0333 to 0.167 h�1 in a 1.5-liter (working vol-
ume) reactor. As the dilution rate increased over this range,
the residual Avicel concentration increased from 0.31 to 1.94
g/liter, the cell mass was nearly constant at about 0.5 g/liter,
and the fraction of pellet cellulase increased from 0.32 to 0.78.
A dilution rate of 0.2 h�1 resulted in washout. Soluble reducing
sugar could not be detected in the liquid phase by HPLC (limit
of detection, 0.15 g/liter). The total cellulase concentration
decreased somewhat from 111 to 67 mg/liter.

Comparison of cellulase and cell yields on Avicel and cello-
biose. Table 1 shows a comparison of the cellulase and cell
yields from batch and continuous cultures on cellobiose and
Avicel. The cellulase yield is defined as the ratio of the total
cellulase to the cell mass exclusive of cellulase, and the cell
yield is defined as the ratio of the cell mass exclusive of cellu-
lase to the mass of substrate consumed on a glucose equivalent
basis (see Materials and Methods). The cellulase yield ob-
served for stationary-phase Avicel-grown cultures (223 mg of
cellulase per g of cells) was nearly ninefold higher than the
cellulase yield observed for stationary-phase cellobiose-grown
cultures. The cellulase yields declined with increasing dilution
rate in continuous cultures grown on both Avicel and cellobi-
ose, and the cellulase yields at a particular dilution rate were
1.34- to 2.36-fold higher for Avicel cultures. As the dilution
rate increased from 0.033 to 0.167 h�1, the cellulase yield for
Avicel-grown cultures decreased from 230 to 144 mg of cellu-
lase/g of cells, whereas the cellulase yield for cellobiose-grown
cultures decreased from 172 to 61 mg of cellulase/g of cells.
Over this range of dilution rates, the fermentor substrate con-
centration was below the detection limit for cellobiose-grown
continuous cultures (Fig. 3A). The cell yields in stationary-
phase batch cultures were similar for Avicel and cellobiose
(about 0.1 g of cells/g of glucose equivalents). The cell yields
increased with increasing dilution rates in continuous cultures
grown on both Avicel and cellobiose, and the cell yields at a
particular dilution rate were 13.8% � 5.3% higher for Avicel
cultures. As the dilution rate increased from 0.033 to 0.167
h�1, the cell yield for Avicel-grown cultures increased from
0.101 to 0.151 g of cells/g of substrate consumed, whereas the
cell yield for cellobiose-grown cultures increased from 0.083 to
0.127 g of cells/g of substrate consumed.

Cellobiose continuous cultures with increasing feed concen-
trations. Steady-state cellobiose-grown continuous cultures
were incubated in a 400-ml (working volume) reactor with feed
concentrations of 5.6 to 65 g/liter at a fixed dilution rate of

FIG. 3. Continuous cultures of C. thermocellum grown with �5 g of
cellobiose per liter (A) and �5 g of Avicel per liter (B) with different
dilution rates. Symbols: � and �, cell mass; Œ and ‚, pellet cellulase
fraction; F and E, total cellulase; ■ and �, residual cellobiose (A) or
residual Avicel (B). In panel A the solid symbols indicate data for a
large reactor (1.5 liters) and the open symbols indicate data for a small
reaction (60 ml).
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0.0556 h�1, with results shown in Fig. 4. For feed concentra-
tions of 5.6 to 20 g/liter, residual substrate could not be de-
tected by HPLC (�0.15 g/liter), and the cell mass increased
from 0.59 to 1.63 g/liter. Increasing the feed cellobiose con-
centration to more than 20 g/liter resulted in significant and
progressively increasing amounts of unutilized cellobiose and a
modest increase in the cell mass over that observed for a
20-g/liter cellobiose feed. For cellobiose-limited growth at feed
concentrations of �20 g of cellobiose per liter, the total cellu-
lase synthesis increased from 46.9 to 133 mg/liter, and YE/X was
nearly constant at 78.9 � 3 mg of cellulase/g of cells. For
growth at higher feed concentrations, at which significant con-
centrations of unutilized cellobiose were present, the total cel-
lulase concentrations fell to 56 and 19 mg/liter, and the cellu-
lase yields fell to 27 and 7.7 mg of cellulase/g of cells for feed
concentrations of 40 and 65 g of cellobiose per liter, respec-
tively.

Cellulase yield in relation to cellobiose concentration. Fig-
ure 5 presents the cellulase yield as a function of the fermentor
cellobiose concentration for cellobiose-grown continuous cul-

tures maintained either with a 5-g/liter feed and various dilu-
tion rates (Fig. 3) or with a fixed dilution rate of 0.0556 h�1 and
various feed concentrations. Fermentor samples from cellobi-
ose-grown continuous cultures with substrate concentrations
below the HPLC detection limit were reanalyzed by using a
more sensitive enzymatic assay (see Materials and Methods),
whose detection limit was 0.15 g/liter. It was found that the
cellulase yield data correlated well with the fermentor cellobi-
ose concentration. In particular, YE/X decreased by more than
sixfold from 173 mg of cellulase/g of cells to about 27 mg of
cellulase/g of cells as the cellobiose concentration increased
from 0.11 to 0.2 g/liter and then continued to decline but did so
much more gradually as the cellobiose concentration increased
from 0.2 to 32 g/liter. The relationship between cellulase yield
(YE/X) (expressed in milligrams of cellulase per gram of cells)
and cellobiose concentration (CB) (expressed in grams per
liter) is described well (r2 � 0.966, 0.851) by the following
functions, respectively:

YE/X � � 316 � 1443CB, CB � 0.2 g/liter
26.8 � 0.537CB, CB � 0.2 g/liter �

FIG. 4. Continuous cultures of C. thermocellum with an increase in
the cellobiose feed concentration from 5 to 60 g/liter at a dilution rate
of 0.0556 h�1. Symbols: �, cell mass; Œ, pellet cellulase fraction; F,
total cellulase; ■ , residual cellobiose.

FIG. 5. Relationship between cell-specific cellulase yield and extra-
cellular cellobiose concentration. The data are from steady-state, cel-
lobiose-grown continuous cultures (see Fig. 3A and 4). CB, cellobiose
concentration; D, dilution rate.

TABLE 1. Cellulase synthesis in batch and continuous cultures

Substrate Type of culture Dilution
rate (h�1)

Initial concn
(g/liter)

Final concn
(g/liter)

Cell yield (g of
cells/g of
glucose

equivalents)

YE/X (mg of cellulase/g
of cells)

Cellobiose Batch 9.54 0 0.099 24.9
Continuous 0.033 4.65 0 0.083 173

0.05 4.65 0 0.104 139
0.08 4.65 0 0.108 144
0.1 4.65 0 0.118 98
0.167 4.65 0 0.127 61

Avicell Batch 10.6 0 0.102 223
Continuous 0.033 4.85 0.31 0.101 230

0.05 4.85 0.59 0.114 223
0.08 4.85 1.18 0.124 211
0.1 4.85 1.38 0.128 198
0.167 4.85 1.93 0.151 144
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DISCUSSION

An ELISA-based protocol based on antibody raised against
an amino acid sequence from the ninefold-repeated type I
cohesin region of the scaffoldin protein was used to quantify
the production of C. thermocellum cellulase, which exists in
unbound, cellulose-bound, and cell-bound forms (56). The
SDS-PAGE banding patterns for affinity digestion-purified cel-
lulosome were different for Avicel- and cellobiose-grown cul-
tures, which is consistent with some (2, 8) but not all (3)
previous reports. The ELISA standard curves were very similar
but not identical for cultures grown on Avicel and cultures
grown on cellobiose. Lamed et al. (29) concluded that the
major characteristics of the cellulolytic system of C. thermocel-
lum correspond to those of the purified cellulosome. Consis-
tent with this, we showed previously that both SDS-PAGE
banding patterns and cellulosome specific activity were essen-
tially identical for unbound, cell-bound, and cellulose-bound
affinity digestion-purified cellulosome preparations from Avi-
cel-grown cultures (56). In light of these observations, we in-
ferred that expression of various cellulosome components is
differentially regulated during growth on Avicel and cellobiose
but that total cellulase production can be estimated for both
substrates by using the ELISA-based protocol that we have
developed together with standard curves, obtained under con-
ditions of interest.

The cell yields (in grams [dry weight] of cells exclusive of the
amount of cellulase per gram of glucose equivalents con-
sumed) were higher for continuous cultures grown on Avicel
than for continuous cultures grown on cellobiose at every di-
lution rate tested over the range from 0.033 to 0.167 h�1.
Similar cell yields were observed for Avicel- and cellobiose-
grown stationary-phase batch cultures. However, the cell yields
determined for batch cultures may be affected by cell lysis and
or endogenous metabolism after the substrate is exhausted and
are regarded as less reliable than the values determined for
continuous cultures. Higher cell yields for growth on cellulose
than for growth on cellobiose have been observed for the
mesophilic cellulolytic anaerobe Clostridium cellulolyticum (6,
7), and cell yields have been observed to increase with increas-
ing chain length for cellobiose and soluble cellodextrins for C.
thermocellum (52), as well as several other cellulolytic bacteria
(32, 47, 53). Phosphorolytic cleavage of �-glucosidic bonds by
cellobiose and cellodextrin phosphorylases may contribute to
the increasing cell yields with increasing substrate chain length
(34). Consistent with this, the rates of phosphorolytic cleavage
of both cellobiose and cellopentaose are much higher (e.g.,
20-fold higher) than the rates of hydrolytic cleavage in C.
thermocellum cell extracts grown on either Avicel or cellobiose
(57). Lower ATP expenditure for substrate transport has also
been suggested as a factor that contributes to higher cell yields
for substrates with greater chain lengths (34). Higher cell yields
on Avicel than on cellobiose as a result of either phosphoro-
lytic cleavage of �-glucosidic bonds or a higher transport effi-
ciency appear to require that the mean chain length assimi-
lated during growth on cellulose be greater than 2 during
growth on cellulose (34). While the available information sug-
gests that compounds having a higher molecular weight than
cellobiose may be important intermediates in cellulose hydro-

lysis by C. thermomcellum, as well as other cellulolytic bacteria,
this has not been definitively proven.

Cellulase yields measured in continuous cultures provide a
basis for inference regarding regulation of cellulase synthesis
in C. thermocellum. Classical chemostat theory stipulates that
the concentration of a single rate-limiting growth substrate is
uniquely determined by the dilution rate (44). Consistent with
this observation, if cellobiose were the only soluble intermedi-
ate of cellulose hydrolysis, then the steady-state bulk-phase
cellobiose concentration would be the same at a specified di-
lution rate whether the fermenter is grown on Avicel or on
cellobiose. The fact that the cellulase yields in continuous
cultures were substantially higher (1.34- to 2.36-fold higher,
depending on the dilution rate) for growth on Avicel than for
growth on cellobiose seems to be a response to one or both of
the following environmental factors. (i) Cellobiose is in fact not
the only soluble hydrolysis product during growth on cellulose;
hence, the concentrations of cellobiose (and other soluble hy-
drolytic products of cellulose) are not the same during growth
on Avicel and during growth on cellobiose at a particular
dilution rate, and this results in different cellulase yields
through repression and/or induction. (ii) The presence of in-
soluble cellulose is sensed by the cell (e.g., in association with
attachment to the substrate surface), triggering synthesis of an
intracellular regulatory molecule which acts to increase the
cellulase yield. Elucidation of the relative importance of a
different profile of hydrolysis products and the presence of the
cellulose surface as factors that affect cellulase synthesis awaits
further investigation.

Our results suggest that cellulosome synthesis by C. thermo-
cellum is regulated by carbon catabolite repression (CCR). The
ninefold-higher YE/X value observed during batch growth on
Avicel than during batch growth on cellobiose is consistent
with CCR by cellobiose, since the concentrations of cellobiose
are manyfold higher during batch growth on this substrate than
during batch growth on Avicel. The fact that YE/X values cor-
relate well with cellobiose concentrations (Fig. 5) is also con-
sistent with the hypothesis that CCR is operative. The stron-
gest indication that CCR by cellobiose is an important if not
dominant mechanism for control of cellulosome synthesis by C.
thermocellum is the fact that data from two quite different
experiments, one involving changing the dilution rate at a
constant substrate concentration and the other involving
changing the substrate concentration at a constant dilution
rate, fall on the same curve for YE/X versus cellobiose concen-
tration. Both changing the dilution rate and changing the feed
cellobiose concentration result in changes in the fermentor
cellobiose concentration, which appears to be sufficient to de-
termine the cellulase yield under the conditions examined.

CCR-mediated control of cellulosome synthesis in C. ther-
mocellum is further supported by the observation that the three
key components of a CCR system (a LacI/GalR family regu-
latory protein, an HPr protein and an HPr kinase, and a 14-bp
cis-acting catabolite responsive element binding sequence) are
present in the draft C. thermocellum genomic sequence (Gen-
Bank ID AABG00000000; assembly date, November 2003;
http://genome.ornl.gov/microbial/cthe/). Several putative LacI/
GalR family genes are found in C. thermocellum (9). Although
the levels of amino acid identity for these C. thermocellum
open reading frames are rather low (e.g., in the range from 29
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to 50%) compared to those for Bacillus subtilis ccpA, such low
levels of identity are typical of LacI/GalR family proteins. For
example, the levels of amino acid identity for confirmed LacI/
GalR proteins relative to the protein encoded by B. subtilis
ccpA are 38% for regA from Clostridium acetobutylicum (4),
33% for malR from Clostridium butyricum (14), and 30% for B.
subtilis ccpB (45). Warner and Lolkema (54) identified in the
C. thermocellum genome genes corresponding to an HPr ki-
nase-like protein, HPr-like proteins containing a regulatory
site serine residue, and an HPr-like protein missing the active
site histidine residue. We were able to locate many (�100)
putative CRE sequences, including two putative CREs inside
the cipA structural gene (positions �953 and �5231) by using
the more degenerate CRE consensus sequence (WGWNANC
GNTNNCW). Dror et al. (9) identified only two CRE se-
quences by using the less degenerate sequence (TGWAARC
GYTWNCW). Substantial degeneracy of CRE sequences is
supported by results for B. subtilis. Whereas Chauvaux (4)
found 29 CRE sequences based on a consensus sequence with
7 of the 14 bases degenerate, Moreno et al. (41) later found by
using DNA arrays that �330 genes are regulated by CCR.
Moreover, whole-genome analysis of B. subtilis indicated that
the CRE sequence is not strictly conserved and that CRE
variation provides a means to alter the affinities of regulatory
proteins to CRE sequences, thereby modulating regulation
(15, 41). It should be noted that several glycosyl hydrolases
have been reported to be regulated by CCR; these enzymes
include Bacillus spp. cellulases, xylanases, and mannases (22),
C. acetobutylicum amylase (5, 55), Streptomyces chintiase 63
(42), Trichoderma reesei xylanase I (36), and Thermobifida
fusca endoglucanase CelE (50, 51). Identification of specific
CCR components and associated coeffecters involved in con-
trol of cellulase synthesis in C. thermocellum is an important
area for further research.
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