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The metabolic characteristics of Clostridium cellulolyticum, a mesophilic cellulolytic nonruminal bacterium,
were investigated and characterized kinetically for the fermentation of cellulose by using chemostat culture
analysis. Since with C. cellulolyticum (i) the ATP/ADP ratio is lower than 1, (ii) the production of lactate at low
specific growth rate (m) is low, and (iii) there is a decrease of the NADH/NAD1 ratio and qNADH produced/
qNADH used ratio as the dilution rate (D) increases in carbon-limited conditions, the chemostats used were
cellulose-limited continuously fed cultures. Under all conditions, ethanol and acetate were the main end
products of catabolism. There was no shift from an acetate-ethanol fermentation to a lactate-ethanol fermen-
tation as previously observed on cellobiose as m increased (E. Guedon, S. Payot, M. Desvaux, and H.
Petitdemange, J. Bacteriol. 181:3262–3269, 1999). The acetate/ethanol ratio was always higher than 1 but
decreased with D. On cellulose, glucose 6-phosphate and glucose 1-phosphate are important branch points
since the longer the soluble b-glucan uptake is, the more glucose 1-phosphate will be generated. The proportion
of carbon flowing toward phosphoglucomutase remained constant (around 59.0%), while the carbon surplus
was dissipated through exopolysaccharide and glycogen synthesis. The percentage of carbon metabolized via
pyruvate-ferredoxin oxidoreductase decreased with D. Acetyl coenzyme A was mainly directed toward the
acetate formation pathway, which represented a minimum of 27.1% of the carbon substrate. Yet the proportion
of carbon directed through biosynthesis (i.e., biomass, extracellular proteins, and free amino acids) and
ethanol increased with D, reaching 27.3 and 16.8%, respectively, at 0.083 h21. Lactate and extracellular
pyruvate remained low, representing up to 1.5 and 0.2%, respectively, of the original carbon uptake. The true
growth yield obtained on cellulose was higher, [50.5 g of cells (mol of hexose eq)21] than on cellobiose, a soluble
cellodextrin [36.2 g of cells (mol of hexose eq)21]. The rate of cellulose utilization depended on the solid retention
time and was first order, with a rate constant of 0.05 h21. Compared to cellobiose, substrate hydrolysis by
cellulosome when bacteria are grown on cellulose fibers introduces an extra means for regulation of the entering
carbon flow. This led to a lower m, and so metabolism was not as distorted as previously observed with a soluble
substrate. From these results, C. cellulolyticum appeared well adapted and even restricted to a cellulolytic lifestyle.

Cellulose is of cardinal importance in the global carbon
cycle: it accumulates in the environment due to its durable
nature (5), and the main final products released during its
fermentation are CH4 and CO2 (76). Bacteria are the major
cellulose hydrolyzers in anaerobic cellulosic microbiota (35,
67), where cellulolytic clostridia play a key role (34).

The cellulose degradation process which occurs through cel-
lulases has been studied extensively on cellulolytic clostridia,
leading to the cellulosome concept (4, 6). The multienzymatic
complexes found at the surface of the cells are responsible for
adhesion of bacteria to cellulose fibers and allow a very effi-
cient synergism of action of the different enzyme components
(8). Genes encoding cellulases as well as the mechanism of
action of the cellulosome are the subject of considerable re-
search, while few studies have focused on the metabolic aspects
of cellulose digestion by clostridia (27, 40).

Recent characterization of the carbohydrate catabolism of

Clostridium cellulolyticum, a nonruminal mesophilic bacterium
able to degrade crystalline cellulose, showed that (i) better
control of catabolism occurred on a mineral salt-based medium
(24, 48), (ii) carbon-limited and carbon-sufficient chemostats
displayed major differences in regulatory responses of the car-
bon flow (25), and (iii) in nitrogen-limited conditions, glucose
6-phosphate (G6P) and glucose 1-phosphate (G1P) branch
points play an important role in carbon flux divergence (22).
These investigations, however, were performed with cellobi-
ose, which is one of the soluble cellodextrins released during
cellulolysis (56). In such investigations, the use of soluble sug-
ars obviated the bacterial metabolic analysis on cellulose that
was assumed difficult to undertake. Metabolic regulation pro-
cesses found using cellobiose could differ or even be distorted
from those with insoluble substrates.

While the first studies of cellulose focused mainly on C.
cellulolyticum behavior, such as colonization or degradation
with an insoluble substrate (19–21), recent investigations of
cellulose fermentation in batch culture (12) have indicated that
(i) metabolite yields depend strongly on the initial cellulose
concentration and (ii) early growth arrest is linked to pyruvate
overflow as in cellobiose batch culture (23).

In the last decade, efficient continuous-culture devices for
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growth on insoluble compounds have been developed (30, 31,
33, 37, 46, 63, 74) and used mainly to estimate the kinetics of
cellulose degradation or colonization by various bacteria (1, 43,
58, 59, 71). Continuous culture is also a particularly useful and
powerful tool for analyzing the physiology of microorganisms
(42, 64).

The aim of this study was to investigate the carbon flow
distribution and degradative characteristics of C. cellulolyticum
when grown in mineral salt-based medium with cellulose, its
natural substrate, in chemostat culture.

MATERIALS AND METHODS

Chemicals. All chemicals were of highest-purity analytical grade. Unless men-
tioned otherwise, commercial reagents, enzymes, and coenzymes were obtained
from Sigma Chemical Co., St. Louis, Mo. All gases used were purchased from
Air Liquide, Paris, France.

Organism and medium. C. cellulolyticum ATCC 35319 was originally isolated
from decayed grass (52). Stocks of spores, stored at 4°C, were transferred to
cellulose medium and heat shocked at 80°C for 10 min (12). Anaerobic cell
cultures were subcultured once on cellulose before inoculation and growth in a
bioreactor (12, 24). The defined medium used in all experiments was a modified
CM3 medium (24) containing 0.37% cellulose MN301 (Macherey-Nagel, Düren,
Germany).

Growth conditions. C. cellulolyticum was grown on cellulose as the sole carbon
and energy source in a mineral salt-based medium. All experiments were per-
formed in a 1.5-liter-working-volume fermentor (LSL Biolafitte, St. Germain en
Laye, France). The temperature was maintained at 34°C, and the pH was con-
trolled at 7.2 by automatic addition of 3 N NaOH. Agitation was kept constant
at 50 rpm. The inoculum was 10% by volume from an exponentially growing
culture. Cells were grown in chemostat at various dilution rates, and each run was
independent.

With cellulose, the chemostat system was a segmented gas-liquid continuous
culture device as described by Weimer et al. (74). Modifications consisted of (i)
sparging the culture medium with sterile oxygen-free N2; (ii) limiting oxygen
entry and maintaining anaerobic culture conditions with connection of low-gas-
permeability PharMed, Viton, or glass; (iii) setting up the T-fitting device directly
into the feed reservoir to allow partitioning of the slurry into discrete liquid
bubbles of N2 as soon as the medium was pumped, thus avoiding any cellulose
sedimentation in the tube connecting the inside and outside of the reservoir of
the cellulose-containing medium; (iv) permitting accurate and uniform dispens-
ing of slurry by using cellulose MN301, which does not require any dry sieving
prior to use due to its original small particle size (,45 mm). Microbial contam-
ination was monitored regularly by microscopic observation. Achievement of
steady-state values for both residual cellulose concentration and biomass re-
quired five to six dilutions. The cultures were maintained for an overall period of
eight to nine residence times. Culture samples were removed at 6- to 30-h
intervals; for each condition, the data were the average from at least three
samples collected over 2- to 8-day periods in the steady state of the system.

Analytical procedures. Biomass was estimated by bacterial protein measure-
ment (46) using the Bradford dye method (10) as previously described (12).

Cellulose concentration was determined as described by Huang and Forsberg
(29), using a washing procedure (69) and quantification by the phenol-sulfuric
acid method (13) as already reported (12).

The relative crystallinity index of the cellulose was determined by the proce-
dure of Shi and Weimer (59).

Hydrogen and carbon dioxide were analyzed on a gas chromatography unit as
previously described (24).

Culture supernatants (10,000 3 g, 15 min, 4°C) were stored at 280°C until
analysis.

Extracellular proteins and amino acids were assayed as previously reported
(22–25), using the Bradford dye method (10) and the procedure of Mokrasch
(41), respectively.

Glucose was assayed enzymatically, using glucose oxidase and peroxidase with
o-dianisidine as a chromophore.

Soluble cellodextrins were quantitatively assayed by high-performance liquid
chromatography (HPLC) using refractive index detector and qualitatively using
thin-layer chromatography (TLC) as already described (22).

Glycogen determination were performed using amyloglucosidase (EC 3.2.1.3)
according to the procedure of Matheron et al. (38) as previously indicated (22).

Acetate, ethanol, lactate, and succinate were estimated by using the appropri-
ate enzyme kits (Boehringer Mannheim, Meylan, France).

Extracellular pyruvate was assayed enzymatically by fluorometric detection of
NADH as previously described (24).

Enzyme assays. Cells were centrifuged (12,000 3 g, 15 min, 0°C), and pellets
were rapidly frozen with liquid nitrogen and stored at 280°C. Cells were resus-
pended in Tris-HCl buffer (50 mM, 2 mM dithiothreitol [DTT] [pH 7.4]) and
then sonicated four times for 20 s each with a break of 60 s at a frequency of 20
kilocycles s21. The supernatant was collected from the cell lysate following
centrifugation (12,000 3 g, 20 min, 4°C). The protein content of extracts was
determined by the method of Bradford (10), using crystalline bovine serum
albumin as the standard. Anaerobic conditions were maintained throughout the
entire procedure, and all manipulations were performed under oxygen-free ni-
trogen atmosphere. All enzyme assays were performed at 34°C. Specific activity
was determined in a range where linearity with protein concentration was estab-
lished. For calculation of enzymatic activity, the molar extinction coefficients
used for 5,59-dithiobis-(2-nitrobenzoic acid), methyl viologen, and NAD(P)H
were 13.6 (15), 7.71 (50), and 6.22 mM21 cm21 (55), respectively.

The phosphoglucomutase (PGM; EC 5.4.2.2) assay was based on the method
of Lowry and Passonneau (36). The reaction mixture contained 50 mM Tris-HCl
(pH 7.5), 20 mM DTT, 10 mM MgCl2, 1 mM AMP, 1 mM NAD1, 2 mM G1P,
3 mM glucose 1,6-diphosphate, and 4 U glucose 6-phosphate dehydrogenase (EC
1.1.1.49).

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; EC 1.2.1.12) activity
was determined by the method of Ferdinand (16).

Pyruvate-ferridoxin oxidoreductase (PFO; EC 1.2.7.1) was assayed as de-
scribed by Meinecke et al. (39). The reaction mixture contained 25 mM potas-
sium phosphate buffer (pH 7.2), 0.14 mM sulfhydryl coenzyme A (CoA), 5 mM
pyruvate, and 1 mM methyl viologen as the artificial electron acceptor.

Lactate dehydrogenase (LDH; EC 1.1.1.27) activity was determined as de-
scribed elsewhere (32) in an assay mixture containing 20 mM potassium phos-
phate buffer (pH 7.4), 0.4 mM NADH, 1 mM fructose 1,6 diphosphate, and 20
mM pyruvate.

Phosphotransacetylase (PTA; EC 2.3.1.8) activity was measured as described
by Andersch et al. (2).

Acetate kinase (AK; EC 2.7.2.1) activity was determined by coupling hexoki-
nase (EC 2.7.1.1) and glucose 6-phosphate dehydrogenase (EC 1.1.1.49) and by
following the NADPH-dependent oxidation of G6P to 6-phosphogluconate at
340 nm (32).

Acetaldehyde dehydrogenase (AADH; EC 1.2.1.10) was assayed as described
by Dürre et al. (14). The reaction mixture contained 0.1 M Tris-HCl (pH 7.2), 2
mM DTT, 72 mM semicarbazide, 0.2 mM NADH, and 0.6 mM acetyl-CoA.

The alcohol dehydrogenase (ADH; EC 1.1.1.1) assay was based on the pro-
tocol described by Lamed and Zeikus (32). The assay mixture contained 100 mM
potassium phosphate buffer (pH 7.4), 0.2 mM NADH, 0.2 mM DTT, and 40 mM
acetaldehyde.

To determine the Km of PGM for G1P, a crude extract was dialyzed anaero-
bically against Tris-HCl buffer (50 mM, pH 7.5) containing 4 mM 2-mercapto-
ethanol. PGM activity was measured as described above; to determine Km, the
G1P concentrations were varied from 0.02 to 20 mM.

Assay of intracellular compounds. NAD(P)1 and NAD(P)H were first rapidly
extracted with HCl and KOH, respectively, as described by Wimpenny and Firth
(75). Levels of coenzymes were determined by fluorimetric measurements as
previously described (24). Other intracellular compounds were extracted from a
broth sample by HClO4, using a rapid extraction system (24).

ATP, ADP, and AMP were measured using a luciferin-luciferase luminescence
system (microbial biomass test kit; Celsis Lumac, Landgraaf, The Netherlands)
(22).

CoA and acetyl-CoA were measured by coupling appropriate enzyme assays
(68) for fluorimetric determination of NADH. The assay mixture contained 50
mM phosphate buffer (pH 7.5), 1 mM MgCl2, 1 mM NAD1, 0.5 mM EDTA, 1
mM 2-ketoglutarate, and 0.1 U of 2-ketoglutarate dehydrogenase complex from
pig heart to initiate CoA consumption. After complete depletion of the CoA in
the extract, 2 U of citrate synthase (EC 4.1.3.7) and 4 mM oxaloacetate were
added to measure the acetyl-CoA concentration.

Fluorimetric determination of G1P and G6P was based on the PGM assay
described above, using glucose 6-phosphate dehydrogenase (EC 1.1.1.49) and
PGM (EC 5.4.2.2) as previously described (22).

Calculations. The metabolic pathways and equations for cellulose fermenta-
tion by C. cellulolyticum, expressed as n hexose equivalents corresponding to n
glucose residues of the cellulose chain, were previously reported (12).

qcellulose is the specific rate of hexose residue fermented in millimoles per gram
of cells per hour. qacetate, qethanol, and qlactate are the specific rates of product
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formation in millimoles per gram of cells per hour. qextracellular pyruvate is the
specific rate of extracellular pyruvate formation in micromoles per gram of cells
per hour. qpyruvate is the specific rate of pyruvate used in millimoles per gram of
cells per hour, determined as follows: qpyruvate 5 qacetate 1 qethanol 1 qlactate 1
qextracellular pyruvate. qNADH produced and qNADH consumed, the specific rates of
NADH production and NADH consumption, respectively, in millimoles per
gram of cells per hour, were calculated as follows: qNADH produced 5 qpyruvate and
qNADH consumed 5 2 qethanol 1 qlactate.

The energetic yield of biomass (YATP) was calculated as follows: YATP 5
concnbiomass/(1.94 concnacetate 1 0.94 concnethanol 1 0.94 concnlactate 1 0.94
concn

extracellular pyruvate
) (12). YATP is expressed in grams of cells per mole of ATP

produced. qATP is the specific rate of ATP generation in millimoles per gram of
cells per hour calculated by the following equation: qATP 5 1.94 qacetate 1 0.94
qethanol 1 0.94 qlactate 1 0.94 qextracellular pyruvate (12). The energetic efficiency
(ATP-Eff) corresponding to ATP generation in cellulose catabolism is given by
the ratio of qATP to qcellulose.

The energetic charge and oxidation/reduction (O/R) index were calculated
according to Gottschalk (26).

The catabolic reduction charge (CRC) and anabolic reduction charge (ARC)
were calculated as follows (3): CRC 5 NADH/(NADH 1 NAD1) and ARC 5
NADPH/(NADPH 1 NADP1).

The molar growth yield (YX/S) is expressed in grams of cells per mole of hexose
equivalents fermented. The Pirt plot was used for determination of maximum
yield and maintenance coefficient with the following equation (53): 1/Y 5
1/Ymax 1 m tR, where Ymax is the true yield (in the absence of maintenance
requirements), Y the observed yield, m is the maintenance coefficient, and tR is
the retention time (i.e., tR 5 1/D, where D is the dilution rate).

The first-order rate constant of cellulose removal was determined using the
model equation (47) SR/S0 5 k tR 1 x, where SR is the concentration of cellulose
in the feed reservoir, S0 is the concentration of cellulose in the culture vessel, k
corresponds to the rate constant of cellulose degradation, and x is equal to 1
since it corresponds to the y intercept (i.e., tR 5 0 and thus SR/S0 5 1).

Mapping of the carbon flow. Distribution of the carbon flow was determined
by adapting the model developed by Holms (28) to C. cellulolyticum metabolism.
In the steady state, the flux through each enzyme of the known metabolic
pathway was determined as specified in Table 1. Carbon fluxes were expressed in
milliequivalents of carbon per gram of cells per hour.

It was assumed that the intracellular b-glucan composed of n hexose residues
was catabolized according to the model proposed by Strobel (62) as previously
described (12). If n $ 2, then b-glucan (n) 1 Pi 3 G1P 1 b-glucan (n 2 1),
through cellodextrin and cellobiose phosphorylase. If n 5 1, then glucose 1 ATP
3 G6P 1 ADP, via glucokinase. As a result, the entering carbon flow directed

toward G6P was
1
n

qcellulose and that toward G1P was
~n 2 1!

n
qcellulose. For

example, if n 5 1 (glucose) for the entering carbohydrate, then the qcellulose

toward G6P is equal to qcellulose and that toward G1P is nil since no G1P can be
formed. If n 5 2 (cellobiose) for the entering b-glucan, then the qcellulose toward

G6P is equal to
1
2 qcellulose and that toward G1P is

1
2 qcellulose since 1 glucose and

1 G1P are formed. If n 5 3 (cellotriose) for the entering soluble biopolymer, then the

qcellulose toward G6P is equal to
1
3 qcellulose and that toward G1P is

2
3 qcellulose since

1 glucose and 2 G1P are formed. For soluble b-glucans (n), where 1 # n # 7
(12, 51), average carbon flows directed toward G6P of 0.37 qcellulose and toward
G1P of 0.63 qcellulose were calculated.

The turnover of a pool per hour was calculated from the specific rate and pool
size expressed in moles or in carbon equivalents (22). It corresponded to the rate
of input or output divided by the pool size, which is then the number of times the
pool turns over every hour.

R corresponded to the ratio of specific enzyme activity to metabolic flux (28).
Like specific enzyme activity, metabolic flux was expressed in micromoles per
milligram of protein per minute from carbon flow calculated as described above.

Statistics. Statistical analysis of the data was performed following analysis of
variance and Student t test (9) with Excel.

RESULTS

Cellulose digestion and biomass formation. Preliminary re-
sults in chemostats indicated that with between 2 and 6 g of
cellulose liter21 and at a dilution rate of 0.025 h21, biomass
formation increased proportionately to cellulose concentration
(data not shown). C. cellulolyticum was then grown with 3.7 g of
cellulose liter21 at different steady-state combinations of
D—equal to the microbial specific growth rate (m)—which
ranged from 0.014 to 0.083 h21 (Table 2); steady-state growth
on cellulose was attained neither at D , 0.01 h21 nor at D .
0.09 h21 since washout then occurred. The latter value corrob-
orated the maximum growth rate (mmax) of 0.087 h21 (i.e., a
generation time of 8 h) estimated by following growth with the
rate of tritiated thymidine incorporation into DNA during the
exponential phase of batch growth on cellulose (20). Cell den-
sity was maximum at low D, i.e., 0.207 g liter21 at 0.014 h21,
but slowly decreased with increasing D to reach 0.154 g liter21

at 0.083 h21 (Table 2). In all of the runs, microscopic exami-
nations of the cultures revealed that almost all of the cellulose
fibers were colonized by bacteria; the few particles that were
not were most likely those that had been recently introduced
into the bioreactor (74). Unattached cells were mostly observ-
able under conditions of low D.

TABLE 1. Calculations for analysis of the carbon flow during cellulose fermentation by C. cellulolyticum

Stepa Specific metabolic rate [meq of C (g of cells)21 h21] Equationb

1 qcellulose (S/X) 3 D
2 qlactate (Clactate/X) 3 D
3 qacetate (Cacetate/X) 3 D
4 qethanol (Cethanol/X) 3 D
5 qextracellular pyruvate (Cextracellular pyruvate/X) 3 D
6 qbiosynthesis from glycolysis [(Cbiomass 2 Cglycogen 1 Camino acid 1 Cprotein)/X] 3 D
7 qCO2

[(3) 1 (4)]/2
8 qpyruvate (2) 1 (3) 1 (4) 1 (5) 1 (7)
9 qacetyl-CoA (3) 1 (4)
10 qG1P (1) 3 0.63
11 qcellulose toward G6P (1) 3 0.37
12 qG6P (6) 1 (8)
13 qPGM (12) 2 (11)
14 qglycogen (Cglycogen/X) 3 D
15 qexopolysaccharide (10) 2 (13) 2 (14)
16 qG1P toward glycogen and exopolysaccharides (14) 1 (15)

a Step numbers are diagrammed in Fig. 3.
b S is the concentration of cellulose consumed, expressed as millequivalents of C per liter; X is the biomass concentration at steady state, expressed as grams per liter;

D is the dilution rate; C is milliequivalents of C per liter from by-products or biomass.
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In continuous culture at 3.7 g of cellulose liter21, C. cellu-
lolyticum always left some undigested cellulose (Fig. 1). The
longer was the solid retention time (tR 5 1/D), the higher was
the percentage of cellulose degradation: from 0.014 h21 (i.e.,
tR 5 71.4 h) to 0.083 h21 (i.e., tR 5 12.0 h), the percentages of
digested cellulose at steady state were 75.0 and 20.9, respec-
tively (Fig. 1). Regardless of D, glucose or cellodextrins could
not be detected in the supernatant using enzymatic, HPLC,
and TLC techniques, and so cellulose hydrolysis did not yield
a significant pool of soluble sugars. Crystallinity measurements
showed that the relative crystallinity index of cellulose in che-
mostat at 0.014 h21 was 88.8, compared to 89.6 for the original
cellulose MN301. Thus, even at long tR, the residual cellulose
was not enriched in its crystalline content during the fermen-
tation. Plots of SR/S0 versus tR were linear, and so cellulose
digestion follows first-order kinetics where linear regression of
the data (r2 5 0.976) gives a first-order rate constant for cel-
lulose removal of 0.05 h21 (Fig. 1).

The observed cell yields increased with increasing D and
varied from 11.8 to 32.8 g of cells per mol of hexose eq con-
sumed (Table 2). From the observed growth yield, which is
affected by microbial endogenous metabolism and mainte-
nance energy requirements, the true growth yield was calcu-
lated. A Pirt plot (r2 5 0.987) allowed determining the main-
tenance coefficient and YX/S

max, which were estimated at 0.9
mmol of hexose eq/g of cells/h and 50.5 g of biomass/mol of
hexose eq consumed, respectively.

Metabolite production. Acetate, ethanol, lactate, H2, and
CO2 were the primary metabolic end products, and no succi-
nate accumulation was observed (Table 2). The percentage of
carbon flow toward fermentative metabolites, given by the ra-
tio qpyruvate/qcellulose, indicated that 67.0 to 81.5% of the con-
sumed cellulose was converted to extracellular pyruvate, lac-
tate, CO2, acetate, and ethanol. The remaining carbon flow
was oriented toward amino acid, protein, biomass, and exopo-
lysaccharide formation. Exopolysaccharides could not be mea-
sured as previously described (48) because of significant inter-

FIG. 1. Effect of solid tR on cellulose digestion by C. cellulolyticum.
Inset, correlation between SR/S0 and tR.
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ference with cellulose fibers leading to erroneous estimation of
their concentrations, but they were readily observable by mi-
croscopic examination. The carbon balance, calculated by tak-
ing into account amino acids, proteins, fermentative end prod-
ucts, and biomass, was then in a range between 95.8 and 98.7%.

qacetate and qethanol increased 1.5- and 2.6-fold, respectively,
with D (Fig. 2). Acetate production represented up to 72.9% of
the carbon flowing toward catabolites (Table 2) and remained
the higher specific production rate (Fig. 2). Levels of lactic acid
and extracellular pyruvate formed were lower, reaching max-
ima of only 0.04 mmol (g of cells)21 h21 and 12.06 mmol (g of
cells)21 h21, respectively (Fig. 2). Thus, the majority of the
carbon flow was for acetate and ethanol production, with a
progressive shift toward ethanol production with increasing D.

Fermentation balance. Formulation of a reducing equivalent
balance equation requires a fair knowledge of the biochemistry
of carbon assimilation for a particular substrate (44, 45). The
reactions leading to the formation of catabolites during the
fermentation of cellulose by C. cellulolyticum were previously
described (12). Cellulose hydrolysis liberates soluble sugars,
which are then metabolized by bacteria and allow cell growth.
The hexose residues of a b-1,4 polymer of glucose have a mean

formula of C6H 10n12
n

O 5n11
n

, where n represents the degree of

polymerization, i.e., the number ofglucose residues inside the

biopolymer. From cellulose degradation, it was assumed that
soluble cellodextrins with a degree of polymerization n be-
tween 1 and 7 could potentially be incorporated and fermented
by the cells (12, 51, 56). This corresponds to an average for-
mula of hexose equivalents from glucose to celloheptaose uti-
lized by bacteria of C6.0H10.7O5.4.

The synthesis of biomass—with an elemental composition of
C4H7NO2 (24)—from cellulose digestion can be represented
by the overall scheme C6.0H10.7O5.4 1 1.5 NH3 3 1.5
C4H7NO2 1 2.4 H2O. Since no available hydrogen atoms were
used to equilibrate the equation, this meant that when bacteria
grow on cellulose, reducing equivalents NAD(P)H are well
balanced by biomass synthesis. It was assumed that CO2 pro-
duction through general decarboxylation enzymes and CO2

fixation in biomass gave a balance of almost nil (24, 44, 45).
Energetic and redox balance. The stoichiometry of ATP

generated over hexose equivalents fermented, i.e., ATP-Eff,
was higher at low D since it was 2.72 and declined to 2.07 with
the highest D value (Table 3) due to the decrease of the
percentage of acetate production (Table 2). As D increased,
qATP rose from 3.24 to 5.25 mmol (g of cells)21 h21 (Table 3).
The apparent energetic yield increased with increasing D as
well (Table 3). The low YATP obtained at low m reflected an
expenditure of energy due to the more pronounced mainte-
nance requirement at low m. The Pirt plot (r2 5 0.984) per-
mitted determining a true energetic yield (YATP

max ) of 30.3 g of
cells (mol of ATP)21 and a maintenance energy (mATP) esti-
mated at 2.9 mmol of ATP (g of cells)21 h21.

Whatever the m, the pool of ATP and ADP rose while AMP
remained quite constant at ca. 0.10 mmol (g of cells)21. The
ratio ATP/ADP fluctuated between 0.37 and 0.46, while a
mean value of 0.63 was obtained for the adenylate energy
charge.

From the known catabolic pathways which produced and
consumed reducing equivalents, the coenzyme balance could
be calculated. qNADH produced increased with increasing D,
from 1.94 to 3.39 mmol (g of cells)21 h21, as did qNADH used,
which ranged from 0.99 to 2.59 mmol (g of cells)21 h21 (Table
4). qNADH produced/qNADH used, however, ranged from 1.96 to
1.31, indicating an excess of NADH since the ratio was always
greater than 1. Despite this imbalance, the intracellular ratio
NADH/NAD1 was always lower than 1 and the CRC was
constant at around 0.27 (Table 4). This result correlated with
H2/CO2 ratios which were always higher than 1. These data
suggested that the regeneration of NADH to NAD1 was due
to the NADH-ferredoxin (NADH-fd) reductase and hydroge-

FIG. 2. Influence of D on qacetate (E), qethanol (■), and qlactate
(Œ).

TABLE 3. Adenylate content and energetic balance of C. cellulolyticum cells at steady state

Parameter
Results obtained at D (h21) ofa:

0.014 0.027 0.035 0.041 0.055 0.064 0.076 0.083

Pool ATP 1 ADP [mmol (g of cells)21] 4.41 4.55 5.18 5.83 5.42 6.05 5.98 6.91
ATP/ADP ratio 0.37 0.45 0.40 0.35 0.39 0.36 0.44 0.46
AMP [mmol (g of cells)21] 0.10 6 0.02 0.05 6 0.01 0.09 6 0.02 0.14 6 0.03 0.12 6 0.02 0.07 6 0.01 0.11 6 0.01 0.08 6 0.02
Energetic charge 0.62 0.65 0.63 0.61 0.63 0.62 0.64 0.65
qATP [mmol (g of cells)21 h21] 3.24 4.11 4.29 4.44 4.56 4.72 4.98 5.25
ATP-Eff 2.72 2.62 2.48 2.44 2.33 2.21 2.16 2.07
YATP [g of cells (mol of ATP)21] 4.3 6.6 8.2 9.2 12.1 13.6 15.3 15.8

a See Table 2, footnote b.
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nase activities, explaining the production of additional H2 and
the intracellular NADH/NAD1 ratio lower than 1 (Table 4).
Taking into account the gas production ratio, the O/R index
was determined as very close to 1, indicating an efficient reg-
ulating system for the reoxidation of NADH via hydrogen
production in addition to carbon fermentative pathways (23,
24).

Concerning the phosphopyridine nucleotides involved in
biosynthesis pathways, the reduced form was in excess since
the NADP1 pool was hardly detectable (Table 4). As a result,
the ARC was constant and equal to 1.00, meaning that
NADPH was largely available for biosynthesis reaction.

Kinetic analysis of cellulose fermentation. The effects of D
on cellulose consumption and product formation are summa-
rized in Fig. 3. The rate of cellulose consumption varied from
7.14 to 15.20 meq of C (g of cells)21 h21 with increasing D.

Carbon conversion to biomass, extracellular proteins, and
free amino acids increased from 1.03 to 4.14 meq of C (g of
cells)21 h21 (Fig. 3) and reached 27.3% of the original carbon
uptake at D 5 0.083 h21. Most of the carbon used for these
biosyntheses, however, was converted to biomass since regard-
less of D, both extracellular proteins and free amino acids
represented a constant proportion of the original carbon,
around 7.5%.

The cellulose catabolism leading to pyruvate from which
fermentation end products were formed—i.e., acetate, CO2,
extracellular pyruvate, ethanol, and lactate—increased from
5.82 to 10.18 meq of C (g of cells)21 h21 (Fig. 3), yet the
percentage of the entering carbon used for the end product
formation decreased from 81.5 to 67.0% with increasing
growth rate. qacetate and qethanol increased from 2.83 to 4.12
and from 0.97 to 2.55 meq of C (g of cells)21 h21, respectively.
However, when expressed as a percentage of qcellulose, the flux
through the acetate pathway decreased from 39.6 to 27.1%,
while through the ethanol production route this percentage
rose from 13.5 to 16.8. qlactate increased only from 0.11 to 0.13
meq of C (g of cells)21 h21 and represented a small portion of
the carbon uptake since it dropped from 1.5 to 0.9%. The
specific rate of extracellular pyruvate formation ranged from
0.02 to 0.04 mmol (g of cells)21 h21, and this leak toward the
outside of the cells bottomed out at 0.2% of the carbon uptake.

Another part of the entering carbon flow was directed to-
ward exopolysaccharide synthesis (Fig. 3), which increased
from 0.25 to 0.63 meq of C (g of cells)21 h21 and represented
up to 4.2% of the specific consumption rate of cellulose.

Intracellular pool of hexose phosphate and CoA derivative.
The G6P pool was fueled by the carbon flow from glucokinase
activity and by PGM activity from the G1P pool (Fig. 3). At this
metabolic node, the G6P pool decreased with increasing
growth rate (Table 5), indicating that the turnover of the pool
increased and actually reached 212.3 h21 at m 5 0.083 h21

(Fig. 3). This variation was correlated with the increase of the
carbon flow through glycolysis and biosynthesis metabolic
pathways with higher m. The qG6P increased from 6.86 to 14.32
meq of C (g of cells)21 h21 with higher D (Fig. 3); whatever the
D, it represented a mean of 96.0% of the carbon uptake. The
G1P pool rose from 5.71 to 20.12 mmol (g of cells)21 with D
(Table 5) and thus corresponded to a decrease in the turnover
of the pool (Fig. 3). As a result, the G6P/G1P ratio ranged
from 6.48 to 0.56 with increasing m (Table 5).
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From the G1P junction, the carbon could be either stored as
glycogen or converted to exopolysaccharide, or it could be
directed more toward glycolysis via PGM (Fig. 3). Whatever
the D, no cellotriose could be detected and G1P was metabo-
lized as exopolysaccharides. With increasing D, the carbon flow
via PGM increased from 4.21 to 8.70 meq of C (g of cells)21

h21, and the percentage of the original carbon flowing through
this metabolic pathway remained quite constant, ranging from
59.0 to 57.2%. qglycogen increased from 0.03 to 0.24 meq of C (g
of cells)21 h21 and represented up to 1.6% of the entering
carbon flow. The turnover of the glycogen pool remained low
since it increased from 0.02 to 0.09 times per hour with the
highest D value and was correlated with increasing qpyruvate and
qbiosynthesis.

The pool of CoA was formed from phosphotransacetylase
and acetaldehyde dehydrogenase, and that of acetyl-CoA was
formed from PFO activity (Fig. 3). At this branch point, the
pools increased with m and the acetyl-CoA/CoA ratio de-
creased slightly, from 5.23 to 2.93 (Table 5). The specific met-
abolic rate of acetyl-CoA ranged from 3.79 to 6.67 meq of C (g
of cells)21 h21, while its turnover decreased from 755.9 to
398.5 times per hour. These facts are associated with (i) reori-
entation of the carbon fluxing through qbiosynthesis, increasing
from 14.5 to 27.3%, at the expense of qpyruvate, decreasing from
81.5 to 67.0%; and (ii) decrease of the percentage of carbon
flow through the acetate pathway, which was reoriented toward
ethanol in different proportions since carbon conversion to
acetate dropped from 39.6 to 27.1%, while it increased only
from 13.6 to 16.8% through the ethanol pathway.

Enzymatic activities. The effects of m on specific activities of
the enzymes are compiled in Table 6. In vitro enzyme activities

were higher under conditions giving higher in vivo specific
production rates. The level of GAPDH rose continuously with
increasing carbon flow, indicating efficient hexose catabolism
during glycolysis; from the lowest to the highest D, the
GAPDH level increased 3.3-fold. From 0.014 to 0.083 h21,
PFO increased 1.7-fold, PTA increased 1.4-fold, AK increased
7.1-fold, AADH increased 3.2-fold, and ADH increased 2.9-
fold.

When the flux was expressed as micromoles per milligram
per hour of protein from previously calculated values (Fig. 3),
the ratio R (specific enzyme activity in biomass/metabolic flux)
could be calculated (28). For metabolic pathways leading to
acetate production via PTA and AK, R varied between 22.1
and 23.9 and from 6.9 to 33.6, respectively; with PFO, R was ca.
10.2. Similarly, R for enzymes of the ethanol pathway ranged
from 5.4 to 10.6 and from 14.9 to 18.5 for AADH and ADH,
respectively. However, with the metabolic route through PGM,
this ratio was constant at only ca. 1.2. This indicated that flux
via PGM utilized all of the available activity of the enzyme.
The specific activity of PGM increased 2.1-fold from lowest to
highest D (Table 6) and was thus correlated with higher spe-
cific metabolic rates. These results mean that the enzyme reg-
ulates activity in the cell to balance the flux from G1P to G6P
whatever the m. An apparent Km of 0.21 mM for G1P catalyzed
by PGM was calculated from an Eadie-Hofstee plot (17) (data
not shown). By assuming an internal volume of 1.67 ml (g of
cells)21 (24), the steady-state internal G1P concentration was
calculated as 3.42 to 12.05 mM (Table 5); these data suggest
that the PGM reaction was zero-order kinetics with respect to
catalyzed substrate, which is in good agreement with the anal-
ysis of metabolic flux. In contrast, the ratio R for the lactate

TABLE 5. Intracellular metabolite levels of continuous steady-state cultures of C. cellulolyticum

Parameter
Results obtained at D (h21) ofa:

0.014 0.027 0.035 0.041 0.055 0.064 0.076 0.083

G6Pa [mmol (g of cells)21] 36.98 6 1.14 35.76 6 0.92 29.98 6 0.79 26.31 6 0.73 16.64 6 0.58 14.28 6 0.51 11.29 6 0.62 11.24 6 0.55
G1Pb [mmol (g of cells)21] 5.71 6 0.33 8.01 6 0.40 9.65 6 0.32 10.99 6 0.54 14.16 6 0.61 15.96 6 0.57 18.23 6 0.75 20.12 6 0.68
G6P/G1P ratio 6.48 4.46 3.11 2.39 1.18 0.89 0.62 0.56
Acetyl-CoA [mmol (g of cells)21] 2.51 6 0.18 2.98 6 0.21 3.56 6 0.23 3.81 6 0.25 5.75 6 0.39 6.27 6 0.42 7.06 6 0.46 8.37 6 0.56
CoAc [mmol (g of cells)21] 0.48 6 0.03 0.59 6 0.04 0.74 6 0.06 0.87 6 0.05 1.29 6 0.09 1.54 6 0.11 2.12 6 0.14 2.86 6 0.19
Acetyl-CoA/CoA ratio 5.23 5.05 4.81 4.38 4.46 4.07 3.33 2.93

a See Table 2, footnote b.

TABLE 6. Specific enzymatic activity and flux relative to available enzyme activity in C. cellulolyticum cell extract at steady-state growtha

Enzymea

Results obtained at D (h21) ofa:

0.014 0.035 0.064 0.083

Mean SEA [mmol min21

(mg of protein)21] 6 SD R Mean SEA [mmol min21

(mg of protein)21] 6 SD R Mean SEA [mmol min21

(mg of protein)21] 6 SD R Mean SEA [mmol min21

(mg of protein)21] 6 SD R

GAPDH (EC 1.2.1.12) 1.13 6 0.19 2.37 6 0.28 2.82 6 0.31 3.81 6 0.45
PGM (EC 5.4.2.2) 0.021 6 0.006 1.3 0.028 6 0.008 1.2 0.035 6 0.013 1.1 0.044 6 0.011 1.3
LDH (EC 1.1.1.27) 0.13 6 0.01 150.6 0.26 6 0.03 298.3 0.38 6 0.04 402.9 0.43 6 0.05 434.2
PFO (EC 1.2.7.1) 0.44 6 0.04 10.2 0.57 6 0.06 9.8 0.71 6 0.07 10.9 0.74 6 0.09 9.8
PTA (EC 2.3.1.8) 0.76 6 0.08 23.9 0.95 6 0.01 23.2 0.99 6 0.13 22.8 1.03 6 0.14 22.1
AK (EC 2.7.2.1) 0.22 6 0.03 6.9 0.46 6 0.04 11.3 1.11 6 0.15 25.5 1.56 6 0.21 33.6
AADH (EC 1.2.1.10) 0.09 6 0.01 7.9 0.09 6 0.02 5.4 0.24 6 0.02 10.6 0.29 6 0.03 10.2
ADH (EC 1.1.1.1) 0.17 6 0.02 15.2 0.25 6 0.03 14.9 0.41 6 0.04 18.5 0.49 6 0.06 17.2

a SEA, specific activity of enzyme; R, ratio of specific enzymatic activity to metabolic flux through the metabolic pathway (see Results).
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formation pathway was always very high, ranging from 150.6 to
434.2. This indicates that the enzyme concentration increases
as catabolic carbon flow increases but was not correlated with
a proportional rise of the specific production rate of lactate;
LDH increased 3.5-fold, from 0.014 to 0.083 h21 (Table 6),
while qlactate varied only slightly (Fig. 3).

DISCUSSION

Based on microscopic observations, cellulose fibers were
found to be covered by the microbial cell; such continuous
cultures are generally regarded as cellulose limited (59, 71, 74).
Yet cells which adhere to cellulose can also be considered to be
in substrate-sufficient conditions. In fact, soluble sugars liber-
ated from cellulose are the real substrate for growth and are
incorporated by cells as rapidly as they are formed, since no
glucose or cellodextrins could be detected in the supernatant.
It may therefore be possible that bacteria display a metabolism
under or near carbon-sufficient conditions and not carbon-
limited conditions as previously suggested by microscopic ex-
amination. In cellobiose-sufficient conditions, the ATP/ADP
ratios were as high as 7.21 and always higher than 1 (25), while
in cellobiose limitation the ATP/ADP ratios ranged between
0.21 and 0.69 (E. Guedon, M. Desvaux, and H. Petitdemange,
unpublished data). In the cellulose chemostat cultures carried
out, the ATP/ADP ratios ranged from 0.37 to 0.46 and were
always lower than 1 as in carbon-limited chemostats. In cello-
biose limitation, few lactate molecules were produced at low D,
contrary to what was observed in cellobiose-sufficient contin-
uous culture (25). Moreover, on cellulose continuous culture,
the ratios NADH/NAD1 and qNADH produced/qNADH used

dropped as D increased, while in cellobiose-sufficient condi-
tions these ratios rose (25). All of these results lead to the
conclusion that the cellulose continuous cultures described
here were performed under carbon limitation; it can thus be
maintained that the chemostats were cellulose-limited contin-
uous cultures.

In such conditions, the cellulose catabolism of C. cellulolyti-
cum led to an acetate-ethanol fermentation maximizing ATP
production. Concerning the distribution of the fluxes through-
out the metabolic network, at least 94.2% of the carbon flow
was used for generation of energy and biosynthetic precursors;
the remaining carbon was converted to glycogen and exopo-
lysaccharides. The proportion of carbon flowing through G6P
remained quite constant regardless of D but differed between
qbiosynthesis and qpyruvate as m increased; more of the carbon
uptake was directed toward biosynthesis pathways at high D
values than at lower ones. Regardless of D, extracellular pro-
teins and free amino acids represented around 7.5% of the
entering carbon. The carbon flow was always directed mainly
toward acetate production, which represented a minimum of
27.1% of the original carbon at the highest m. Yet the carbon
from glycolysis directed through biosynthesis and ethanol in-

creased to 27.3 and 16.8%, respectively, at D 5 0.083 h21.
Theorical calculation suggest on the one hand that with Tricho-
derma reesei used as a model, optimal growth of a cellulolytic
anaerobe requires major allocation of ATP toward cellulase
biosynthesis (70) and on the other hand that with low ATP
production per mole of hexose equivalent, most of the carbon
source is used for the generation of energy (57). From lowest
to highest D, C. cellulolyticum diverted 7.8 to 21.6% of the
cellulose to cell carbon, whereas 81.3 to 66.7% was used for
ATP production.

On cellulose, G6P-G1P was an important branch point since
the longer the soluble b-glucan uptake period is, the more G1P
will be generated. The ratio of PGM specific activity to qPGM

(close to 1) reflected the precision of the control exerted by this
enzyme on the partition of the flux at this junction (28), where
the conversion of G1P to G6P feeds further the Embden-
Meyerhof pathway. A high R indicates that the fluxes are
determined by the concentration of substrate available in the
pool rather than the enzyme activity (28). However, intracel-
lular concentrations of substrates, products, cofactors, or ef-
fector molecules as well as intracellular ionic strength, redox
potential, or pH could influence the partition and regulation of
flux at each step in the central metabolic pathways (28). In
vitro enzyme assays could then differ from in vivo conditions,
and the significance of a low R could be more difficult to
establish. Control of the PGM pathway by the amount of PGM
was reinforced by the finding that Km was more than 10-fold
lower than the lowest intracellular G1P concentration deter-
mined. With higher D, the flow through glycolysis and biosyn-
thesis increased, as did G6P turnover. The G1P pool, however,
increased because the proportion of carbon flowing via PGM
did not vary as much. G1P was thus directed toward exopoly-
saccharide formation, which reached a maximum of 4.2% of
the original carbon uptake. The proportion of the flow through
glycogen synthesis increased as well and represented up to
1.6% of the entering carbon flow. Here, glycogen turnover
increased with D but remained low (maximum of 0.09 h21),
while the glycogen pool increased up to 108.7 mg (g of cells)21

at 0.035 h21 and then slowly decreased; glycogen biosynthesis
could be adjusted as a function of the carbon flow. At the
G1P-G6P branch point, the flux partitioning was then stabi-
lized via PGM while the carbon surplus was dissipated by
exopolysaccharide and intracellular glycogen synthesis. In fact,
the percentage of G1P converted to G6P via PGM remained
constant at around 93.7%, whereas the proportion of G1P
converted to glycogen increased from 0.7 to 2.6% between D 5
0.014 and 0.083 h21. In the same time, exopolysaccharide rep-
resented around 5.3% of the G1P produced. These produc-
tions seem to buffer the increasing carbon flow from G1P,
which could not be metabolized via PGM. On cellulose-limited
chemostat cultures, carbon excess at this branch point was
limited compared to ammonium-limited chemostat culture
performed on cellobiose (which corresponded to an uncou-

FIG. 3. Distribution of carbon flux within the central metabolic pathways based on steady-state kinetics from continuous cultures of C.
cellulolyticum grown on cellulose at D 5 0.014, 0.035, 0.064, and 0.083 h21. Carbon flow (➞) and turnover (➪) were calculated as specified in
Materials and Methods and according to the values in Tables 1 and 2. Fluxes through metabolic pathways are expressed as millequivalents of C
per gram of cells per hour and are indicated by thin lines where numbers in parentheses refer to step numbers in Table 1. Turnover per hour is
indicated by a thin line connected to a box with a rolling circle symbolizing the turnover of the pool.

126 DESVAUX ET AL. J. BACTERIOL.

 on A
ugust 3, 2020 at IN

R
A

E
 - Inst N

atl de R
ech pour l'A

griculture, l'A
lim

entation et l'E
nvironnem

ent
http://jb.asm

.org/
D

ow
nloaded from

 

http://jb.asm.org/


VOL. 183, 2001 CELLULOSE CHEMOSTAT OF C. CELLULOLYTICUM 127

 on A
ugust 3, 2020 at IN

R
A

E
 - Inst N

atl de R
ech pour l'A

griculture, l'A
lim

entation et l'E
nvironnem

ent
http://jb.asm

.org/
D

ow
nloaded from

 

http://jb.asm.org/


pling between catabolism and anabolism), where exopolysac-
charides and glycogen could represent up to 16.0 and 21.4%,
respectively, of the specific rate of carbon consumed and where
cellotriose was detected extracellularly (22). Glycogen was syn-
thesized even in carbon-limited conditions and was present at
all dilution rates. Such observations parallel those for Fi-
brobacter succinogenes, for which futile cycling of glycogen was
reported (18, 38). These results could suggest that glycogen
biosynthesis in cellulolytic bacteria in involved in carbon flow
regulation (7) rather than in prolonging cell viability by pro-
viding energy storage (54) as for sporogenesis (49). Such a
cycle could also be considered an energy-wasting reaction, as
suggested by use of the term “futile cycle” for glycogen me-
tabolism in Fibrobacter; however, here cellulose-fed continuous
cultures were energy-limited cultures which do not normally
waste ATP (57).

The flow of carbon was facilitated by the increase of specific
enzymatic activity as m increased. The fact that metabolic
fluxes were much less than the available enzyme activities (ex-
cept for PGM as specified above) indicated that specific en-
zyme activities were limited by the supply of substrate. The
decline of acetyl-CoA turnover was corroborated by the anal-
ysis of metabolic flux distribution; the percentage of the carbon
flowing through PFO diminished as D increased and the flux
was directed away from acetate production. The acetyl-CoA/
CoA ratio decreased and paralleled the decline of the ratios
H2/CO2 and qNADH produced/qNADH used. These results are in
agreement with the model of Decker et al. (11, 66) for the
regulation of NADH-fd reductase activities which, through the
consumption of NADH, direct the fluxes of metabolites in the
direction of acetate for ATP production. On cellulose, the cells
manage to maintain an equilibrated electron balance through
the hydrogenase NADH-fd reductase activities and the ethanol
pathway as indicated by the O/R index (23, 24). The pyruvate
and acetyl-CoA branch points were parts of an independent
two-node metabolic network (60). From acetyl-CoA, the main
end product formed was acetate, but partitioning of the flux
was modified in favor of ethanol production as D increased.
Pyruvate was catabolized mainly via PFO. Whatever the D, the
extracellular pyruvate formation rate was low and was corre-
lated with the low lactate production which, moreover, repre-
sented less and less of the qpyruvate; the specific formation rates
of both lactate and extracellular pyruvate represented a max-
imum of 1.8% of the original carbon uptake. Thus, whatever
the D, there was no competition between PFO and LDH for
the carbon flowing from glycolysis, contrary to what was ob-

served on soluble sugar (24, 25). On cellobiose, lactate and
extracellular pyruvate levels rose with increasing specific rates
of consumed hexose higher than 2.82 mmol (g of cells)21 h21

(24), while on cellulose qhexose reached a maximum of 2.53
mmol (g of cells)21 h21.

The mATP obtained on cellulose, i.e., 2.9 mmol of ATP/g of
cells/h, was very close to that obtained on cellobiose (r2 5
0.923), i.e., 2.2 mmol of ATP/g of cells/h; as well, the true
energetic yield on cellobiose was 28.4 g of biomass per mol of
ATP, near the YATP

max of 30.3 g of biomass per mol of ATP
obtained on cellulose (values for the cellobiose-limited chemo-
stat calculation were taken from a previous report 24). As for
the true growth yield, the YX/S

max determined on cellobiose was
lower than that on cellulose (Table 7). From statistical analysis
of the Pirt plots, following regression analysis and Student t
test (9) of the data, the maximum true growth yields were
significantly different. This indicated a benefit for cells when
grown on cellulose since a higher biomass could be reached for
the same hexose equivalent quantity consumed. Such a result is
consistent with the mechanism of carbohydrate uptake de-
scribed by Strobel et al. (62), which is an energy-efficient trans-
port system of soluble cellodextrins released from cellulolysis.

This investigation has also allowed characterization of the
cellulose degradation properties of C. cellulolyticum from the
consistent data summarized in Table 7. Our data were com-
piled along with those of other chemostat cultures performed
with cellulose as described in the current literature. R. albus
and C. cellulolyticum appear to be the bacteria with the lowest
first-order cellulose hydrolysis rate constant; it is 3.4 times
lower than that of C. thermocellum, which is the highest one so
far determined, 0.17 h21. Although a high cellulose degrada-
tion rate is often regarded as a general feature of thermophilic
microorganisms relative to mesophilic species (37), such a dif-
ference in the rate constant of cellulose degradation could also
result from the difference in cellulasic substrates used; in fact,
the relative crystallinity index, porosity, allomorphs, capillary
or gross surface area of the cellulose used could result in
different kinetics of cellulose degradation (72, 73). Thus, the
comparison of rate constant of cellulose digestion should not
be overinterpreted, a caveat which points out the necessity of
standardization of cellulose substrates used in such studies for
further direct comparison. The true growth yield is among the
highest reported, i.e., 50.5 g of cells/mol of hexose eq (Table 7).
The growth maintenance coefficient reported in the literature
could not be truly comparable since the rate of consumed
hexose required for maintenance is related to the metabolic

TABLE 7. Kinetic and growth parameters of various species of cellulolytic bacteria determined in continuous culturesa

Bacterial strain Substrate k (h21) m (mmol of hexose eq
[g of cells]21 h21)

YX/S
max (g of cells

[mol of hexose eq]21 Reference

Clostridium cellulolyticum ATCC 35319 MN301 0.05 0.9 50.5 This study
Cellobiose 0.9b 36.2b 25

C. thermocellum ATCC 27405 Avicel 0.17b ND 24.3b 37
Fibrobacter succinogenes S85 Sigmacell 20 0.09c 0.3b,c 56.7b 73
Ruminococcus albus 7 Avicel 0.05 0.6b 20.1b 47
R. flavefaciens FD1 Sigmacell 20 0.11 0.4b 38.9b 75

a k is the rate constant of cellulose degradation; m is the growth maintenance coefficient; YX/S
max is the true growth yield. ND, not determined.

b Calculated from previously reported data.
c Average of previously reported data.
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pathway which allowed the ATP production (57, 61, 65). Since
the catabolic networks vary among the reported bacterial spe-
cies (Table 7), differences in m values could be attributed to
ATP generating a more or less efficient pathway that thus
requires more or less hexose equivalents but can generate the
same quantity of ATP per gram of cells per hour. Thus, com-
parison of mATP between cellulolytic bacteria would be more
informative for evaluating the energy maintenance require-
ment.

The first step in investigating C. cellulolyticum metabolism
was the use of a chemostat technique which leads to the accu-
mulation of NADH (48). The use of a mineral salt-based
medium permitted the induction of different metabolic regu-
latory responses and better control of the carbon and electron
flows (24). Such findings led to the hypothesis of growth
adapted to nutrient-poor conditions (23). These studies, how-
ever, were performed with soluble sugars, which facilitated
study of the bacterial metabolism of cellulolytic bacteria. The
next step was therefore investigation of the physiology of this
microorganism on an insoluble substrate, more closely related
to the natural ecological niche. In the present work with cel-
lulose-limited continuous culture, no accumulation of NADH
was observed and pyruvate overflow as high as on cellobiose
chemostats did not occur (24). The insolubility and resistance
of the cellulose to enzymatic hydrolysis physically prevents
pyruvate overflow since mmax and carbon flow are inevitably
lower than with a soluble substrate (24). Thus, on cellobiose-
limited chemostats, some metabolic regulation such as the shift
from acetate-ethanol fermentation to lactate-ethanol fermen-
tation at high catabolic rates should be interpreted as a dereg-
ulation of the metabolism attributed to the growth of C. cellu-
lolyticum on soluble sugars which represent conditions far from
the physical nature of the cellulose. In cellulose continuous
cultures, compared to cellobiose chemostats, a second regula-
tion of the entering carbon was introduced by the depolymer-
ization of the insoluble substrate into soluble sugars readily
metabolized by bacteria for growth. This limitation led to a
lower maximum specific growth rate reached on cellulose than
on cellobiose; in turn, pyruvate leakage was limited. The ob-
servations with cellobiose chemostats should be interpreted as
laboratory artifacts due to culture conditions far from those in
which this bacterium has evolved in nature and emphasizes
that the efficiency of catabolism is related to the degradative
property of the bacterial cellulosome. In the course of evolu-
tion, the catabolic pathways are optimized as a function of the
carbon flowing from cellulase activities and are not adapted to
higher catabolic rates as in other clostridial bacteria (43). C.
cellulolyticum appeared, therefore, well adapted and even re-
stricted to a low carbon flow, which is characteristic of growth
on its natural substrate, cellulose.
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Ann. Inst. Pasteur 79:390–410.

43. Morrison, M., R. I. Mackie, and A. Kistner. 1990. 3-Phenylpropanoic acid
improves the affinity of Ruminococcus albus for cellulose in continuous
culture. Appl. Environ. Microbiol. 56:3220–3222.

44. Papoutsakis, E. T. 1984. Equations and calculations for fermentations of
butyric acid bacteria. Biotechnol. Bioeng. 26:174–187.

45. Papoutsakis, E. T., and C. I. Meyer. 1985. Equations and calculations of
product yields and preferred pathways for butanediol and mixed-acid fer-
mentations. Biotechnol. Bioeng. 27:50–66.

46. Pavlostathis, S. G., T. L. Miller, and M. J. Wolin. 1988. Fermentation of
insoluble cellulose by continuous cultures of Ruminococcus albus. Appl.
Environ. Microbiol. 54:2655–2659.

47. Pavlostathis, S. G., T. L. Miller, and M. J. Wolin. 1988. Kinetics of insoluble
cellulose fermentation by continuous cultures of Ruminococcus albus. Appl.
Environ. Microbiol. 54:2660–2663.

48. Payot, S., E. Guedon, C. Cailliez, E. Gelhaye, and H. Petitdemange. 1998.
Metabolism of cellobiose by Clostridium cellulolyticum growing in continuous
culture: evidence for decreased NADH reoxidation as a factor limiting
growth. Microbiology 144:375–384.

49. Payot, S., E. Guedon, M. Desvaux, E. Gelhaye, and E. Petitdemange. 1999.
Effect of dilution rate, cellobiose and ammonium availabilities on Clostrid-
ium cellulolyticum sporulation. Appl. Microbiol. Biotechnol. 52:670–674.

50. Peck, H. D., and H. A. Gest. 1956. A new procedure for assay of bacterial
hydrogenases. J. Bacteriol. 71:70–80.

51. Pereira, A. N., M. Mobedshashi, and M. R. Ladish. 1988. Preparation of
cellodextrins. Methods Enzymol. 160:26–45.

52. Petitdemange, E., F. Caillet, J. Giallo, and C. Gaudin. 1984. Clostridium

cellulolyticum sp. nov., a cellulolytic mesophilic species from decayed grass.
Int. J. Syst. Bacteriol. 34:155–159.

53. Pirt, S. J. 1975. Principles of microbe and cell cultivation. Blackwell Scien-
tific Publishers, Oxford, United Kingdom.

54. Preiss, J. 1996. Regulation of glycogen synthesis, p. 1015–1024. In F. C.
Neidhardt, R. Curtiss III, J. L. Ingraham, E. C. C. Lin, K. B. Low, Jr., B.
Magasanik, W. S. Reznikoff, M. Riley, M. Schaechter, and H. E. Umbarger
(ed.), Escherichia coli and Salmonella: cellular and molecular biology, 2nd
ed., vol. 1. American Society for Microbiology, Washington, D.C.

55. Rafter, G. W., and S. P. Colowick. 1957. Enzymatic preparation of DPNH
and TPNH. Methods Enzymol. 3:887–899.

56. Russell, J. B. 1985. Fermentation of cellodextrins by cellulolytic and non-
cellulolytic rumen bacteria. Appl. Environ. Microbiol. 49:572–576.

57. Russell, J. B., and G. M. Cook. 1995. Energetics of bacterial growth: balance
of anabolic and catabolic reactions. Microbiol. Rev. 59:48–62.

58. Shi, Y., C. L. Odt, and P. J. Weimer. 1997. Competition for cellulose among
three predominant ruminal cellulolytic bacteria under substrate-excess and
substrate-limited conditions. Appl. Environ. Microbiol. 58:2583–2591.

59. Shi, Y., and P. J. Weimer. 1992. Response surface analysis of the effects of
pH and dilution rate on Ruminococcus flavefaciens FD-1 in cellulose-fed
continuous culture. Appl. Environ. Microbiol. 58:2583–2591.

60. Stephanopoulos, G., and J. J. Vallino. 1991. Network rigidity and metabolic
engineering in metabolite overproduction. Science 252:1675–1681.

61. Stouthamer, A. H. 1969. Determination and significance of molar growth
yields. Methods Microbiol. 1:629–663.

62. Strobel, H. J., F. C. Caldwell, and K. A. Dawson. 1995. Carbohydrate trans-
port by the anaerobic thermophile Clostridium thermocellum LQRI. Appl.
Environ. Microbiol. 61:4012–4015.

63. Taguchi, F., K. Yamada, K. Hasegawa, T. Taki-Saito, and K. Hara. 1996.
Continuous hydrogen production by Clostridium sp. strain no. 2 from cellu-
lose hydrolysate in an aqueous two-phase system. J. Ferment. Bioeng. 82:
80–83.

64. Tempest, D. W. 1970. The continuous cultivation of microorganisms. I.
Theory of the chemostat. Methods Microbiol. 2:259–276.

65. Tempest, D. W., and O. M. Neijssel. 1984. The status of YATP and mainte-
nance energy as biologically interpretable phenomena. Annu. Rev. Micro-
biol. 38:459–486.

66. Thauer, R., C. Jungermann, and K. Decker. 1977. Energy conservation in
chemotrophic anaerobic bacteria. Bacteriol. Rev. 41:100–180.

67. Tomme, P., R. A. J. Warren, and N. R. Gilkes. 1995. Cellulose hydrolysis by
bacteria and fungi. Adv. Microb. Physiol. 37:1–81.

68. Tubbs, P. K., and P. B. Garland. 1969. Assay of coenzyme A and some acyl
derivates. Methods Enzymol. 13:535–551.

69. Updegraff, D. M. 1969. Semimicro determination of cellulose in biological
materials. Anal. Biochem. 32:420–424.

70. Walsum, G. P., and L. R. Lynd. 1998. Allocation of ATP synthesis of cells
and hydrolytic enzymes in cellulolytic fermentative microorganisms: bioen-
ergetics, kinetics, and bioprocessing. Biotechnol. Bioeng. 58:316–320.

71. Weimer, P. J. 1993. Effects of dilution rate and pH on the ruminal cellulolytic
bacterium Fibrobacter succinogenes S85 in cellulose-fed continuous culture.
Arch. Microbiol. 160:288–294.

72. Weimer, P. J., J. M. Lopez-Guisa, and A. D. French. 1990. Effect of cellulose
fine structure on kinetics of its digestion by mixed ruminal microorganisms in
vitro. Appl. Environ. Microbiol. 56:2421–2429.

73. Weimer, P. J., A. D. French, and T. A. Calamari. 1991. Differential fermen-
tation of cellulose allomorphs by ruminal cellulolytic bacteria. Appl. Envi-
ron. Microbiol. 57:3101–3106.

74. Weimer, P. J., Y. Shi, and C. L. Odt. 1991. A segmented gas/liquid delivery
system for continuous culture of microorganisms on insoluble substrates and
its use for growth of Ruminococcus flavefaciens on cellulose. Appl. Microbiol.
Biotechnol. 36:178–183.

75. Wimpenny, J. W. T., and A. Firth. 1972. Levels of nicotinamide adenine
dinucleotide and reduced nicotinamide adenine dinucleotide in facultative
bacteria and the effect of oxygen. J. Bacteriol. 111:24–32.

76. Wolin, M. J., and T. L. Miller. 1987. Bioconversion of organic carbon to CH4
and CO2. Geomicrobiol. J. 5:239–259.

130 DESVAUX ET AL. J. BACTERIOL.

 on A
ugust 3, 2020 at IN

R
A

E
 - Inst N

atl de R
ech pour l'A

griculture, l'A
lim

entation et l'E
nvironnem

ent
http://jb.asm

.org/
D

ow
nloaded from

 

http://jb.asm.org/

