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Abstract: Studies have provided indirect evidence that cellulolytic activity of some anaerobic bacteria is repressed by carbohydrates, 
such as glucose. This effect is known as carbon catabolite repression (CCR). Previous work has found that cellulolytic activity of 
Clostridium cellulovorans and Eubacterium cellulosolvens are regulated. Many cellulolytic systems of these organisms are expressed 
only in the presence of cellulose or cellobiose (the disaccharide of cellulose). Some of these cellulose-induced systems also appear 
subject to CCR when more soluble substrates, such as glucose, are also available. To determine if such repression directly effects 
cellulolytic activity of C. cellulovorans and E. cellulosolvens, these organisms were cultivated in media containing a glucose analog. 
We then measured the ability of low levels of analog to inhibit growth of the organisms when cellobiose or cellulose were the energy 
substrates. Our results found that growth of both C. cellulovorans and E. cellulosolvens in cellobiose-containing medium are strongly 
inhibited by glucose analogs. In addition, both organisms exhibited delayed and slower growth in cellulose-containing medium when 
a glucose analog was added. These results provide direct demonstration that these cellulolytic bacteria are subject to CCR. This 
repression of cellulolysis may affect both of these organisms’ ability to serve as industrial platforms for biomass degradation, and 
may interfere with the contribution of E. cellulosolvens toward animal digestion of cellulose. These results were also in sharp 
contrast to what has been reported regarding CCR activity in Clostridium cellulolyticum, which actively expresses cellulases in the 
presence of low levels of glucose. 
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1. Introduction 

Plant polysaccharides are the earth’s most abundant 

form of renewable biomass. Cellulolytic 

microorganisms have a significant role in this biomass 

renewal and the global carbon cycle. Many biofuel 

platforms, livestock production strategies and 

recycling protocols also rely upon the successful 

performance of these microorganisms. Yet, consistent 

and high yield cellulolytic activity has frequently 

proven a challenge in these areas. 

Microbes regulate their cellulolytic activity to more 

efficiently utilize all available energy sources within 
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the biomass, especially when such resources are 

limited. A significant group of these cellulolytic 

organisms are anaerobic bacteria, which are found in a 

wide variety of ecological niches. Thus, it is important 

to understand how these bacteria regulate their 

hydrolytic activity and obtain optimal cellulolysis (i.e., 

growth using cellulose as the substrate). 

Cellulolytic bacteria employ a variety of regulatory 

systems that can affect their cellulolytic activity and 

thereby alter their rate of cellulose degradation. This 

would subsequently alter their overall contribution to 

biomass recycling and plant digestion. Understanding 

how these regulatory events can alter bacterial 

cellulolysis is necessary for a greater understanding of 

technological, ecological and agricultural advances of 

biomass conversion. 
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A common regulatory system found in many 

bacteria is the specific selection of substrates. 

Originally known as the “glucose effect” [1], this 

mechanism enables some bacteria to preferentially 

catabolize certain energy substrates, e.g., Escherichia 

coli has preference for glucose even when lactose is 

readily available [2, 3]. This “glucose effect” is often 

referred to as carbon catabolite repression (CCR) [4, 

5]. Depending upon the bacterial species, CCR 

involves one or a combination of mechanisms in 

gram-positive bacteria [2-8]. The repression can also 

be activated by catabolites other than glucose [2, 8, 9]. 

The CCR system imposes a hierarchy on the 

utilization of energy resources. Highly soluble 

catabolites, such as glucose, typically have the higher 

preference. Simultaneously, utilization of less 

preferred catabolites is partly or completely inhibited. 

This allows a greater level of the cell’s metabolic 

resources to be directed toward the more desired 

substrate. In addition, for at least some bacteria, CCR 

provides a balancing system to maintain the catabolite 

influx within the cell’s metabolic capacity range [10].  

Several studies have attempted to demonstrate 

whether a CCR system helps regulate the cellulolytic 

activity of various anaerobic bacteria. In some of these 

studies, loss of some cellulose-induced systems was 

detected when soluble carbohydrates were present in 

the medium [11-13]. While this suggests a concurrent 

loss of cellulolysis, it does not provide direct 

demonstration. In other studies, reduction of specific 

gene transcripts or reduction in the formation of 

cellulosome components were detected if glucose was 

present, but actual reduction of cellulolysis was not 

tested [12, 14-16]. Furthermore, the results of many 

such studies are confounded by changes in the 

medium pH, nutrient competition and the lack of 

sensitive methods for measuring substrate depletion 

[17]. 

Clostridium cellulolyticum has become a standard 

model for studying cellulolytic clostridia. However, a 

detailed analysis of C. cellulolyticum found it 

regulates cellulolytic activity different than what had 

been reported for other cellulolytic clostridia and even 

previously reported for C. cellulolyticum [18]. When 

cultivated in low concentrations of glucose, C. 

cellulolyticum actually expresses high levels of many 

cellulases, and CCR appears inhibited [18]. While the 

majority of cellulosomal genes in C. cellulolyticum 

appear to be regulated by a form of CCR, the 

relationship of CCR to a reduction of cellulolysis could 

only be inferred. Thus, the researchers acknowledged 

that the impact of CCR on the cellulolytic activity of C. 

cellulolyticum is “unclear” [18]. 

Our study sought to determine what effect (if any) 

CCR might have on cellulolysis of some anaerobic 

bacteria. Clostridia comprise a large proportion of the 

cellulolytic bacteria that have been studied [19], and 

they potentially provide a significant contribution to 

biomass recycling in anaerobic environments. Thus, 

our study included Clostridium cellulovorans, which 

has served as a model system for the study of 

mesophilic cellulolytic clostridia [15]. We also studied 

Eubacterium cellulosolvens, which has been a 

valuable model system for non-clostridial cellulolytic 

bacteria [12, 20, 21], and its inclusion provided a 

phenotypic range for comparison.  

Previous studies have shown that both C. 

cellulovorans and E. cellulosolvens form an 

exocellular protuberance (possibly a polycellulosome) 

when cellulose serves as the energy substrate [12, 13, 

22]. However, these protuberances could not be 

microscopically detected in either cellobiose-grown or 

glucose-grown cultures, and were rapidly lost (within 

approximately 5 min) if glucose or a glucose analog 

was added to a cellulose-grown culture [12, 13]. In 

addition, other cellulose-inducible components, such 

as specific lectin binding sites and a cellulose-binding 

protein fraction, were also rapidly lost when either 

glucose or a glucose analog was added to a 

cellulose-grown culture [12, 13]. The addition of 

various mono and disaccharides to cellulose-grown 

cultures of C. cellulovorans also gave a significant 
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reduction of some cellulase transcripts [22]. 

These results would suggest that soluble 

carbohydrates, such as glucose, can inhibit the 

cellulolytic activity of these two organisms. Do E. 

cellulosolvens and C. cellulovorans possess a form of 

CCR that will reduce their overall cellulolysis? To 

answer this question, we used an approach that 

employed analogs of glucose. 

The identical measured physiological responses of 

both C. cellulovorans and E. cellulosolvens to the 

presence of glucose or glucose analogs [12, 13] 

suggest that these bacteria respond to both of these 

molecules in a similar manner. Thus, glucose analogs 

could serve as catabolic imitators of glucose. As an 

imitator, analogs can be used to experimentally assess 

the activity of CCR in these bacteria without invoking 

various confounding factors that often result from 

glucose catabolism (e.g., reduction in medium pH, 

which is inhibitory of cellulose degradation) [17]. 

Glucose analogs have been extensively used to detect 

regulatory events in yeast [23] and various 

non-cellulolytic bacteria [24, 25]. However, they  

have not routinely been used to study regulatory 

activity of cellulolytic bacteria. In our study, the use 

of glucose analogs provided a means of directly 

measuring what effect CCR may impose on bacterial 

cellulolysis.  

2. Materials and Methods 

2.1 Bacterial Strains and Cultivation 

E. cellulosolvens 5494 (obtained from Mark 

Rasmussen, ARS/USDA, Ames, IA) and C. 

cellulovorans 743B (ATCC 35296) are both 

gram-positive, anaerobic, cellulolytic bacteria [26, 27]. 

Each organism was anaerobically cultivated at 39 °C 

in peptone-yeast extract based medium (PY) [28]. 

Fructose, glucose, cellobiose (30 mM; Sigma 

Chemical Co., St. Louis, MO, USA) or cellulose (1% 

ball-milled Whatman No. 1 filter paper) was added to 

the medium as the sole energy source. 

2.2 Glucose Analogs 

Each organism was cultivated in PY containing 

glucose (PYG) and incubated at 39 °C for 16 h. 

Aliquots (0.1 mL) of each culture were then 

anaerobically transferred via syringe [29] to tubes 

containing 10 mL of PYG or PYG plus 2 mM of 

either methyl α-D-glucopyranoside (methyl glucose; 

Sigma) or 2-deoxyglucose (Sigma). Inoculated tubes 

were then incubated at 39 °C, and growth was 

monitored by measuring the increase of optical 

density with a spectrophotometer (Spectonic 20D, 

Milton Roy) at 650 nm. This study was repeated twice 

and the results compiled. 

A 2 mM concentration of the glucose analog had no 

detectable inhibition upon normal growth of either 

organism in PYG (data not shown). Therefore, this 

concentration of analog exerted no toxic or inhibitory 

effect on glucose metabolism or overall cellular 

function. In addition, no growth was observed in 

inoculated PY when the analog was the sole energy 

source. So, any bacterial growth was the direct result 

of catabolism of cellulose or cellobiose, and not 

catabolism of the analog or components of the 

medium. Therefore, 2 mM concentration of each 

analog was used in all subsequent experiments. 

As an additional test, 2 mM of each analog was 

added to medium and incubated at 39 °C for two 

weeks. These tubes were then inoculated with each 

organism and further incubated. The analogs were 

found to still have the same physiological effect on 

growth as freshly prepared analog. This verified that 

the analogs did not undergo a detectable degradation 

under incubation conditions. Thus, subsequent 

recovery of each organism was a physiological 

response, and not because the analog had degraded 

over time.  

2.3 Inhibition of Cellulolysis 

Each organism was initially cultivated for at least 

12 generations in PY medium containing cellulose, 

cellobiose or glucose. Aliquots (0.1 mL) of each were 
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then individually transferred into three bottles (30 mL) 

of medium containing cellulose and three bottles (30 

mL) of medium containing cellulose plus 2 mM of 

glucose analog. Specifically, 2 mM of methyl glucose 

was added to bottles containing C. cellulovorans, and 

2 mM of 2-deoxyglucose was added to bottles 

containing E. cellulosolvens. All bottles were then 

incubated with agitation (100 rpm) at 39 °C. 

Periodically, 1 mL of medium was anaerobically 

removed from each bottle, and serially diluted in 

anaerobically prepared dilution blanks (0.1 M 

potassium phosphate, pH 7.0). Diluted samples were 

then inoculated into roll tubes [28] containing PYG. 

Roll tubes were incubated at 39 °C for 48 h ( 2 h), 

after which colony forming units (CFU) were counted 

using standard counting procedures [28]. This study 

was repeated and the results compiled. 

2.4 Growth on Disaccharides 

Each organism was initially cultivated for a 

minimum of 12 generations in medium containing 

glucose, fructose or cellobiose. Aliquots (0.1 mL) 

from each of these cultures were then individually 

transferred into two tubes of PY (10 mL) containing 

cellobiose and two tubes of PY (10 mL) containing 

cellobiose and a glucose analog (2 mM), as described 

above. Inoculated tubes were then incubated at 39 °C. 

Growth was monitored by spectrophotometrically 

measuring the increase of optical density, as described 

above. This study was repeated twice and the results 

compiled. 

3. Results and Discussion 

3.1 Analog  

The utilization of soluble substrates has long been 

known to inhibit the simultaneous use of multiple 

carbon sources in a variety of bacteria [2, 30]. Several 

previous studies have attempted to directly measure 

the effect of CCR on the cellulolysis of anaerobic 

cellulolytic bacteria. However, these studies have 

often been hindered by the presence of confounding 

factors [17]. These factors include a decline of 

medium pH, nutrient competition between groups of 

organisms and inaccuracy of measuring substrate 

depletion from the medium. Since the experimental 

results from these studies have not been clear, it has 

remained uncertain if cellulolysis is directly inhibited 

by some form of CCR in some bacteria. Therefore, a 

more direct method of measuring repression was 

employed in this study using glucose analogs. 

Since the analog does not serve as a catabolite for 

either organism, any bacterial growth was the direct 

result of cellulose or cellobiose catabolism and not 

utilization of the analog or other components of the 

medium. This approach enabled a direct measurement 

of cellulolysis and cellobiosis, making it unnecessary 

to determine the level of substrate depletion in the 

medium. Also, the use of analogs eliminated the 

confounding inhibitory effects of low pH on 

cellulolytic activity, since reduction of medium pH 

would only occur by the accumulation of metabolites 

from cellulose catabolism. 

3.2 Inhibition of Cellulolysis 

This study found that both organisms exhibited a 

slower rate of growth in the cellulose medium that 

contained the analog (Figs. 1 and 2). This indicated 

the analog reduced cellulolysis of these bacteria. Since 

the 2 mM concentration of the analog did not inhibit 

growth of the organisms in medium containing 

glucose (data not shown), this reduction of growth 

indicates the analog exerted an inhibitory effect on the 

respective organisms’ cellulolytic activity. This is 

consistent with a form of CCR stimulated by the 

analog. 

Organisms initially cultivated in cellulose-containing 

medium were the least sensitive to any inhibitory 

effects of the analog (Figs. 1 and 2). In contrast, an 

inhibitory effect was most apparent when each 

organism was initially cultivated in 

glucose-containing medium. Both organisms 

recovered fully from the inhibition within 14 d. 
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Time (days) 

Fig. 1  Total bacterial count of cellulose-grown C. 
cellulovorans.  
Cells were initially cultivated in medium containing cellulose 
(a), cellobiose (b) or glucose (c), and then subsequently 
cultivated in medium containing cellulose (●) or cellulose plus 
methylglucose (○). Each data point represents the mean of two 
replicates with standard deviation bars shown.   

 
Time (days) 

Fig. 2  Total bacterial count of cellulose-grown E. 
cellulosolvens.  
Cells were initially cultivated in medium containing cellulose 
(a), cellobiose (b) or glucose (c), and then subsequently 
cultivated in medium containing cellulose (●) or cellulose plus 
2-deoxyglucose (○). Each data point represents the mean of 
two replicates with standard deviation bars shown. 
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Previous work found that cellobiose induces 

portions of the cellulolytic system for the two 

organisms in this study [12, 13, 20, 22]. However, 

even when each organism was initially cultivated on 

cellobiose and transferred to cellulose-containing 

medium, we found the analog still inhibited growth 

(indicating CCR activity). Thus, initial cellobiose 

induction of some cellulolytic systems was still not 

sufficient to prevent cellulolysis from being inhibited 

by the analog. While growth in cellulose-medium was 

not completely inhibited during the 14 d incubation 

period, the level of inhibition detected was consistent 

with known CCR-mediated systems of repression for 

gram-positive bacteria [2, 6, 24]. Such repression  

will typically reduce the initial level of substrate 

utilization, but may not completely inhibit catabolism 

[3, 31, 32]. 

Han et al. [33] report repression of some 

cellulolytic genes when mono-saccharides were added 

to cultures of C. cellulovorans in cellulose-containing 

medium. Following 10 h of incubation, expression of 

several cellulolytic genes began to increase. This is 

consistent with our results for both organisms. 

Inhibition was most severe immediately following 

introduction of the analog to the medium. Repression 

subsequently decreased during the remainder of the 

cultivation period. 

Cellulose-grown E. cellulosolvens and C. 

cellulovorans have a cellulose-binding protein fraction 

that possesses cellulase activity [12, 13]. This fraction 

is absent in cells cultivated in glucose-containing 

medium and is rapidly lost by cellulose-grown cells 

once glucose or a glucose analog is added to the 

medium [12, 13]. This loss is consistent with a form 

of CCR acting on cellulolytic systems within these 

organisms, although the rapid loss of the protein 

fraction apparently involves a CCR mechanism not 

yet described or elucidated [2, 4, 30]. The analog’s 

inhibition of cellulolysis, as observed in this study, is 

also consistent with the loss of these 

cellulose-inducible systems. 

3.3 Inhibition of Cellobiose Catabolism 

Measurement of the change in optical density also 

proved to be a sensitive and reliable method to 

measure inhibition of bacterial growth in 

cellobiose-containing medium. Interestingly, the 

respective analogs inhibited growth of both E. 

cellulosolvens and C. cellulovorans in 

cellobiose-containing medium, regardless of which 

energy substrate they were initially cultivated (Figs. 3 

and 4). Thus, the analog repressed cellobiose 

catabolism even after the cell’s cellobiose utilization 

system was fully induced. This is also consistent with 

our results described above, where initial cultivation 

on cellobiose did not fully relieve the analog 

inhibition of cellulolysis. 

C. cellulovorans proved to be more sensitive to the 

effects of the analog than E. cellulosolven (Figs. 3 and 

4). In addition, each organism was most sensitive to 

the analog when initially cultivated in 

fructose-containing medium (Figs. 3 and 4), and took 

the longest period of incubation to recover. All 

cultures in cellobiose plus analog-containing medium 

ultimately recovered from inhibition within 24 h, 

except for C. cellulovorans initially cultivated in the 

fructose-containing medium (which failed to grow 

even after 24 h incubation).  

Interestingly, the lowest level of whole-cell binding 

of cellulose was also detected in fructose-grown cells, 

where a binding level even below negative controls 

was detected for both organisms [12] (unpublished 

data of Anderson and Blair). Genes for some 

cellulosome components of C. cellulovorans are 

expressed in fructose-grown cells, but at a lower level 

than glucose-grown cells [33, 34]. Fructose-grown E. 

cellulosolvens possessed a distinctively different 

membrane fatty acid profile when compared to 

cellulose, glucose and cellobiose-grown cells [20]. We 

also found that transfer of fructose-grown cells into 

cellulose-containing media only sporadically resulted 

in growth of either bacterium, even when no analog 

was present  (data not shown).  This  is  consistent  with 
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Hours 
Fig. 3 Optical density of cellobiose-grown C. cellulovorans.  
Cells were initially cultivated in medium containing glucose (a), 
cellobiose (b) or fructose (c), and then subsequently cultivated 
in medium containing cellobiose (●) or cellobiose plus 
methylglucose (○). Each data point represents the mean of four 
replicates with standard deviation bars shown.  

 
 

     Hours 
Fig. 4  Optical density of cellobiose-grown E. cellulosolvens.  
Cells were initially cultivated in medium containing glucose (a), 
cellobiose (b) or fructose (c), and then subsequently cultivated 
in medium containing cellobiose (●) or cellobiose plus 
2-deoxyglucose (○). Each data point represents the mean of 
four replicates with standard deviation bars shown.  
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our observation that fructose-grown cells are the most 

sensitive to repression. 

A consequence of this observed CCR is that such 

repression may decrease the ability of these organisms 

to degrade cellulose in microbial environments where 

soluble carbohydrates are present. Such environments 

include both natural ecosystems (such as sediment or 

the gastrointestinal tract) and industrial biomass 

degradation processes. Thus, CCR could reduce these 

organisms’ overall contribution to biomass 

degradation. However, many natural systems normally 

have a large consortium of microbes that work 

synergistically to reduce any free soluble 

carbohydrates. This consortium may force the 

cellulose degrading organisms to remain in a 

cellulolytic niche [35], and thereby preventing CCR 

from reducing overall bacterial cellulolysis. These 

consortiums may also neutralize other inhibitory 

factors (e.g., low pH and accumulation of metabolic 

inhibitors) that could reduce bacterial cellulolysis. 

This could demonstrate the importance of such 

consortiums (vs. pure cultures) in the recycling of 

biomass or production of biofuels [36]. 

4. Conclusions 

The repression detected in both C. cellulovorans 

and E. cellulosolvens is consistent with a form of CCR. 

This repression may impact the cellulolytic activity of 

these organisms in a wide variety of ecological setting, 

both natural and industrial. However, the presence of 

other organisms that can reduce the surrounding levels 

of soluble carbohydrates, may enable C. cellulovorans 

and E. cellulosolvens to maintain active cellulolysis.  

CCR could also represent an inhibitory variable in 

some natural and industrial cellulolytic processes that 

is not always identified or easily detected. This could 

be especially significant in pure culture fermentation 

platforms where no consortium is present to minimize 

the activity of CCR. Moreover, such CCR effects may 

not be readily accounted for in biomass conversion 

modeling or predicted during industrial “scale-up” 

processes. Thus, CCR could introduce an unexpected 

(and possibly unidentified) variable in these systems. 

In addition, C. cellulolyticum has become a 

standard model for studying cellulolytic clostridia. 

However, our data revealed key differences in the 

regulatory systems of C. cellulovorans and C. 

cellulolyticum. For example, low levels of glucose 

apparently inhibit CCR in C. cellulolyticum, but we 

found low levels of glucose activated CCR in C. 

cellulovorans. This illustrates a significant regulatory 

differences among some of the cellulolytic clostridia, 

and highlights the difficulty of applying too broad of 

metabolic model to cellulolytic bacteria.  
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