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Cellulosic biofuels represent a powerful alternative to petroleum but are currently limited by the inefficien-
cies of the conversion process. While Gram-positive and fungal organisms have been widely explored as sources
of cellulases and hemicellulases for biomass degradation, Gram-negative organisms have received less exper-
imental attention. We investigated the ability of Cellvibrio japonicus, a recently sequenced Gram-negative
cellulolytic bacterium, to degrade bioenergy-related feedstocks. Using a newly developed biomass medium, we
showed that C. japonicus is able to utilize corn stover and switchgrass as sole sources of carbon and energy for
growth. We also developed tools for directed gene disruptions in C. japonicus and used this system to construct
a mutant in the gspD gene, which is predicted to encode a component of the type II secretion system. The
gspD::pJGG1 mutant displayed a greater-than-2-fold decrease in endoglucanase secretion compared to wild-
type C. japonicus. In addition, the mutant strain showed a pronounced growth defect in medium with biomass
as a carbon source, yielding 100-fold fewer viable cells than the wild type. To test the potential of C. japonicus
to undergo metabolic engineering, we constructed a strain able to produce small amounts of ethanol from
biomass. Collectively, these data suggest that C. japonicus is a useful platform for biomass conversion and
biofuel production.

The need for renewable alternatives to petroleum has stim-
ulated interest in many areas of research, including the pro-
duction of biofuels. Strategies for the production of ethanol
from corn starch are well established, but enthusiasm for these
approaches is tempered by concerns about cost, as well as
indirect effects on global nutrition (38). Cellulosic biofuels
represent a potentially useful alternative to starch-based eth-
anol, in that fuel could be produced from low-value agricul-
tural waste products (10, 39). However, the economic viability
of this approach requires overcoming the recalcitrance of plant
cell walls to enzymatic degradation (55). This recalcitrance
results from the crystalline nature of cellulose, as well as the
complexity of plant cell walls, which are a composite of cellu-
lose, hemicellulose, and lignin. As a result, efficient degrada-
tion of plant cell walls requires the addition of large quantities
of a diverse collection of enzymes, which greatly increases the
cost of biomass processing (23).

A recent analysis suggested that a combination of consol-
idated bioprocessing and pretreatment could significantly
reduce production costs associated with cellulosic biofuels
(48, 52). Consolidated bioprocessing involves the use of a
single organism for the degradation of biomass to its com-
ponent sugars and the subsequent conversion of these sug-

ars to biofuel. Current approaches for the production of
consolidated bioprocessors (CBPs) involve the introduction
of the genes necessary for ethanol production into organ-
isms capable of deconstructing biomass or the introduction
of genes encoding biomass-degrading enzymes and their
cognate secretion systems into ethanologenic microorgan-
isms.

While Saccharomyces cerevisiae is arguably the most promi-
nent industrial ethanologen, Gram-negative bacteria, such as
Zymomonas mobilis, are also used in the commercial produc-
tion of ethanol (1, 45). Furthermore, studies by the Ingram
group have shown that the Gram-negative bacterium Esche-
richia coli can be engineered for efficient production of ethanol
(32). The strong ethanologenic potential of these Gram-nega-
tive organisms necessitates the development of technologies
for their conversion to consolidated bioprocessors. However,
due to differences in cell surface architecture, unique strategies
for enzyme display and secretion are required for the construc-
tion of consolidated bioprocessors in Gram-negative microor-
ganisms. One approach to overcoming the challenges of
secretion/display is to identify Gram-negative organisms
that can efficiently degrade bioenergy-relevant biomass sub-
strates. Due to the broad conservation of secretion strate-
gies in Gram-negative microorganisms, the cellulolytic en-
zymes and secretion machinery from these bacteria would
be expected to be transportable to ethanologenic organisms,
such as Z. mobilis and E. coli. Consistent with this notion,
previous studies have shown that the introduction of the
type II secretion system (TTSS) from Erwinia chrysanthemi
endowed E. coli with the ability to secrete heterologously
expressed E. chysanthemi pectinases (29).

Cellvibrio japonicus, originally referred to as Pseudomonas
fluorescens var. cellulosa (culture no. 107, isolated in 1948 from
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soil in Saitama-ken, Japan), has long been known to be capable
of cellulose degradation (51). The organism has been reported
to produce an extracellular cellulase activity (22, 59), which is
secreted into the culture supernatant and does not associate
with the cell surface (28). Furthermore, the extracellular cel-
lulases of C. japonicus are inducible, and their activities are
increased in the presence of cellulose (35, 40, 60) and strongly
downregulated when cellobiose is present in the medium (58).

An extensive literature involving the biochemical character-
ization of C. japonicus polysaccharide-degrading enzymes has
been produced over the past 40 years, and in several cases, the
corresponding genes have been cloned. Using C. japonicus
genomic libraries expressed in E. coli, Wolff et al. described the
isolation of four distinct carboxymethylcellulase genes (56).
Subsequently, genes encoding endoglucanases, cellodextri-
nases, xylanases, mannanases, and an arabinofuranosidase
have been cloned and characterized (5–8, 17–19, 21, 24). The
crystal structures of many of these enzymes have also been
published (43, 44). Thus, C. japonicus contains a diverse col-
lection of cellulose-degrading enzymes. The recent analysis of
the C. japonicus genome confirmed the presence of an ex-
tensive plant cell wall-degrading machinery, predicting the
presence of 123 glycoside hydrolases, as well as 14 predicted
carbohydrate lyases (15).

In this report, we build upon these previous studies and
evaluate the ability of C. japonicus to utilize cellulose sources
relevant to bioenergy. We demonstrate that C. japonicus can
utilize the biomass substrates corn stover (CS) and switchgrass
(SG) as sole sources of carbon and energy and show that the
bacterium produces acetate, pyruvate, and lactate when grown
on monosaccharides and soluble cellulosic carbon sources. We
also developed a method for construction of directed gene
disruptions in C. japonicus and demonstrate that efficient cel-
lulase secretion and growth on biomass are prevented by dis-
ruption of the type II secretion system. In addition, we show
that C. japonicus can be metabolically engineered using broad-
host-range plasmids. Collectively, our results demonstrate that
C. japonicus contains biomass-degrading enzymes and a secre-
tion system that can be used for the engineering of Gram-
negative consolidated bioprocessors.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. C. japonicus sp. nov. strain
Ueda107 was obtained from the National Collections of Industrial, Marine, and
Food Bacteria. Table 1 lists the genotypes of the strains of E. coli and C.
japonicus used in these studies. E. coli and C. japonicus strains were grown on M9
minimal medium (41) supplemented with MgSO4 (1 mM) and CaCl2 (0.1 mM).
Glucose (0.2% [wt/vol]), cellobiose (0.34% [wt/vol]), carboxymethylcellulose
(CMC) (1% [wt/vol]), and Avicel (1% [wt/vol]) were used as sole carbon and
energy sources for cells grown in minimal medium. Lysogenic broth (LB) was
used as rich medium (3, 4). All incubations in liquid medium were performed at
30°C with high aeration (225 rpm). For small-scale preparations, 5 ml of C.
japonicus cells were grown in a 30-ml culture tube. For larger-scale preparations,
15 ml cells were grown in a 125-ml baffled flask. When used, antibiotics were
present in the medium at the following concentrations: ampicillin, 100 �g/ml;
gentamicin, 15 �g/ml; chloramphenicol, 25 �g/ml; and kanamycin, 50 �g/ml. All
chemicals were purchased from Fisher.

Preparation of feedstock medium. A derivative of M9 medium was developed
with corn stover or ammonia fiber expansion (AFEX)-treated corn stover
(AFEX-CS) or switchgrass (AFEX-SG) as a sole carbon source. Briefly, the
AFEX-CS was ground to a fine particle size (approximately 0.5 mm) with a
porcelain mortar and pestle. The ground AFEX-CS then underwent a 15-min
autoclave cycle with 30 min of drying. The sterile AFEX-CS was washed 5 times
with sterile water before being used in the minimal medium. AFEX-treated corn
stover, AFEX-treated switchgrass, and nonpretreated corn stover were added to
M9 medium at a concentration of 1% (wt/vol).

Mobilization of plasmids. Plasmids were introduced into E. coli strains by
calcium chloride-mediated transformation (41) or electroporation (14). The rep-
licating plasmid pJGG2, a derivative of pBBRMCS, was mobilized into C. ja-
ponicus by conjugation. Briefly, an E. coli S17 �PIR strain harboring pJGG2, an
E. coli DH5� strain harboring helper plasmid pRK2013, and the C. japonicus
recipient strain were streaked into a common region of an LB plate. After 2 days
of incubation at 30°C, the cells were streaked on selective minimal medium
containing M9 salts, 0.2% glucose, 15 �g/ml gentamicin, and 50 �g/ml valine (to
counterselect against the E. coli strains). Exconjugants were visible after 3 to 5
days of incubation at 30°C. The resulting C. japonicus colonies were streaked
twice more onto the same medium and then tested for the presence of the
plasmid. Approximately 1/104 C. japonicus cells were found to harbor plasmids.

Construction of targeted gene disruptions. For gene disruptions in C. japoni-
cus, plasmid pJGG1, a derivative of plasmid pK18mobsacB, was introduced into
S17 �PIR by electroporation, selecting for kanamycin resistance. The E. coli S17
�PIR strain harboring plasmid pJGG1, an E. coli DH5� strain harboring helper
plasmid pRK2013, and the C. japonicus recipient strain were streaked into a
common region of an LB plate. After 48 h of incubation at 30°C, the cells from
the LB plate were streaked on selective minimal medium containing M9 salts,
0.2% glucose, 25 �g/ml kanamycin to select for integration of pJGG1, and 50
�g/ml valine (to counterselect against the E. coli strains). After 4 to 5 days of
incubation at 30°C, the resulting C. japonicus colonies were restreaked twice on
the same medium and then screened for the presence of the plasmid by PCR.

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Genotype Source or reference

E. coli
DH5� �� �80dlacZ�M15 �(lacZYA-argF)U169 recA1 endA1 hsdR17(rK

� mK
�) supE44 thi-1

gyrA relA1
Laboratory collection

S17 �PIR Tpr Smr recA thi pro hsdR�M� RP4::2-Tc::Mu::Km Tn7 �PIR Laboratory collection

C. japonicus
Ueda107 Wild type Laboratory collection
MSB279 Ueda107 gspD::pJGG1 kan� This study
MSB280 Ueda107/pJGG2; Gmr This study

Plasmids
pJGG1 Contains 500-bp internal gspD cloned at XbaI and SphI sites of plasmid pK18mobsacB; Kmr This study
pK18mobsacB pMB1 ori mob� sacB�; Kmr 47
pJGG2 adhB and pdc subcloned from pLOI295 into pBBR1-MCS5 at EcoRI and XbaI sites; Gmr This study
pBBR1-MCS5 pBBR oriT; Plac; Gmr 36
pRK2013 Kmr ColE1 RK2-Mob� RK2-Tra� 20
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Integration frequencies for pJGG1 in C. japonicus were generally low (approx-
imately 1/106 C. japonicus cells were found to harbor integrated pJGG1).

PCR. All amplifications used TripleMaster polymerase (Eppendorf) and were
performed in an Eppendorf Mastercycler gradient PCR thermocycler (Brink-
mann Instruments). Primers were purchased from Integrated DNA Technolo-
gies. Template DNA was obtained from C. japonicus by adding 5 �l of an
overnight LB culture directly to the PCR mixture.

Plasmid construction. Plasmid pJGG1 was constructed by amplifying an in-
ternal 500-bp fragment of the gspD gene using the primers 5�-GGTGGTTCTA
GAGTTGTTATCCGTGGTTA-3� and 5�-GGTGGTGCATGCAGTCTTGCT
GACAG-3�. The resulting PCR product was then digested with XbaI and SphI.
Plasmid pK18mobsacB was cut with enzymes XbaI and SphI. The linearized
plasmid was purified and was ligated with the gspD fragment and transformed
into E. coli strain DH5�, selecting for kanamycin resistance on rich medium.
Plasmid DNA was recovered from the kanamycin-resistant transformants, and
the plasmid was purified.

Plasmid pJGG2 was constructed from plasmid pLOI295 (61), a ColE1 deriv-
ative containing the pdc and adhB genes from Z. mobilis. Plasmid pLO1295 was
digested with EcoRI and XbaI to liberate the pdc and adhB genes, which were
then ligated into pBBR1-MCS5 cut with the same enzymes. The ligation prod-
ucts were transformed into E. coli strain DH5�, selecting for gentamicin resis-
tance on rich medium. The resulting plasmid was conjugated into C. japonicus as
described above, selecting for gentamicin resistance.

Acid and ethanol analysis. The concentrations of organic acids and ethanol
that were secreted during growth in liquid medium were determined using
commercially available detection kits. Formate and acetate were detected using
kits from MegaZyme (Ireland, United Kingdom), whereas pyruvate, lactate, and
ethanol were detected using kits from BioVision (Mountain View, CA), accord-
ing to the manufacturer’s instructions. The pHs of culture supernatants were
determined with an UltraBASIC pH probe (Denver Instruments).

Congo red staining. To determine the relative amount of endoglucanase
secretion, an agar plate-based assay was used as described previously (49).
Carboxymethylcellulose (1% [wt/vol]) and glucose (0.1% [wt/vol]) were used as
carbon sources. After 48 h of growth, the plate was flooded with 0.1% (wt/vol)
Congo red solution (Ricca Chemical) and stained for 15 min at room tempera-
ture. The dye was removed, and 5 ml of water was used to wash the plate. Finally,
5 ml of a 1 M NaCl solution was applied for 15 min, and the plates were then
dried and photographed.

RESULTS

Growth of C. japonicus in the presence of cellulosic sub-
strates. Although C. japonicus strain Ueda107 can grow in the
presence of laboratory cellulosic substrates (51), little has been
reported about its ability to utilize carbon sources relevant to
bioenergy. We examined the ability of C. japonicus to grow in
the presence of a collection of cellulosic and noncellulosic
carbon sources. The growth rates of C. japonicus in M9 mini-
mal medium at 30°C supplemented with 0.2% glucose, 0.34%
cellobiose, or 1% carboxymethylcellulose were approximately
the same (Fig. 1A, B, and C), with generation times of 2.7 h,
2.8 h, and 2.4 h, respectively. Similar results were observed
when 1% glucose or 1% cellobiose was provided as a carbon
source (J. G. Gardner and D. H. Keating, unpublished data).

We then examined the ability of C. japonicus to utilize the
insoluble cellulosic substrate Avicel. Because measurement of
the optical density at 600 nm (OD600) was challenging due to
the insoluble Avicel present in the medium, we determined
bacterial growth by viable-cell counting. Growth of C. japoni-
cus in the presence of Avicel was biphasic, with rapid cell
division (2.1-h generation time) occurring during the first
10 h, followed by a reduced growth rate (8.3-h generation
time) (Fig. 1D). Although the reason for the biphasic
growth is unknown, C. japonicus can clearly use soluble and
insoluble cellulosic substrates as sole sources of carbon and
energy.

Growth of C. japonicus in the presence of biomass. The
robust growth of C. japonicus in the presence of soluble and
insoluble forms of cellulose led us to examine its ability to
utilize feedstocks relevant to the bioenergy field. We chose two
key biomass feedstocks for these studies: corn stover and
switchgrass. Because current approaches to cellulosic biofuels
typically involve the use of biomass pretreatment, we focused
on corn stover and switchgrass subjected to the AFEX process
(37, 50). We chose AFEX as a pretreatment because it leaves
the hemicellulose fraction intact (48, 50), which allowed us to
examine the ability of C. japonicus to utilize both cellulose and
hemicellulose.

When added to minimal medium, AFEX-treated corn stover
was initially found to support the growth of diverse bacteria,
including E. coli (Gardner and Keating, unpublished). Because
our work, as well as the work of others, had previously shown
that E. coli cannot utilize carboxymethylcellulose or Avicel and
lacks any detectable cellulase activity, we hypothesized that the
AFEX process results in the release of soluble sugars or pep-
tides that support the growth of noncellulolytic bacteria. We
therefore developed an alternative protocol involving grinding
of the AFEX-treated material with a mortar and pestle and
autoclaving, followed by extensive washing with sterile water.
When added to M9 minimal medium, the washed, autoclaved,
AFEX-treated corn stover (or AFEX-treated switchgrass)
failed to support the growth of E. coli but allowed the growth
of C. japonicus (Fig. 2A). Growth of C. japonicus in the pres-
ence of AFEX-treated corn stover was associated with release

FIG. 1. Growth and pH analysis of C. japonicus. Wild-type C. ja-
ponicus was cultured in M9 medium supplemented with 1 mM MgSO4,
0.1 mM CaCl2, and glucose (0.2% [wt/vol]) (A), cellobiose (0.34%
[wt/vol]) (B), carboxymethycellulose (1% [wt/vol]) (C), or Avicel (1%
[wt/vol]) (D) as the sole carbon and energy source, as described in
Materials and Methods. All incubations were at 30°C with high aera-
tion (225 rpm). Growth (closed symbols) was measured by measure-
ment of the OD600 (A to C) or by viable-cell counting (D). The pH
(open symbols) was determined with a Denver Instruments ultra-
BASIC probe. All experiments were performed in triplicate. The error
bars, representing standard deviations, are too small to be seen. No
growth was observed in media that lacked an exogenous carbon source.
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of glucose and xylose monosaccharides (Gardner and Keating,
unpublished), suggesting that cellulose and hemicellulose were
used as carbon sources.

When the growth rate was measured by viable-cell counting,
C. japonicus grown in the presence of AFEX-treated corn
stover or switch grass displayed growth kinetics distinct from
what was observed with Avicel, glucose, carboxymethylcellu-
lose, or cellobiose as a carbon source. No detectable increase
in cell numbers was observed for approximately 10 h after
addition of the cells to the medium (Fig. 2B). After the 10-hour
growth lag, however, the cells displayed a growth rate similar to
what was seen in other media (generation time, 1.9 h). Inter-
estingly, the addition of 0.2% glucose to media containing
AFEX-treated corn stover did not reduce the length of this lag
(Fig. 2E), although it appeared to increase the growth rate
after the initiation of cell division. C. japonicus was also able to
utilize AFEX-treated switchgrass as a carbon source (Fig. 2C),
with the cells displaying a growth lag similar to that seen with
AFEX-treated corn stover but more rapid growth at later time
points (generation time, 0.98 h). To determine if the lag was
related to the AFEX pretreatment, we measured the rate of
growth of C. japonicus with nonpretreated corn stover as a
carbon source. Growth in the presence of nonpretreated corn
stover led to an initial growth lag similar to that observed in the
presence of pretreated corn stover and a similar postlag growth
rate (1.7-h generation time) (Fig. 2D). However, the final cell
yield was reduced by about 10-fold with respect to growth in
the presence of AFEX-treated corn stover.

Production of organic acids during growth in the presence
of cellulosic substrates. A previous study noted that C. japoni-
cus was capable of producing acid when grown with cellobiose
and mannitol as carbon sources, but acid was not produced

when glucose or other mono- and disaccharides were provided
as carbon sources. The surprising variability in acid production
during growth with different carbon sources led us to ask
whether acid was produced when C. japonicus was grown in the
presence of cellulosic substrates. Similar to what was reported
previously (31), we observed a decrease in medium pH when
C. japonicus was grown with 0.34% cellobiose as a carbon
source (Fig. 1B). However, in contrast to what has been re-
ported previously, we also observed a decrease in pH when
0.2% glucose was included as a carbon source (Fig. 1A). When
C. japonicus was grown with carboxymethylcellulose as a car-
bon source, we observed a decrease in pH, but it was greatly
diminished with respect to what was observed in the presence
of glucose or cellobiose (Fig. 1C). A similar trend was observed
with insoluble forms of cellulose, which led to a negligible pH
decrease (Fig. 2B, C, and D). We do not have an explanation
for the reduced amount of acid production observed when cells
were cultured in the presence of cellulosic carbon sources,
although it could simply reflect the reduced availability of
monosaccharides for the bacterium.

The decrease in medium pH during growth with glucose or
cellobiose as a carbon source led us to characterize the acids
excreted by C. japonicus. When cells were grown with either
glucose or cellobiose as a carbon source, we observed that
acetate and pyruvate were the dominant acids excreted into the
culture medium, in addition to a small amount of lactate
(Fig. 3). A small amount of formate was also detected at the
final time points. When C. japonicus was grown in the presence
of carboxymethylcellulose, small amounts of lactate and ace-
tate were produced. However, only negligible amounts of acids
were detected when cells were grown with Avicel or AFEX-

FIG. 2. Growth and degradation of biomass by C. japonicus. (A) Wild-type C. japonicus and E. coli were cultured in the presence of 1% (wt/vol)
autoclaved, washed corn stover for 48 h at 30°C. The tubes containing cells and residual cellulose were then photographed. “Control” refers to
mock-inoculated medium containing 1% (wt/vol) AFEX-corn stover. (B) Growth of C. japonicus in minimal medium supplemented with 1%
(wt/vol) AFEX-CS. (C) Growth of C. japonicus in minimal medium supplemented with 1% (wt/vol) AFEX-SG. (D) Growth of C. japonicus in
minimal medium supplemented with 1% (wt/vol) nonpretreated corn stover (nontreated-CS). (E) Growth of C. japonicus in minimal medium
supplemented with 1% (wt/vol) AFEX-treated corn stover and 0.2% glucose (AFEX-CS � glucose). In panels B to E, the number of cells was
determined by viable-cell counting. All experiments were performed in triplicate. The error bars (often too small to be seen) represent standard
deviations.
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treated corn stover as a carbon source, consistent with the
observed stable pH.

A C. japonicus gspD mutant is deficient for cellulase secre-
tion and the use of cellulose and biomass as carbon sources.
Previous studies have shown that C. japonicus produces a di-
verse and extensive group of cellulases and hemicellulases
(15). Furthermore, a substantial fraction (ca. 90%) of these
activities have been reported to be extracellular (59, 60). In
Gram-negative plant-pathogenic organisms, such as Erwinia
spp., extracellular glycosylhydrolyase and pectate lyase activi-
ties are secreted via the TTSS (46). The genome of C. japoni-
cus encodes a single predicted TTSS, but little has been re-
ported about its role in cellulase secretion or growth on
cellulosic substrates. To characterize the role of the TTSS in
cellulase and hemicellulase secretion, we developed a system
for construction of directed gene disruptions in C. japonicus.
We cloned a 500-bp fragment corresponding to an internal
region of gspD into the plasmid pK18mobsacB, which contains
a pMB1 origin of replication and cannot replicate within C.
japonicus. Retention of the pK18mobsacB-encoded antibiotic
resistance by C. japonicus can only occur via a recombination
event between the plasmid-borne gspD internal fragment and
the gspD gene present in the genome, which results in integra-
tion of the plasmid into the chromosome and an inactivated
form of the gene (see Fig. S1 in the supplemental material).
The gspD gene is predicted to encode the outer membrane
secretin of the type II system, which is essential for activity in
all type II systems examined to date (46). Furthermore, gspD is
the second gene in a predicted 11-gene operon and would be
expected to exert a polar effect on transcription of the down-

stream genes. Thus, we expected the gspD::pJGG1 mutant to
disrupt type II secretion.

We compared the ability of the wild-type C. japonicus and
the gspD::pJGG1 mutant to produce extracellular endoglu-
canase activity via staining with Congo red. Wild-type C.
japonicus and the gspD::pJGG1 mutant were patched onto
solid M9 medium containing carboxymethylcellulose and
0.1% glucose, followed by staining with Congo red to detect
the presence of endoglucanase activity. The gspD::pJGG1
mutant displayed a smaller zone of clearing than the wild
type, indicating reduced secretion of endoglucanases (Fig.
4). Based on cleavage of carboxymethylcellulose, we esti-
mate that secretion of endoglucanases was reduced at least
2-fold in the gspD::pJGG1 mutant.

We then examined the ability of the mutant to utilize mono-
saccharides, disaccharides, and cellulosic substrates. The
gspD::pJGG1 mutation displayed the same growth rate as the
wild type on medium containing either glucose or cellobiose
as a carbon source (Fig. 5A and B). However, when carboxy-
methylcellulose was employed as a carbon source, the
gspD::pJGG1 mutant displayed a lag in growth during the first
8 h and a reduced growth rate at later time points (Fig. 5C).
Despite the reduced rate of growth, the gspD::pJGG1 mu-
tant was able to reach the same final OD600 as the wild type.
A more severe growth defect was observed in medium con-
taining insoluble cellulose. The gspD::pJGG1 mutant
showed a 6-h lag in growth in medium containing Avicel,
which was followed by a brief period of rapid growth (Fig.
5D). However, growth appeared to cease at time points
beyond 12 h, resulting in a greater-than-100-fold decrease in
viable cells with respect to the wild type. When cultured in
the presence of AFEX-treated corn stover, the gspD::
pJGG1 mutant displayed a growth lag during the first 24 h
(Fig. 5E), followed by a slight increase in the growth rate
between 24 and 48 h and a greater-than-100-fold reduction
in viable cells with respect to the wild type. Interestingly,
growth of the gspD::pJGG1 mutant in the presence of
AFEX-treated switchgrass resulted in a 1,000-fold reduction
in viable cells with respect to the wild type (Fig. 5F).

FIG. 3. Acid analyses of C. japonicus grown on soluble and insol-
uble sources of cellulose. Wild-type C. japonicus was cultured in the
presence of 0.2% glucose, 0.34% cellobiose, 1% (wt/vol) carboxymeth-
ylcellulose, 1% Avicel (wt/vol), or 1% AFEX-CS (wt/vol). At various
time points postinoculation, the cell supernatants were assayed for the
presence of D-lactate, pyruvate, formate, and acetate using enzymatic
detection assays, as described in Materials and Methods. All experi-
ments were performed in triplicate. The error bars, representing stan-
dard deviations, are too small to be seen.

FIG. 4. Endoglucanase secretion defect of the C. japonicus gspD
mutant. Wild-type (WT) C. japonicus and a gspD::pJGG1 mutant were
patched onto an M9 plate containing 0.1% glucose and 1% carboxy-
methylcellulose and incubated at 30°C for 48 h. Endoglucanase activity
was then detected by staining with Congo red, as described in Mate-
rials and Methods.
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Metabolic engineering of C. japonicus. The ability of C. ja-
ponicus to utilize bioenergy-relevant forms of cellulose led us
to investigate its ability to be metabolically engineered for the
production of bioproducts. We constructed a version of the
broad-host-range plasmid pBBR-MCS5 (referred to as
pJGG2) containing the adhB and pdc genes from Z. mobilis.
The pdc gene encodes pyruvate decarboxylase, which catalyzes
the decarboxylation of pyruvate to form acetaldehyde, and the
adhB gene encodes alcohol dehydrogenase, which catalyzes the
NADH-dependent reduction of acetaldehyde to ethanol. Stud-
ies from the Ingram laboratory have shown that expression of
the adhB and pdc genes from Z. mobilis can enhance the
production of ethanol in E. coli (61) and other Gram-negative
bacteria (32). Plasmid pJGG2 replicated efficiently within C.
japonicus, as judged by antibiotic resistance and recovery of
intact plasmids from C. japonicus cells (Gardner and Keating,
unpublished). When cultured under aerobic conditions in LB
plus 0.2% glucose, cells harboring the pJGG2 plasmid grew at
a rate approximately equivalent to that of cells containing the
vector control but displayed a 15-fold increase in ethanol pro-
duction (Fig. 6). Although ethanol production was modest
under all conditions, the greatest ethanol production was ob-
served in cells grown in the presence of LB supplemented with
glucose, with growth in minimal glucose and minimal cellobi-
ose media producing a slightly reduced amount of ethanol. In
addition, growth in carboxymethylcellulose- and Avicel-con-
taining media resulted in a low but detectable level of ethanol
production. We were unable to detect any growth of C. japoni-
cus containing the pJGG2 plasmid or vector control under
anaerobic conditions with glucose, cellobiose, carboxymethyl-
cellulose, Avicel, or AFEX-treated corn stover as a carbon
source.

DISCUSSION

The C. japonicus genome is predicted to encode ca. 154
enzymes capable of cleaving glycosidic bonds. Consistent with
this prediction, our studies showed that C. japonicus can utilize
diverse cellulosic substrates as sources of carbon and energy,
including the key bioenergy feedstocks corn stover and switch-
grass. In contrast to a previous report (31), we observed that

FIG. 5. Growth defect of the C. japonicus gspD mutant in media with insoluble cellulose. Wild-type C. japonicus and the gspD::pJGG1 mutant
were cultured in M9 medium supplemented with 1 mM MgSO4, 0.1 mM CaCl2, and glucose (0.2% [wt/vol]) (A), cellobiose (0.34% [wt/vol]) (B),
CMC (1% [wt/vol]) (C), Avicel (1% [wt/vol]) (D), AFEX-treated corn stover (1% [wt/vol]) (E), or AFEX-treated switchgrass (1% [wt/vol]) (F) as
the sole carbon and energy sources, as described in Materials and Methods. All incubations were at 30°C with high aeration (225 rpm). Growth
was determined by measurement of the OD600 (A to C) or by viable-cell counting (D to F). All experiments were performed in triplicate. The error
bars (often too small to be seen) represent standard deviations.

FIG. 6. Ethanol production by engineered C. japonicus. Wild-type
C. japonicus harboring plasmid pJGG2 or a vector control was cultured
aerobically at 30°C for 48 h in the presence of LB supplemented with
0.2% glucose or M9 medium supplemented with 1 mM MgSO4, 0.1
mM CaCl2, and either glucose (0.2% [wt/vol]), cellobiose (0.34% [wt/
vol]), carboxymethylcellulose (1% [wt/vol]), or Avicel (1% [wt/vol]) as
a carbon source. Ethanol was then detected enzymatically, as described
in Materials and Methods. All experiments were performed in tripli-
cate. The error bars represent standard deviations.
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growth in the presence of glucose resulted in a reduction in
medium pH, accompanied by the production of acetic acid,
pyruvate, and a small amount of lactate. Using a directed gene
disruption system developed as part of these studies, we dem-
onstrated a central role for the type II secretion system in the
utilization of insoluble cellulose. Collectively, our results sup-
port the notion that C. japonicus can serve as a useful source of
biomass-degrading enzymes, and perhaps secretion systems,
for the generation of Gram-negative consolidated bioproces-
sors.

Growth of C. japonicus in the presence of insoluble cellulose.
When glucose, cellobiose, or carboxymethylcellulose was sup-
plied as a carbon source, C. japonicus showed similar genera-
tion times (Fig. 1A, B, and C). However, the kinetics of growth
differed significantly when C. japonicus was cultured in the
presence of insoluble forms of cellulose. In the presence of
Avicel, growth of C. japonicus was biphasic, with the most
rapid cell division occurring in the first 10 h, followed by a
reduced growth rate (Fig. 1D). Interestingly, several groups
have reported similar biphasic curves for cellulose hydrolysis in
the presence of purified cellulases (2). In these cases, the initial
rapid rate of degradation has been suggested to result from
cleavage of amorphous cellulose, followed by a much slower
hydrolysis of the crystalline cellulose (although other explana-
tions for this phenomenon have been advanced [26, 39]). We
suggest that the initial rapid growth of C. japonicus may also be
supported by the hydrolysis of amorphous cellulose, whereas
the lower rate of growth at later time points results from the
reduced rate of hydrolysis of crystalline cellulose.

We also examined the ability of C. japonicus to use two
sources of biomass relevant to the bioenergy industry: corn
stover and switchgrass. In both cases, C. japonicus was able to
degrade the substrates, as judged by an increase in cell number
and a decrease in insoluble biomass in the culture (Fig. 2) and
the release of glucose and xylose monosaccharides (Gardner
and Keating, unpublished). Although the maximum growth
rate of C. japonicus was comparable to that seen in the pres-
ence of purified cellulose, an approximate 8-h lag was observed
when biomass was provided as a growth substrate. Interest-
ingly, this lag in growth was observed in the absence of corn
stover pretreatment (Fig. 2D) and in the presence of corn
stover medium supplemented with 0.2% glucose (Fig. 2E).
Because C. japonicus grows well with 0.2% glucose as a carbon
source (Fig. 1A), these data strongly suggest that the growth
delay observed during the first 10 h results from the presence
of the biomass. Furthermore, since the growth delay was seen
with biomass that had not undergone pretreatment (Fig. 2D),
the lag does not result from compounds arising during the
AFEX process. Plants have been reported to produce a signif-
icant number of compounds that could negatively affect the
growth of C. japonicus. For example, lignin is a major substit-
uent of plant cell walls (20 to 30% of the total) and contains
phenolic substituents with known toxic effects (11, 13, 30, 42).
Plants produce additional defensive compounds, such as phen-
ylpropanoid derivatives and hydroxylated phenols with known
antimicrobial activities (13). In particular, corn extracts contain
2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one, which
has been shown to prolong the lag phase of Erwinia species, as
well as that of other Gram-negative bacteria (12, 27). Interest-
ingly, the ability to detoxify this compound has been reported

in some organisms (25, 57). We are currently employing C.
japonicus microarrays to measure the transcriptional response
of C. japonicus to the presence of glucose, cellobiose, Avicel,
and biomass. We expect that the results of these transcription-
al-profiling studies will provide insight into the nature of this
growth inhibition.

Type II secretion system-dependent secretion of cellulases.
Previous studies by several groups have shown that pectinases
and cellulases produced by Gram-negative organisms can be
secreted via the type II secretion system (34, 46). Although C.
japonicus contains a predicted type II secretion system, the
roles of these genes in cellulase and hemicellulase secretion, or
growth on cellulosic substrates, had not been investigated. By
the use of a vector integration strategy, we constructed a
gspD::pJGG1 mutant that would be expected to prevent the
function of the type II secretion system. The gspD::pJGG1
mutant displayed a marked delay in growth when the soluble
cellulose substrate carboxymethylcellulose was provided as a
carbon source but ultimately grew to the same final OD600 as
the wild-type strain (Fig. 5C). A similar phenotype was ob-
served in measurements of endoglucanase activity, as detected
by carboxymethylcellulose cleavage and Congo red staining.
After 48 h of incubation, a greater-than-2-fold reduction in
endoglucanase activity was observed (Fig. 4). However, pro-
longed incubation resulted in a detectable zone of clearing
from the gspD::pJGG1 mutant (Gardner and Keating, unpub-
lished). We suggest that the initial delay in growth in the
presence of carboxymethylcellulose, and the initial lack of de-
tectable activity observed in the Congo red assay, results from
an insufficient extracellular concentration of endoglucanases
required for hydrolysis of carboxymethylcellulose. In both
cases, prolonged incubation results in a greater release of en-
doglucanases (either by alternative secretion pathways or by
cell lysis), which then allow efficient carboxymethylcellulose
degradation and cell growth.

When the gspD::pJGG1 mutant was cultured in the presence
of insoluble cellulosic substrates, a more severe growth phe-
notype was observed. In the presence of Avicel, AFEX-treated
corn stover, or AFEX-treated switchgrass, the growth of the
gspD::pJGG1 mutant arrested prematurely, which led to a
greater-than-100-fold decrease in viable cells compared to the
wild type. These data indicate that the type II-independent
endoglucanase release is insufficient for growth on more recal-
citrant carbon sources. A recent study in the bacterium Sac-
charophagus degradans demonstrated the presence of a proces-
sive endoglucanase activity encoded by the cel5H gene, which
was capable of the conversion of insoluble cellulose to cello-
biose, as well as an apparent lack of cellobiohydrolase activity
(54). The cellulose-degrading apparatus of C. japonicus bears a
great deal of sequence similarity to the S. degradans system
(15) and may be similarly reliant on processive endoglu-
canases. If this class of enzymes is poorly released in the
gspD::pJGG1 mutant, this could explain the severe growth
defects observed in the presence of insoluble cellulose. It re-
mains possible that the reduced growth of the gspD::pJGG1
mutant simply results from sensitivity of the cells to compo-
nents of insoluble cellulose, although this possibility is ren-
dered less likely by the normal rate of growth of the organism
on glucose or cellobiose (Fig. 5A and B). Future studies will
employ proteomics to characterize the secretion of extracellu-
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lar enzymes in the wild type and the gspD::pJGG1 mutant
during growth in the presence of soluble and insoluble forms of
cellulose. These data will not only expedite the identification of
substrates for the type II secretion system, but should also
identify the critical enzymes necessary for breakdown of cellu-
lose and biomass.

A role for C. japonicus in biomass processing. C. japonicus
can utilize diverse forms of cellulose, including bioenergy-rel-
evant biomass, demonstrating its potential as a source of en-
zymes for consolidated bioprocessing. Consistent with this
idea, we have demonstrated functional expression in E. coli of
codon-optimized genes encoding the C. japonicus 	-glucosi-
dase Cel3A, the endoglucanases Cel5B and Cel9A, and the
predicted cellobiohydrolase Cel6A (Gardner and Keating, un-
published). Furthermore, the growth and cellulase secretion
phenotypes of the gspD::pJGG1 mutant strongly suggest that
the type II secretion system is the primary means of cellulase
and hemicellulase secretion by C. japonicus. If this is confirmed
by the proteomic studies ongoing in our laboratory, then in-
troduction of the C. japonicus type II secretion system into
Gram-negative bacteria, such as E. coli, may allow the secre-
tion of diverse C. japonicus glycosylhydrolyases and carbohy-
drate lyases expressed within the organism. We are currently
testing this idea in our laboratory.

Our demonstration that pBBR plasmids replicate within C.
japonicus and development of methods for directed gene dis-
ruption, combined with previous reports of transposon-based
gene knockouts (5, 17), provide the tools necessary for meta-
bolic engineering. As a proof of concept, engineered C. japoni-
cus was shown to produce ethanol from cellulosic substrates
(Fig. 6), although at low yields. This modest amount of ethanol
production may have resulted from the low expression of the
pdc and adhB genes in C. japonicus, and we are currently
testing alternative promoters to improve pdc and adhB expres-
sion. Alternatively, the reduced ethanol yields may have re-
sulted from our use of aerobic growth conditions, which would
be expected to greatly reduce the intracellular concentrations
of NADH required for ethanol production (9, 33, 53). Growth
under anaerobic conditions has been reported previously for C.
japonicus (16); however, we were unable to confirm this in our
laboratory. Studies are currently under way to test the utility of
C. japonicus to produce next-generation biofuels that can be
produced under aerobic growth conditions.
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