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Cytophaga hutchinsonii is an aerobic cellulolytic soil bacterium which was reported to use a novel contact-dependent strategy to
degrade cellulose. It was speculated that cellooligosaccharides were transported into the periplasm for further digestion. In this
study, we reported that most of the endoglucanase and �-glucosidase activity was distributed on the cell surface of C. hutchin-
sonii. Cellobiose and part of the cellulose could be hydrolyzed to glucose on the cell surface. However, the cell surface cellulolytic
enzymes were not sufficient for cellulose degradation by C. hutchinsonii. An outer membrane protein, CHU_1277, was disrupted
by insertional mutation. Although the mutant maintained the same endoglucanase activity and most of the �-glucosidase activ-
ity, it failed to digest cellulose, and its cellooligosaccharide utilization ability was significantly reduced, suggesting that
CHU_1277 was essential for cellulose degradation and played an important role in cellooligosaccharide utilization. Further
study of cellobiose hydrolytic ability of the mutant on the enzymatic level showed that the �-glucosidase activity in the outer
membrane of the mutant was not changed. It revealed that CHU_1277 played an important role in assisting cell surface �-gluco-
sidase to exhibit its activity sufficiently. Studies on the outer membrane proteins involved in cellulose and cellooligosaccharide
utilization could shed light on the mechanism of cellulose degradation by C. hutchinsonii.

Cellulose is the primary component of plant biomass derived
through photosynthetic carbon fixation (1), which is the sus-

tainable source of biofuels and materials available to humans (2).
Cellulose is composed of �-1,4-linked glucose chains forming a
tightly ordered crystalline structure which is difficult to degrade.
Cellulolytic microorganisms often use two well-studied strategies
to digest cellulose. Most aerobic fungi secrete extracellular free
cellulases, including endoglucanases (EC 3.2.1.4), exoglucanases
(cellobiohydrolases) (EC 3.2.1.91), and �-glucosidases (EC 3.2.1.
21), which act synergistically to digest cellulose (1, 3). Most anaer-
obic bacteria produce cell surface-anchored multicellulase com-
plexes (cellulosomes) to degrade cellulose (4, 5). However,
aerobic Cytophaga hutchinsonii and anaerobic Fibrobacter succino-
genes utilize cellulose through a unique mechanism without cel-
lulosomes or free cellulases (6).

C. hutchinsonii is an abundant aerobic cellulolytic Gram-neg-
ative soil bacterium (7, 8). Direct contact between C. hutchinsonii
cells and insoluble cellulose is necessary for cellulose degradation
(9), and most of the cellulase activity appears to be cell associated
(8, 10, 11). It was speculated that C. hutchinsonii cells use a con-
tact-dependent digestion mode to utilize cellulose, but details of
the mechanism were still unknown. Recently, several genetic ma-
nipulation techniques, including transposon mutagenesis and
gene disruption with replicative plasmids or suicide vectors, have
been developed (12–15) which offer a great opportunity to ex-
plore the mysterious mechanism of cellulose degradation by C.
hutchinsonii. In a previous study, we found that a cellulose utili-
zation-deficient mutant lost some cellulose binding proteins in
the outer membrane. These proteins were thought to play impor-
tant roles in cellulose degradation (13). Here, one of these cellu-
lose binding proteins, CHU_1277, was inactivated by insertional
mutagenesis. The cellulose and cellooligosaccharide utilization
abilities of the mutant were studied on both the microbial and
enzymatic levels to explore the role of CHU_1277 in cellulose

utilization. Based on the findings, a pathway for cellulose degra-
dation on the cell surface of C. hutchinsonii is proposed.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Cytophaga hutchin-
sonii ATCC 33406 was kindly provided by Mark J. McBride and grown in
peptone-yeast-glucose (PYG) medium at 30°C (14). Escherichia coli
strains were grown in Luria-Bertani medium at 37°C. For testing C.
hutchinsonii utilization of different carbohydrate sources, 0.4% (wt/vol)
glucose was replaced by 0.2% (wt/vol) cellobiose, 0.2% (wt/vol) cellotri-
ose, 0.2% (wt/vol) cellotetrose, 0.2% (wt/vol) cellopentaose, 0.4% (wt/
vol) regenerated amorphous cellulose (RAC), or 0.4% (wt/vol) crystalline
cellulose. RAC was prepared as described by Zhang et al. (16). For detec-
tion of filter paper utilization, C. hutchinsonii was inoculated into the filter
paper, which was preplaced on the top of solid PYG agar without glucose.
C. hutchinsonii was grown on PYG solid medium containing 5 g of agar
per liter to observe colony spreading. Antibiotics were used at the follow-
ing concentrations: ampicillin (Ap), 100 �g/ml; erythromycin (Em), 30
�g/ml; chloramphenicol (Cm), 10 �g/ml. The plasmids and primers used
are listed in Table 1.

Gene targeting of CHU_1277. CHU_1277 was interrupted by inser-
tional inactivation with plasmid pLYL03 as the suicide vector according to
the description of Zhu et al. (15). The internal fragment of CHU_1277 was
amplified from C. hutchinsonii genomic DNA using the primers 1277-L
and 1277-R. The fragment was digested with BamHI and XbaI and cloned
into plasmid pLYL03, resulting in plasmid pLYIN1277. The plasmid was
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transformed into C. hutchinsonii by electroporation and plated on PYG
agar containing erythromycin. After incubation at 30°C for 5 to 7 days, the
Emr colonies were picked and analyzed by PCR with primers located in
the plasmid (1277test-L) and downstream of the TAA stop codon
(1277test-R) to determine if homologous recombination insertion had
occurred. The PCR-positive colonies with 1.87-kb bands were subcul-
tured for further study.

Detection and localization of CHU_1277. Outer membrane protein
preparation and binding to cellulose were performed as previously de-
scribed (13), and cellulose binding outer membrane proteins were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). The target protein band was sliced and identified by an Ultraflex
III matrix-assisted laser desorption ionization–two-stage time of flight
mass spectrometer (MALDI-TOF/TOF-MS) (Bruke).

To locate CHU_1277, the buffer-washed proteins were collected by a
modification of the procedure described by Jun et al. (17). Briefly, cells
cultured in PYG medium were pelleted at 6,000 � g for 15 min. The cells
were resuspended in 50 mM piperazine-1,4-bis(2-ethanesulfonic acid)
(PIPES) buffer (pH 6.8). The suspension was incubated at 4°C for 5 min
with shaking at 150 rpm, followed by centrifugation at 23,000 � g for 20
min to remove the cells. The supernatant containing the buffer-washed
proteins was subjected to ultracentrifugation (100,000 � g, 20 min). The
sediment was resuspended in PIPES buffer and separated by SDS-PAGE.
In this way, the protein band of CHU_1277 was directly detected from the
profile of the SDS-PAGE gel.

Reverse transcription-PCR (RT-PCR) analysis. Total RNA was iso-
lated using a bacterial RNA kit (Omega, Norcross, GA, USA) from 3 ml of
exponential-phase cultures of wild-type C. hutchinsonii and a CHU_1277-
disrupted mutant grown in PYG medium. Elimination of traces of DNA
and synthesis of first-strand cDNA were carried out with a PrimeScript RT
reagent kit containing a genomic DNA (gDNA) Eraser from TaKaRa (Da-
lian, China) according to the manufacturer’s instructions. Then the
cDNA was used as a template to perform PCR with the primers listed

in Table 1 (1276RT-1, 1276RT-2, 1277RT-1, 1277RT-2, 1278RT-1,
1278RT-2, 1279RT-1, and 1279RT-2). RNA without reverse transcription
was used as the template in PCR control reactions to determine whether
the RNA was free of genomic DNA.

Complementation of a CHU_1277 mutant. The replicative plasmid
pCH used for complementation of genes in C. hutchinsonii was con-
structed from plasmid pSKSO8 (14), in which the chloramphenicol
acetyltransferase gene (cat) was under the control of the ompA promoter
from Flavobacterium johnsoniae (18). The map of pCH is shown in Fig. S1
in the supplemental material.

Based on pCH, two plasmids, pCH1277 and pCHP1277, were con-
structed to complement the CHU_1277 mutant. A fragment spanning
CHU_1277, 232 bp upstream of the start codon, according to the genome
annotation, and 54 bp downstream of the stop codon, was amplified with
primers C1277F and C1277R. The fragment was digested with SacI and
SalI and ligated into the corresponding sites of pCH to generate pCH1277.
Plasmid pCHP1277 was constructed with CHU_1277 under the control of
the constitutive promoter of CHU_1284 described by Xu et al. (14). In
detail, a 1.9-kbp fragment spanning CHU_1277 (from 66 bp upstream of
the start codon to 54 bp downstream of the stop codon) was amplified
with primers NdeI-1277F and C1277R, digested with NdeI and SalI, and
ligated into the corresponding sites of pCH. Plasmids pCH1277 and
pCHP1277 were electroporated into the CHU_1277 mutant, and trans-
formants were selected by chloramphenicol resistance.

Growth curves, enzymatic assay, and cellulose adhesion test. Cells of
C. hutchinsonii were grown in PYG medium or PY-cellobiose medium, in
which 0.2% (wt/vol) cellobiose was used instead of glucose. Incubations
were done in 300-ml flasks with shaking (160 rpm) at 30°C, and growth
rates were determined by monitoring the optical density at 600 nm of the
cultures.

Cells of the mid-exponential phase were gathered through centrifuga-
tion (6,000 � g, 10 min) for cellulase activity measurement. For intact cell
samples, pelleted cells were washed with Na2HPO4 · KH2PO4 buffer (50

TABLE 1 Plasmids and primers used in this study

Plasmid or primer Description or sequencea

Reference(s) or
source

Plamids
pLYL03 ColE1, Bacteroides-Flavobacterium suicide vector, Apr Emr 12, 27
pLYIN1277 800-bp fragment amplified with primers 1277-L and 1277-R inside CHU_1277 cloned into BamHI and XbaI sites

of pLYL03; Apr Emr

This study

pSKSO8 pUC ori, Apr Emr, oriC (the replication origin of chromosome of C. hutchinsonii), replicative plasmid of C.
hutchinsonii

14

pCH pUC ori, Apr Cmr, oriC, vector used for complementation This study
pCH1277 pCH containing CHU_1277 (promoter of CHU_1277), Apr Cmr This study
pCHP1277 pCH containing CHU_1277 (promoter of CHU_1284), Apr Cmr This study

Primers
1277-L GCAATTGGATCCAGAAACAGAAGATACACAC
1277-R TGTATGTCTAGAATAGCACCACCTTTTAAGC
1277test-L TCAATCGCTCTTCGTTCGTC
1277test-R GTTTGACTTACCAGCTTCAC
C1277F AACTGAGCTCTGGGGTTATGGACTTGGAATCG
NdeI-1277F CGCAGGCATATGTCAACAATGGGAAC
C1277R GTCCGTCGACTACAGCAAACAAACTATG
1276RT-1 TGGGTATCATTCGTGAGGACAG
1276RT-2 ATTACGTTGGTAAGGACCTGCA
1277RT-1 GGCTTACGTGCATTTGCTAC
1277RT-2 TTACGCCACCTCGTGTTGTT
1278RT-1 ATGCTGGTAAATGCGGGTTCTA
1278RT-2 GAAGGACAGAAATTATCCGTGT
1279RT-1 AGCCAGATTGCGGTGGTAGAAG
1279RT-2 GTAACCCGGACCCACTCCTGTA

a Restriction sites are underlined.
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mM, pH 6.8) and resuspended in the same buffer with 0.04% (wt/vol)
NaN3. The suspended cells were sonicated to prepare the cell lysates, and
the outer membrane proteins were prepared according to a previously
described procedure (13). Sodium carboxymethyl cellulose (CMC-Na),
p-nitrophenyl beta-D-glucopyranoside (pNPG), and p-nitrophenyl beta-
D-cellobioside (pNPC) were all purchased from Sigma-Aldrich (St. Louis,
MO, USA) and used as the substrates to measure endoglucanase, �-glu-
cosidase, and exoglucanase activities, respectively, according to previously
described methods (13, 19). All of the enzymatic assays were carried out in
triplicate, and the protein concentration was quantified as described by
Bradford (20).

The relative adhesion rate of C. hutchinsonii cells to Avicel cellulose
PH105 (Sigma-Aldrich) was measured by a turbidity-based method as
previously described (13, 21).

Cellulose and cellobiose hydrolysis by cells or outer membrane pro-
teins of C. hutchinsonii. Cells from exponentially growing cultures (200
ml) were harvested (6,000 � g, 10 min), washed with Na2HPO4 · KH2PO4

buffer (50 mM, pH 6.8), and resuspended in the same buffer to a volume
of 20 ml. The suspension (5 ml) was mixed with 1% (wt/vol) RAC (5 ml).
Glucono-�-lactone or NaN3 was added to the reaction mixture to a final
concentration of 0.2% or 0.04% (wt/vol) separately as needed. The mix-
ture was incubated at 30°C for 6 h, which was followed by centrifugation
at 10,000 � g for 10 min. The supernatants containing hydrolytic prod-
ucts were ultrafiltered, lyophilized, and then dissolved with 1 ml of ultra-
pure water. Hydrolytic products were analyzed by a Dionex Ultra high-
performance liquid chromatograph (HPLC) (Sunnyvale, CA, USA)
equipped with a Corona ultradetector and XBridge amide column (Wa-
ters, Milford, MA, USA). The column was maintained at 50°C and eluted
with a mobile phase of acetonitrile-water (65:35, vol/vol) at a flow rate of
0.6 ml/min.

To analyze cellobiose hydrolysis by intact cells or outer membrane
proteins, cellobiose was mixed with intact cells or outer membrane pro-
teins and incubated at 30°C. The initial concentration of cellobiose was
0.2% (wt/vol). The protein content of the cells or outer membrane pro-
teins was 0.005% (wt/vol). One milliliter of the mixture was withdrawn at
regular time intervals and analyzed by HPLC. The protein concentration
was quantified as described by Bradford (20), and all the assays were
carried out in triplicate.

RESULTS
Disruption of CHU_1277 in C. hutchinsonii. The CHU_1277
locus encodes a cellulose binding outer membrane protein,

CHU_1277, which consists of 584 amino acids with a molecular
mass of 65.3 kDa, according to the genome annotation (13). No
signal peptide was detected in CHU_1277 by SignalP, version 4.0
(22), and no transmembrane helices were predicted by TMHMM,
version 2.0 (23). However, we examined the DNA sequence and
found several potential start codons upstream of the one selected
by the automated annotation system. According to two of the
potential start codons, CHU_1277 would contain 606 (or 603)
amino acids instead of 584 amino acids, and an obvious signal
peptide was detected at the amino terminus. The prediction of
subcellular localization by PSORTb, version 3.0 (24), also in-
dicated that CHU_1277 was located on the outer membrane (13).
This was in accordance with our previous study showing that
CHU_1277 is an outer membrane protein. These results implied that
the annotation of CHU_1277 was possibly incorrect. The BLAST re-
sults for the protein sequence revealed that CHU_1277 showed only
weak similarity to a hypothetical membrane protein from Fibrobacter
succinogenes (GenBank accession number YP_003249606.1; 17%
identity over 584 amino acids), a bacterium speculated to have a cel-
lulolytic mechanism similar to that of C. hutchinsonii (6). The bioin-
formatic analysis showed that CHU_1277 was a protein with un-
known function.

To investigate its physiological role, CHU_1277 was inter-
rupted by insertional inactivation. The plasmid pLYIN1277 was
transformed into C. hutchinsonii by electroporation. Cells resis-
tant to erythromycin were subjected to PCR assay with the diag-
nostic primers 1277test-L and 1277test-R, and an amplicon of
1.87 kbp for the mutant strain which was absent for the wild-type
strain verified that homologous recombination had occurred at
the CHU_1277 locus (data not shown).

Our previous work showed that CHU_1277 was detected in the
cellulose binding outer membrane proteins (13). To determine
the disruption of CHU_1277 in the mutant cells, the cellulose
binding outer membrane proteins and the buffer-washed proteins
of both the wild-type strain and the mutant were prepared and
analyzed by SDS-PAGE (Fig. 1). The profiles showed that
CHU_1277 was absent from both of the samples of the mutant,
indicating that it was disrupted in the mutant cells. CHU_1277

FIG 1 SDS-PAGE of the wild-type (WT) strain of C. hutchinsonii and the CHU_1277-disrupted mutant (�1277). (A) SDS-PAGE of outer membrane proteins
binding to cellulose; (B) SDS-PAGE of buffer-washed proteins. Lane M, molecular mass marker.
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could be washed out from the intact cells by PIPES buffer, indi-
cating that it might be located on the cell surface (Fig. 1B).

Phenotypic characteristics of the mutant. Many phenotypic
characteristics, including growth, cellulose degradation, colony
spreading, and adhesion to cellulose of the mutant cells, were
studied to investigate the physiological role of CHU_1277.

The growth properties of the CHU_1277 mutant and the wild-
type strain in liquid medium with different carbohydrates as the
sole carbon source are shown in Table 2. The results indicate that
the mutant grew well in glucose medium but could not utilize
RAC and crystalline cellulose. The mutant grew slowly and poorly
in cellooligosaccharide medium (from cellobiose to cellopen-
taose). The growth curves of the mutant in glucose and cellobiose
liquid medium were further determined and compared with those
of the wild type. In glucose medium, the mutant had a growth rate
similar to that of the wild-type strain, and its final cell density was
almost the same as that of the wild-type strain (Fig. 2A). When the
glucose-grown cells were inoculated into cellobiose culture, the
mutant showed a reduced growth rate in the exponential phase,
and its lag phase was about 45 h longer than that of the wild-type
strain.

A filter paper plate assay could directly reflect the utilization of
the filter paper by the C. hutchinsonii cells. On the filter paper
plate, the wild-type strain could completely digest filter paper after
7 days, while the CHU_1277-disrupted mutant showed no sign of
growth, even after 15 days (Fig. 2B). This suggested that the mu-
tant cells had lost the ability to utilize filter paper, which was in
accordance with the result that the mutant cells showed no growth
in RAC and crystalline cellulose medium. In our previous study,
the wild-type C. hutchinsonii cells exhibited colony spreading on
the surface of a PYG plate with 0.5% agar (13). As shown in

Fig. 2B, the wild-type cells spread out evenly as a thin layer, while
the mutant cells showed an unusual colony-spreading pattern,
with satellite colonies spread out from the periphery of the mutant
inoculant. It seemed that the mutant had lost the associated mov-
ing ability of colony-forming cells but still retained the moving
ability of individual cells on the soft-agar surface (Fig. 2B).

The relative adhesion rate of the mutant cells to cellulose was
about 93%, which was similar to that of the wild-type strain al-
though CHU_1277 is a cellulose binding protein. This indicated
that more proteins were involved in cellulose binding with cells.

RT-PCR analysis and complementation of the CHU_1277
mutant. In the genome of C. hutchinsonii, CHU_1277 was ar-
ranged in the same direction as its surrounding genes (Fig. 3A). To
investigate whether the transcription of the surrounding genes
was affected by the insertion in CHU_1277, RT-PCR was per-
formed as described in Materials and Methods. The amplicons
corresponding to CHU_1276, CHU_1277, CHU_1278, and
CHU_1279 were all present in the wild-type strain of C. hutchin-
sonii while the CHU_1277 amplicon was not obtained in the
CHU_1277-disrupted mutant (Fig. 3B). The presence of ampli-
cons corresponding to CHU_1276, CHU_1278, and CHU_1279 in
the CHU_1277-disrupted mutant indicated that the insertion in
CHU_1277 did not affect the transcription of the surrounding
genes.

To verify that the defects in cellulose degradation and colony
spreading of the mutant were caused by the disruption of
CHU_1277, complementation of the mutant was carried out
with plasmids pCH1277 (with its own promoter region) and
pCHP1277 (with the constitutive promoter of CHU_1284) as de-
scribed in Materials and Methods. As shown in Fig. 2B, both of the
complemented strains could restore the ability to grow on filter

TABLE 2 Growth of the wild type of C. hutchinsonii and the CHU_1277-disrupted mutant on different carbohydrates

Strain

Growth on the indicated carbohydratea

G1 G2 G3 G4 G5 RAC MCC

Wild type � � � � � � � � � � � � � �
CHU_1277 mutant � � � � � � � �
a Growth is indicated as follows: � �, approximately that of the wild type; �, less than that of the wild type; and �, same as that of the negative control. Carbohydrates are the
following: G1, glucose; G2, cellobiose; G3, cellotriose; G4, cellotetrose; G5, cellopentaose; RAC, regenerated amorphous cellulose; and MCC, microcrystalline cellulose.

FIG 2 Phenotypic characteristics of the wild-type (WT) strain of C. hutchinsonii and the CHU_1277-disrupted mutant (�1277). (A) Growth curves of the cells
in glucose and cellobiose medium. The closed and open symbols stand for growth of the cells in glucose and cellobiose, respectively. (B) Filter paper degradation
and colony spreading of the bacterial cells on soft agar. �1277�pCH1277, the CHU_1277 mutant complemented with pCH1277; �1277�pCHP1277, the
CHU_1277 mutant complemented with pCHP1277. Abs, absorbance.
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paper and spread on soft-agar surfaces. These results proved that
the defects in cellulose degradation and colony spreading of the
mutant were caused by the inactivation of CHU_1277.

Cellulase activity determination. In order to investigate why
the mutant cells could not digest cellulose, cellulase activities of
the wild-type and the mutant cells were analyzed. Since the mu-
tant could not grow in cellulose medium, cells cultured on PYG
medium were collected for cellulase activity assays. As shown in

Fig. 4, both endoglucanase activities and �-glucosidase activities
could be detected, while no exoglucanase activities were detected.
The result was consistent with genomic analysis confirming that
the genome of C. hutchinsonii encodes many putative endogluca-
nases and �-glucosidases but has no homologs of exoglucanases.

Compared with the enzyme activities in cell lysates, which rep-
resented total enzyme activities of the cells, the intact cell (enzyme
activities on the cell surface) possessed approximately 65% of en-
doglucanase activity and about 86% of the �-glucosidase activity.
(Fig. 4A and B). This indicated that the majority of the cellulase
activities were on the cell surface.

Endoglucanase activities of the intact cell, cell lysates, and outer
membrane proteins of the wild-type cells and the mutant were
almost the same, indicating that endoglucanases were unaffected
by the disruption of CHU_1277 (Fig. 4A). The �-glucosidase ac-
tivity of outer membrane proteins of the mutant was also the same
as that of the wild-type strain, while the activities on the cell sur-
face and in cell lysates of the mutant were only 74% and 77% of
the wild-type strain. This result seems to suggest that the quan-
tity of �-glucosidases of the mutant cells did not change, but
their apparent activity was reduced by the disruption of
CHU_1277 (Fig. 4B).

Cellulose hydrolysis. Since significant cellulolytic enzyme ac-
tivities were detected on the cell surface and in outer membrane
proteins of C. hutchinsonii, the cellulose hydrolysates of the intact
cells and outer membrane proteins were further analyzed. Cellu-
lose hydrolysate of the intact cells was detected only for the wild-
type because the mutant could not live on cellulose.

After incubation of C. hutchinsonii cells with RAC for 6 h, the
supernatant was concentrated and analyzed by HPLC. Results
showed that there was a small amount of cellobiose and little glu-
cose in the extracellular mixture (Fig. 5B). When 0.2% (wt/vol)

FIG 3 RT-PCR analysis of the transcription of CHU_1277 and the surround-
ing genes. (A) Illustration of CHU_1277 and the surrounding genes; (B) RT-
PCR analysis of the transcription of CHU_1277 and the surrounding genes in
the wild-type (WT) strain of C. hutchinsonii and the CHU_1277-disrupted
mutant (�1277). Lanes 1 to 4, PCRs performed with WT cDNA; lanes 5 to 8,
PCRs performed with cDNA of the CHU_1277 mutant; lane 9, marker. The
following primers were used for PCRs: 1276RT-1 and 1276RT-2 for lanes 1 and
5; 1277RT-1 and 1277RT-2 for lanes 2 and 6; 1278RT-1 and 1278RT-2 for
lanes 3 and 7; 1279RT-1 and 1279RT-2 for lanes 4 and 8.

FIG 4 Endoglucanase and �-glucosidase activities of the wild-type (WT) strain of C. hutchinsonii and the CHU_1277-disrupted mutant (�1277). (A) Endo-
glucanase activity of the intact cells, cell lysates, and outer membrane proteins of the wild-type strain and the CHU_1277 mutant. Endoglucanase activity was
determined using CMC-Na as the substrate, and the reducing end concentration was measured using the dinitrosalicylic acid procedure. (B) �-Glucosidase
activity of the intact cells, cell lysates, and outer membrane proteins of the wild-type strain and the CHU_1277 mutant. �-Glucosidase activity was determined
using pNPG as the substrate, and the released p-nitrophenol was determined by absorption at 410 nm. Error bars indicate standard errors.

Cellulose Degradation by Cytophaga hutchinsonii

August 2014 Volume 80 Number 15 aem.asm.org 4515

http://aem.asm.org


glucono-�-lactone was added to the reaction mixture, which
should repress �-glucosidase activity, the amounts of cellobiose,
cellotriose, and cellotetrose were significantly increased, while the
concentration of glucose did not change (Fig. 5B). These cellooli-
gosaccharide products should mainly come from the degradation
of cellulose by cell surface endoglucanase since the �-glucosidase
activity was suppressed. With the addition of 0.04% (wt/vol)
NaN3, which should inhibit ATP production through the respi-
ratory chain reaction, the ATP-driven transport and assimila-
tion of the cell were inhibited. The extracellular cellooligosac-
charide products were further degraded to glucose by the cell
surface �-glucosidases. So no cellotriose or cellotetrose was
detected under this condition, and cellobiose decreased to a
small amount while the accumulation of glucose significantly
increased (Fig. 5B).

Outer membrane proteins extracted from the wild-type cells
were also proven to have the ability to hydrolyze cellulose to glu-
cose by HPLC. And no other cellooligosaccharides were detected.
When �-glucosidase activity was repressed by the addition of

glucono-�-lactone, more cellobiose and cellotriose were present
in the hydrolytic products, and the amount of glucose was re-
duced. This result was similar to the result of RAC hydrolysis by
intact cells. The addition of NaN3 did not change the composition
or the quantity of the reaction products, suggesting that NaN3 had
no direct effect on enzymatic activity (Fig. 5C). There was no
difference between the wild-type strain and the mutant with re-
spect to cellulose hydrolytic activity by the outer membrane pro-
teins (Fig. 5D), implying that cellulolytic enzymes in the outer
membrane of the mutant cells were unaffected.

Cellobiose hydrolysis. To compare the cellobiose hydrolytic
abilities of the wild-type strain and the mutant, cellobiose hydro-
lysates of the intact cells and the outer membrane proteins were
analyzed by HPLC. As shown in Fig. 6A, cellobiose was quickly
hydrolyzed to glucose in the wild-type cells, while hydrolysis by
the mutant cells was very slow. After a 4.5-h incubation, only 35%
of cellobiose remained in the reaction mixture of the wild-type
strain while 75% remained in the mutant mixture. This revealed
that the actual cellobiose hydrolytic ability of the mutant was sig-

FIG 5 HPLC analyses of hydrolytic products of RAC by intact cells and outer membrane proteins of C. hutchinsonii. (A) Cellooligosaccharide standards. Line
1, glucose and cellobiose; line 2, cellotriose; line 3, cellotetrose; line 4, RAC; G1, glucose; G2, cellobiose; G3, cellotriose; G4, cellotetrose. (B to D) RAC hydrolysates
of the intact cells of the wild type (B), the outer membrane proteins of the wild type (C), and the outer membrane proteins of the CHU_1277-disrupted mutant
(D) were analyzed. Line 1, RAC was incubated with the intact cells; line 2, 0.2% glucono-�-lactone was added; line 3, 0.04% NaN3 was added.

FIG 6 HPLC analyses of cellobiose hydrolysate by the intact cells and outer membrane proteins of the wild-type (WT) strain of C. hutchinsonii and the
CHU_1277-disrupted mutant (�1277). (A) Cellobiose hydrolysate of the intact cells of the wild-type strain and the CHU_1277 mutant; (B) cellobiose hydrolysate
of the outer membrane proteins of the wild-type strain and the CHU_1277 mutant. The closed and open symbols represent cellobiose hydrolysis of the wild-type
strain and the CHU_1277 mutant, respectively.
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nificantly reduced. However, the cellobiose hydrolytic ability of
mutant outer membrane proteins was almost the same as that of
the wild-type proteins (Fig. 6B). Cellobiose was completely hydro-
lyzed into glucose after a 14.5-h incubation. The result that the
quantity and activity of �-glucosidase in extracted outer mem-
brane proteins of the mutant cells were not changed was in accor-
dance with the �-glucosidase activity assay.

DISCUSSION

Direct contact between the cells and insoluble cellulose was
thought to be necessary for cellulose degradation by C. hutchinso-
nii (9), and most of the cellulase activity appears to be cell associ-
ated (8, 10, 11). A possible cellulose utilization model was pro-
posed according to which individual cellulose molecules are
transported into the periplasmic space and degraded by the endo-
glucanases there (25). In this study, we found that most of the
endoglucanase and �-glucosidase activities were detected on the
cell surface rather than in the periplasmic space as speculated be-
fore. Moreover, part of the cellulose could be hydrolyzed to glu-
cose on the cell surface (Fig. 5). The extracted outer membrane
proteins containing free endoglucanases and �-glucosidases also
had the ability to hydrolyze cellulose to glucose in vitro. We pro-
pose that on the cell surface of C. hutchinsonii, cellulose could be
partly depolymerized to cellooligosaccharides by cell surface en-
doglucanases and that the cellooligosaccharides could be further
hydrolyzed to glucose by cell surface glucosidases. Some recent
studies on cell-bound endoglucanases support this view. Zhu et al.
reported that an outer membrane endoglucanase, ChCel5A, from
C. hutchinsonii could hydrolyze microcrystalline cellulose to cel-
lobiose and cellotriose (15). Another cell surface endoglucanase,
CHU_2103, was shown to be a processive endoglucanase (26).
However, whether cell surface degradation was the main mecha-
nism of cellulose utilization by C. hutchinsonii was still unknown.

When cellulose was degraded by the intact cells, small amounts
of glucose and cellobiose could be detected, as shown in Fig. 5B.
NaN3 could block the ATP-driven transport and assimilation.
Therefore, with the addition of NaN3, the amount of extracellular
cellulose hydrolysate increased significantly. Only a small amount
of reducing sugar could be detected in the dynamic process with-
out NaN3, suggesting that the cellulose degradation and ATP re-
quired for assimilation of the hydrolysate might be tightly cou-
pled. That might be one of the reasons why no reducing sugar was
detected extracellularly in many previous studies (7, 10, 11).

Cellobiose is one of the few substrates that can be used by C.
hutchinsonii as the sole carbon and energy source (8), which is also
the main intermediate product of cellulose degradation. In the
study of cellobiose hydrolysis by the living cells of C. hutchinsonii,
cellobiose was hydrolyzed to glucose mainly during the lag phase,
and glucose acted as the main carbon source to support further
growth of the bacterium (see Fig. S2 in the supplemental mate-
rial). Quantitative analysis showed that 2 mg/ml of cellobiose was
completely hydrolyzed and that 1.7 mg/ml glucose was accumu-
lated extracellularly, which represented about 85% of the theoret-
ical yield (Fig. 6). All of these results indicated that degradation of
cellobiose into glucose by cell surface �-glucosidases was the main
mechanism of cellobiose utilization by C. hutchinsonii. This is sig-
nificantly different from previous studies that indicated that most
aerobic fungi secrete free �-glucosidases, while most anaerobic
bacteria use cytoplasmic �-glucosidases to degrade cellobiose in-

tracellularly (1). The isolation and further study of the cell surface
�-glucosidases are now being undertaken in our lab.

CHU_1277, coding an outer membrane cellulose binding pro-
tein, was inactivated by insertional mutagenesis. The CHU_1277-
disrupted mutant cells were deficient in cellulose utilization and
grew slowly and poorly in different cellooligosaccharide media.
The apparent �-glucosidase activity and the cellobiose hydrolytic
ability of the intact mutant cells were dramatically decreased.
However, the outer membrane proteins extracted from the mu-
tant cells have �-glucosidase activity and cellobiose hydrolytic ac-
tivity similar to those of the wild-type strain in vitro (Fig. 5 and 6).
These results implied that the quantity and activity of the �-glu-
cosidase in the outer membrane of the mutant cells were unaf-
fected. Since the cellulose adhesion rate of mutant cells was not
significantly changed, we speculated that the direct or indirect
interaction between �-glucosidase and CHU_1277 is necessary
for the cell surface enzyme to achieve sufficient activity. This re-
vealed that in addition to cellulolytic enzymes, certain outer mem-
brane proteins were also necessary for effective cellulose utiliza-
tion by C. hutchinsonii. Further study of how CHU_1277 affects
cellulose and cellooligosaccharide utilization will provide more
insights into the novel mechanism of cellulose degradation by C.
hutchinsonii.
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