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ABSTRACT We report here that wild-type Escherichia coli
can grow on the chitin disaccharide, N,N*-diacetylchitobiose
(GlcNAc)2, as the sole source of carbon. Transposon mutants
were isolated that were unable to ferment (GlcNAc)2 but grew
normally on the monosaccharide GlcNAc. One such mutant
was used to screen a wild-type E. coli genomic cosmid library
for restoration of (GlcNAc)2 fermentation. A partial sequence
analysis of the isolated fragment mapped the clone to the
(previously sequenced) E. coli genome between 39.0 and 39.2
min. The nucleotide ORFs at this region had been previously
assigned to code for a ‘‘cryptic’’ cellobiose utilization (cel)
operon. We report here, however, that functional analysis of
the operon, including growth and chemotaxis, reveal that it
encodes a set of proteins that are not cryptic, but are induced
by (GlcNAc)2 and catabolize the disaccharide. We therefore
propose to rename the cel operon as the chb (N,N*-
diacetylchitobiose) operon, with the letter designation of the
genes of the operon to be reassigned consistent with the
nomenclature based on functional characterization of the gene
products as follows: celA to chbB, celB to chbC, celC to chbA,
celD to chbR, and celF to chbF. Furthermore, sequencing
evidence indicates that the operon contains an additional gene
of unknown function to be designated as chbG. Thus, the
overall gene sequence is to be named chbBCARFG.

Cellulose and chitin are the two most abundant organic
compounds found in nature, composed of b-1,4-linked glucose
and b-1,4-linked N-acetylglucosamine residues, respectively.
Microorganisms have developed sophisticated mechanisms for
the catabolism of these polymers (1–4). Each is degraded by
specific hydrolases, and bacteria have evolved systems for the
uptake of the resultant mono- and disaccharides. Functional
genes for cellobiose utilization have been described in certain
strains of the Gram-negative bacteria Escherichia coli (5) and
Klebsiella (6), as well as in Gram-positives such as Cellulomo-
nas uda (1) and Bacillus stearothermophilus (7), and the
structures of several cellulases have been determined (8). One
of the best characterized systems for cellobiose uptake is
encoded by the E. coli cryptic cel operon (9–12). Cryptic
operons have been defined as silent genes, not expressed in
wild-type organisms, but requiring a mutation(s) for activation
(13).

Chitin catabolism has been described in a wide variety of
organisms (14), including many marine bacteria (15–17). The
major product of virtually all known bacterial chitinases is the
disaccharide N,N9-diacetylchitobiose (GlcNAc)2. We have re-
ported a specific (GlcNAc)2 permease in the Gram-negative
chitinolytic marine bacterium Vibrio furnissii (18).

In this paper, we report that E. coli catabolizes (GlcNAc)2
and that the genes responsible for its uptake are the previously

isolated cryptic cel operon (11, 12), which we propose to
rename as the chb (N,N9-diacetylchitobiose) operon.

MATERIALS AND METHODS

Reagents for bacterial media were obtained from Difco, J.T.
Baker, and BBL Microbiology Systems. Molecular biology
reagents were obtained from New England Biolabs, United
States Biochemical, and Stratagene. Radioisotopes were pur-
chased from DuPontyNEN. Pure crystalline (GlcNAc)2 was
prepared and will be described elsewhere. Other buffers and
reagents were of the highest purity available commercially.

E. coli strain XL1-Blue MR was purchased from Stratagene,
and E. coli strain LR-175 (19), Salmonella typhimurium strain
LT2 (20), and other strains were obtained from the American
Type Culture Collection. Bacterial strains were grown at 37°C
in Luria broth (LB) or on Luria agar plates supplemented with
ampicillin (50 mgyml) and tetracycline (15 mgyml) where
appropriate for selection of recombinant E. coli. Fermentation
was assayed by streaking cells on plates containing one of the
following: (i) Difco MacConkey agar base, (ii) Difco Levine
EMB (eosin Yymethylene blue) agar (without lactose), or (iii)
minimalytetrazolium (M9 salts with 1.5% agar, 0.5 mM thia-
mine, 0.01% Casamino acids, and 10 mM 2,3,5-triphenyltet-
razolium chloride), each of which was supplemented with the
indicated carbon source at 10 mM. Plates were incubated at
37°C for 15–20 hr before being scored. Growth curves were
obtained by growing strains overnight in LB and inoculating
1:100 into the indicated media.

Transposon Mutagenesis. Transposon mutagenesis was per-
formed using a lysate from E. coli strain MC4100 P1Clr100Cm
containing the mini-mm lac–tetracycline-resistant transpos-
able element (kind gift of B. Bassler, Princeton University,
Princeton, NJ). Phage P1 transduction into E. coli strain
XL1-Blue MR was performed according to standard proce-
dures (21). Transductants were screened for loss of (GlcNAc)2
fermentation on MacConkey medium supplemented with 10
mM (GlcNAc)2 and 15 mgyml tetracycline.

Construction of XL1-Blue MR Genomic Library. A cosmid
library was constructed by using bacterial genomic DNA from
E. coli strain XL1-Blue MR as described (22). Library con-
struction, including conditions for partial genomic DNA re-
striction (using Sau3A) and ligation into the cosmid vector
SuperCos1 were performed according to the supplier’s rec-
ommendations (Stratagene). The ligation mixture was pack-
aged into l phage by using GigaPack Gold III packaging
extract (Stratagene) and tranfected into various E. coli strains
according to the supplier’s recommendations.

DNA Manipulations. DNA preparation and analysis, restric-
tion enzyme digestions, ligation, and transformations were
performed using standard techniques (22). Double-stranded
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DNA prepared from the recombinant clone pES1 was partially
sequenced by the dideoxynucleotide method using the United
States Biochemical Sequenase V2.0 sequencing kit (23, 24).
Sequencing primers were designed on the basis of the nucle-
otide sequence of the vector, Supercos1, f lanking the insert,
and were 59-CCATTATTATCATGACATTAA-39, sequenc-
ing clockwise (CW), and 59-GTCCGTGGAATGAA-
CAATGG-39, sequencing counterclockwise (CCW). The anal-
yses of DNA sequences were conducted with the GCG se-
quence analysis package (Version 7, Genetics Computer
Group, Madison WI). The database used for nucleotide se-
quence similarity searches (using FASTA) was GenBank, re-
lease 79.

Swarm Plate Assay for E. coli Chemotaxis. Chemotaxis was
assayed by the ability of cells to form swarm rings on ‘‘swarm
plates’’ containing 0.25% agar, M9 salts, 0.5 mM thiamine, and
the indicated carbon source, usually at a concentration of 5–10
mM (25, 26). E. coli were inoculated at the center of the swarm
plate with a colony taken from a rich broth (LB) plate. The
plates were incubated at 30°C for 20–36 hr and then photo-
graphed. Fast swarmers of each strain were selected by several
passages on rich broth (LB) swarm plates, using cells succes-
sively taken from the edge of swarm rings.

RESULTS

(GlcNAc)2 Fermentation by Gram-Negative Bacteria. Var-
ious strains of Gram-negative bacteria were tested for their
ability to ferment the disaccharide (GlcNAc)2, and the results
with MacConkey base agar supplemented with 10 mM (Glc-
NAc)2 are summarized in Table 1. In this medium positive
colonies turn red. Pink colonies were scored as 1y2, and
positives ranging from deep red centers (of colonies) to
completely red colonies were scored as 1 and 11, respec-
tively. It should be noted that the fermentation response was
weaker than that observed with monosaccharides such as
GlcNAc or glucose, which is presumably a reflection of the rate
of fermentation. With the exception of HB101, all E. coli
strains tested were positive, including LR-175, which is defec-
tive for the GlcNAc permease (19).

The response range was tested with MacConkey agar base
containing 1–20 mM (GlcNAc)2, and maximal response was
observed at 10 mM. Fermentation was assayed with other
indicator media, including Levine EMB agar (without lactose)
and minimalytetrazolium medium, each supplemented with
(GlcNAc)2. Neither test medium gave as clear results as seen
with the MacConkey base agar.

E. coli strain XL1-Blue MR was chosen for further study
because (i) it displayed a consistent and strong response in
(GlcNAc)2 fermentation, (ii) the strain is easily amenable to
genetic manipulation, and (iii) it is one of the host strains
recommended for use in phage-cosmid library screening
(Stratagene).

Transposon Mutagenesis and Screening of E. coli Strain
XL1-Blue MR. Transposon mutagenesis of XL1-Blue MR was
conducted as described in Materials and Methods. Five thou-
sand transposon mutants were screened on MacConkey agar
plates supplemented with 10 mM (GlcNAc)2, and four non-
fermenting (white) colonies were isolated. All four fermented
both GlcNAc and glucose (data not shown). One mutant
strain, designated Xm1.4, was used for further study.

Complementation of Xm1.4 by Using Wild-Type E. coli
XL1-Blue MR Genomic Cosmid Library. A l genomic cosmid
library was constructed from E. coli strain XL1-Blue MR and
screened in Xm1.4 as described in Materials and Methods. A
total of 4,000 colonies were screened on MacConkey base agar
supplemented with 10 mM (GlcNAc)2 and 50 mgyml ampicil-
lin, and 3 positive clones were selected. Restriction analysis of
the 3 isolates showed inserts ranging from 25 to 30 kb, with the
isolates sharing many similar-sized bands when tested with
several different restriction enzymes (data not shown). The
isolate with the smallest size insert (25 kb), designated pRQ1.1,
was chosen for further study. Because the cosmid vector,
SuperCos1, contained two EcoRI sites flanking the XbaI
insertion site, pRQ1.1, was subcloned by digestion of the
full-length clone with EcoRI. Many fragments were obtained,
including SuperCos1 containing EcoRI ends. The mixture was
ligated under conditions favoring reinsertion of one fragment
into SuperCos1. The ligation mixture was screened for comple-
mentation of the mutation in strain Xm1.4, and the smallest
insert thus isolated was 7.3 kb (pES1).

Sequencing of the Ends of pES1 and Identification of the
(GlcNAc)2 Catabolic Operon as the ‘‘Cryptic’’ Cellobiose
Operon. Portions of the nucleotide sequences of the 7.3-kb E.
coli insert in SuperCos1 were determined as described in
Materials and Methods. Sequencing primers were designed for
both ends of the vector, SuperCos1, and used to sequence in
the direction of the insert. The primers yielded 225 bp of
clockwise (CW) and 250 bp of counterclockwise (CCW)
sequence relative to the SuperCos1 sequence (Fig. 1). A BLAST
search of the GenBank database resulted in almost identical
matches of the two sequences to the region around the E. coli
chromosome at 39.1–39.2 min, with sequence CW having
100% identity to a region in the katE gene and sequence CCW
having 99% identity to a region in the osmE gene. Further-
more, a restriction analysis of pES1 showed a complete match
to the results predicted by the sequence at the E. coli region
shown in Fig. 1.

An analysis of the ORFs of this region showed that it
corresponded to the previously described ‘‘cryptic’’ cellobiose
operon (Fig. 1).

Interpretations of these and the following results are pre-
sented in Discussion.

Growth of Wild-Type, Mutant, and Complemented Mutant
Strains on Lactate, (GlcNAc)2, or Cellobiose. The ability of
wild-type E. coli XL1-Blue MR, the transposon mutant Xm1.4,
and the complemented transposon mutant (Xm1.4:pES1) to
ferment a variety of sugars was assayed using MacConkey base
agar. The results were as follows: (i) all strains could ferment
glucose and GlcNAc; (ii) wild type and the complemented

Table 1. Fermentation of sugars by bacterial strains

Bacterial strain (GlcNAc)2 GlcNAc Glucose

Escherichia coli
XL1-Blue MR 1 111 111
LR-175 1 2 111
Xm1.4 2 111 111
Xm1.4:pCBU7.3 11 111 111
DH5A 1 111 111
K-12 1 111 111
EMG-29 1 111 111
EMG-30 1 111 111
HB101 2 111 111

Salmonella typhimurium
LT2 1y2 111 111
3507 1 111 111

Vibrio furnissii*
SR1514 11 11 11
SR1519 11 11 11

Enterobacter cloacae
A1.3 11 111 111

The ability of bacterial strains to ferment glucose, GlcNAc, and
(GlcNAc)2 was assayed by streaking cells on MacConkey agar base
indicator media supplemented with 10 mM carbohydrate, and indi-
vidual colonies were scored as follows: 2, negative; 1y2, dark pink
colonies; 1, deep red center of colonies; 11, completely red colonies;
and 111, completely red colonies with surrounding red zones.
*V. furnissii strains were tested by using Levine EMB agar (without

lactose) supplemented with 10 mM carbohydrate.
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mutant were capable of fermenting (GlcNAc)2, whereas the
mutant could not; and (iii) the b-glucosides cellobiose, salicin,
and arbutin were not fermented under any conditions tested.

The capability of the three strains to grow on (GlcNAc)2 or
cellobiose as the sole carbon source was also tested (Fig. 2).
These results show that: (i) The growth rates of all three strains

were comparable on lactate and GlcNAc (data not shown). (ii)
Wild-type E. coli and the transformant Xm1.4:pES1 can grow
on (GlcNAc)2, whereas the mutant, Xm1.4, cannot (Fig. 2).
(iii) None of the strains, even the mutant harboring the ‘‘cel’’
operon-containing plasmid (Xm1.4:pES1), can grow on cello-
biose. (iv) Preinduction of Xm1.4:pES1 (Fig. 2) or wild type
(data not shown) by growth on (GlcNAc)2 does not result in
detectable growth on cellobiose. In the latter experiment cells
were grown to mid-logarithmic phase on (GlcNAc)2 and then
washed into minimal medium containing cellobiose.

Swarm Plates. Bacterial chemotaxis was assayed by the use
of swarm plates as described in the Materials and Methods. In
this assay, bacteria are inoculated in the center of soft agar
plates containing the putative chemoattractant. As the cells
utilize the test substrate a gradient is formed, and if the
compound is a chemoattractant, the cells migrate from the
point of inoculation outwards, forming a characteristic ring. If
the test compound can be metabolized but is not an attractant,
such as lactate, bacterial growth will be visible at the point of
inoculation without any swarm rings. Chemotaxis of the
wild-type stain XL1-Blue, the transposon mutant Xm1.4, and
the transformant Xm1.4:pES1 toward GlcNAc, (GlcNAc)2,
and cellobiose is presented in Fig. 3. These data show the
following: (i) All three strains formed swarm rings when tested
with GlcNAc. (ii) The mutant could neither grow on nor form
swarm rings with (GlcNAc)2. (iii) The wild type and transfor-
mant harboring the ‘‘cel’’ operon could grow and form swarm
rings on (GlcNAc)2. (iv) No rings (or growth) were visible with
cellobiose, even after prolonged incubation.

Swarm rings were also visible with (GlcNAc)3, but not with
any higher chitin oligosaccharides tested, such as (GlcNAc)4
and (GlcNAc)5.

DISCUSSION

We report here that a variety of wild-type E. coli strains express
an inducible system for the transport and catabolism of
(GlcNAc)2. The (GlcNAc)2 catabolic operon was cloned by
complementation of a (GlcNAc)2-nonfermenting transposon
mutant and was identified as the previously designated cryptic
cel operon. However, the isolated wild-type allele results only
in (GlcNAc)2 and not cellobiose catabolism, as confirmed by
fermentation and growth studies. Even under conditions when
the wild-type operon was fully induced, little to no growth on
cellobiose was detected. Furthermore, E. coli was shown to be
chemotactic toward (GlcNAc)2 and (GlcNAc)3 but not to
cellobiose, and the swarming response was contingent upon
the presence of the intact ‘‘cel’’ operon. A kinetic and molec-
ular description of the (GlcNAc)2 permease, and character-
ization of phospho-(GlcNAc)2 as the product of transport, will
be reported elsewhere.

The ‘‘functional’’ cellobiose catabolic operon (designated
cryptic), was originally isolated by subjecting wild-type E. coli
to extreme conditions such prolonged incubation (months) of
cells on plates containing cellobiose (10–12). Mutations in the
sugar-specific proteins of the wild-type operon would be
required to alter the sugar specificity of the operon. It is likely
that a series of mutations ultimately resulted in cellobiose
utilization.

Indeed, recent sequencing data from the E. coli genome
database (27) have covered the region spanning the cel operon
(39.1–39.2 min), and a comparison of the two sequences
reveals several differences between the genomic database
sequence and that originally reported for the cel operon (11).
These differences are clustered in the permease and in the
putative phospho-b-glucosidase. Furthermore, in almost all
cases the ability to catabolize cellobiose required ‘‘activation’’
of the operon, either by disruption of the repressor coding
region through integration of an insertion element or by a

FIG. 1. Comparison of pES1 to sequenced E. coli genomic map
position at 39 min. The isolated cosmid clone capable of restoring
(GlcNAc)2 utilization in the E. coli transposon mutant strain, Xm1.4,
was subcloned to 7.3 kb in the vector Supercos1. Using primers
designed to the ends of Supercos1 and reading in the direction of the
insert from both directions, we gathered the following sequence data:
(i) clockwise (CW), 250 bp; and (ii) counterclockwise (CCW), 225 bp.
A BLAST search of the nucleotide sequence database revealed greater
than 99% identity to a region in the osmE gene (CW) and the katE
gene (CCW), respectively. Restriction analysis of the clone was in
agreement with that reported for the E. coli genome at the region
illustrated. Restriction sites shown include B 5 BamHI, Bg 5 BglII,
E 5 EcoRI, Ev 5 EcoRV, and H 5 HindIII. All other restriction
enzymes tested gave results in agreement with the predicted sequence
and included the following: AatII, AccI, AvaI, Bsp106, HpaI, KpnI,
NdeI, NheI, NotI, PstI, PvuI, SalI, SphI, and XmnI.

FIG. 2. Growth of E. coli strains on (GlcNAc)2 and cellobiose. E.
coli strains XL1-Blue MR (wild type, F), Xm1.4 (transposon mutant,
Œ), and Xm1.4:pES1 (transposon mutant harboring the 7.3-kb clone,
E) were tested for their ability to grow on (GlcNAc)2 (solid lines) and
cellobiose (dashed lines) as sole carbon sources. Minimal media (M9
salts) supplemented with 0.5 mM thiamine and 0.05% Casamino acids
containing either 10 mM (GlcNAc)2 or 10 mM cellobiose were
inoculated using a 1:100 dilution of overnight cultures grown in LB.
Growth was monitored over the indicated time course by using a Klett
photoelectric colorimeter with a no. 54 green filter (550 nm). At the
arrow, an aliquot of Xm1.4:pES1 cells [preinduced by growth to
mid-logarithmic phase on (GlcNAc)2] was harvested and washed three
times with an equal volume of minimal medium and then resuspended
in minimal medium containing 10 mM cellobiose.
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point mutation of the repressor that results in cellobiose
recognition (12).

Our results, therefore, show that wild-type enteric bacteria,
E. coli, S. typhimurium, and E. cloacae, can ferment and grow
on (GlcNAc)2 as the sole carbon source, and that in E. coli the
disaccharide is a chemoattractant (the other species were not
tested). The cel operon was identified as encoding the neces-
sary proteins required for (GlcNAc)2 catabolism, and we
suggest that the apparent crypticity and change in the sugar
specificity of the operon resulted from mutations in the
relevant genes. We therefore propose that the term ‘‘cel’’ be
changed to chb (N,N9-diacetylchitobiose) operon.

The renaming of the cel operon also involves changes of the
letter designations of each gene as listed in Table 2. Detailed
functional characterization of some of the chb gene products
will be described elsewhere. The reasons for the reassignments
follow from an attempt to keep the gene names consistent with
the nomenclature of the gene products. For example, the chbB,

C, and A protein products have been characterized as being
homologous to the IIB, IIC, and IIA ‘‘domains’’ of phospho-
transferase (PTS)-mediated permeases, respectively (for re-
view, see ref. 28). Sequence information (27) also has revealed
that the operon contains no termination loop after chbF, but
instead appears to encode an additional protein product of
unknown function, in a gene designated chbG, after which a
termination loop can be found.
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