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The gene chiA, which codes for endochitinase, was cloned from a soilborne Enterobacter agglomerans. Its com-
plete sequence was determined, and the deduced amino acid sequence of the enzyme designated Chia_Entag
yielded an open reading frame coding for 562 amino acids of a 61-kDa precursor protein with a putative leader
peptide at its N terminus. The nucleotide and polypeptide sequences of Chia_Entag showed 86.8 and 87.7%
identity with the corresponding gene and enzyme, Chia_Serma, of Serratia marcescens, respectively. Homology
modeling of Chia_Entag’s three-dimensional structure demonstrated that most amino acid substitutions are
at solvent-accessible sites. Escherichia coli JM109 carrying the E. agglomerans chiA gene produced and secreted
Chia_Entag. The antifungal activity of the secreted endochitinase was demonstrated in vitro by inhibition of
Fusarium oxysporum spore germination. The transformed strain inhibited Rhizoctonia solani growth on plates
and the root rot disease caused by this fungus in cotton seedlings under greenhouse conditions.

Many bacteria, fungi, and plants are able to hydrolyze chitin
to oligomeric derivatives of N-acetyl-B-D-glucosamine (Glc-
NAc), disaccharides, and GlcNAc monomer (15). The struc-
tural genes encoding chitinases have been cloned from a wide
variety of organisms, including bacteria (2, 8, 9, 17, 19, 20, 22).
Chitinolytic bacteria from the genera Aeromonas (7) and Ser-
ratia (12) have been shown to be potential agents for the
biological control of plant diseases caused by various phyto-
pathogenic fungi whose cell walls contain chitin as a major
structural component. Evidence that chitinases are responsible
for this effect has been presented elsewhere (8, 16).

The soilborne Enterobacter agglomerans 1C1270 has a broad
spectrum of antifungal activity. This strain produces and se-
cretes a number of chitinolytic enzymes, including two N-ace-
tyl-B-pD-glucosaminidases and an endochitinase. The impor-
tance of the chitinolytic enzymes in strain IC1270 biocontrol
activity was demonstrated by using Rhizoctonia solani in cotton
as a model and comparing the parent IC1270 strain with Tn5
mutants deficient in chitinolytic activity (3). In addition, strain
IC1270 produces pyrrolnitrin, an antibiotic previously found
only in Pseudomonas spp., and this antibiotic activity was con-
sidered advantageous as an aid to the chitinases in their attack
on fungal phytopathogens (4).

In the present study, the gene chiA, which encodes the en-
dochitinase (E.C.3.2.1.14) designated Chia_Entag, was cloned,
sequenced, and expressed in Escherichia coli. The deduced
amino acid sequence of Chia_Entag was highly similar to that
of Chia_Serma of Serratia marcescens, enabling homology
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modeling based on Chia_Serma’s known three-dimensional
structure. The transformed E. coli strain exhibited antifungal
activity, including the ability to protect plants against disease
caused by R. solani.

MATERIALS AND METHODS

Media and bacterial growth. Liquid or solid (1.5% [wt/vol] agar) Luria broth
(LB) or Luria agar was used for bacterial growth. Potato dextrose broth or agar
(Difco Laboratories, Detroit, Mich.) was used for the cultivation of fungi. To
induce chitinolytic activity, E. agglomerans 1C1270 was grown for 4 days at 30°C
with aeration in liquid synthetic medium with 0.2% (wt/vol) colloidal chitin as the
sole carbon source, prepared as described previously (3). E. coli JM109 and its
derivatives were grown with aeration in LB for 24 h at 37°C. Ampicillin (100
wg/ml) was added to the growth media when needed. For the assessment of
chitinolytic activity, recombinant E. coli was grown overnight in LB and then
diluted 10-fold in fresh LB and grown at 37°C with aeration for an additional 3
to 4 h. The isopropyl-B-p-thiogalactopyranoside (IPTG) (Sigma Chemical Co.,
St. Louis, Mo.) solution was then added to a final concentration of 1 mM, and the
cultures were incubated overnight.

PCR amplification. Two oligonucleotide primers were used in a PCR with
genomic DNA isolated from E. agglomerans 1C1270. The 5'-TATCCTCTCGG
AATAA-3" and 5'-GAATTCACTCAAACAATCT-3' primers, designed on the
basis of published sequence data of the chitinase A gene chid of S. marcescens
27117 (GenBank accession no. LO1455), were identical to residues 521 to 536
(—27 to —12) of the sense strand and 2599 to 2618 of the antisense strand of the
2,618-bp sequence, respectively. A standard PCR was performed in a total
volume of 25 pl, containing 1.5 mM MgCl,, 200 mM (each) deoxynucleotide
triphosphate (dATP, dCTP, dGTP, and dTTP), 10 pmol of each PCR primer, 1
U of Tag DNA polymerase (Promega Co., Madison, Wis.), and 10 ng of genomic
DNA from E. agglomerans 1C1270. The reaction mixture was overlaid with
mineral oil, and thermal cycling was achieved in a PTC-100 programmable
thermal controller (MJ Research Inc., Watertown, Mass.) according to the fol-
lowing program: 25 cycles of 94°C for 1 min, 54°C for 1 min, and 72°C for 1.5 min
and a final extension at 72°C for 4 min. PCR products were resolved on a 0.8%
agarose (Eastman Kodak Co., New Haven, Conn.) gel in Tris-acetate-EDTA
buffer. The gels were stained with ethidium bromide at a final concentration of
1 pg/ml. The 1-kb ladder (Gibco/BRL, Grand Island, N.Y.) was used as a DNA
marker. The PCR products were purified with a Qiaex gel extraction kit (Qiagen
Inc., Chatsworth, Calif.).

Recombinant DNA techniques. Generally, standard protocols were used (1).
The procedure used for isolating genomic DNA from E. agglomerans 1C1270 was
modified by an additional treatment with lysozyme (5 mg/ml, 1 h, 37°C) added to
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Tris-EDTA buffer prior to sodium dodecyl sulfate (SDS) and proteinase K
treatment. Restriction enzyme reactions were buffered as recommended by the
manufacturers. The entire PCR product was cloned into a pGEM-T vector
(Promega) under the control of the lac promoter. The ligation mixture was used
to transform E. coli JM109, and hybrid clones were selected by a blue-white assay
on LB agar plates, containing Amp (100 pg/ml), IPTG (0.5 mM), and X-Gal
(5-bromo-4-chloro-3-indolyl-B-p-thiogalactopyranoside) (80 wg/ml). The trans-
formants were analyzed for the presence of plasmid DNA on a 1% agarose gel
stained with ethidium bromide.

DNA sequencing and sequence analysis. The resulting clone, pCHITEal,
extracted from transformant N1 (JM109/pCHITEal) was used directly for the
double-stranded DNA sequencing reactions, performed at the DNA sequencing
unit at the Weizmann Institute of Science (Rehovot, Israel), by dye terminator
sequencing using a Taq DyeDeoxy Terminator Cycle Sequencing Kit and a DNA
Sequencing Stretch (model 373; Applied Biosystems, Foster City, Calif.). Stan-
dard T7 and SP6 primers and a set of specific internal primers in two directions
each, designed to overlap with and to match the end parts of the sequences
determined in each previous step, were used for sequencing of the PCR product
inserted into the pGEM-T vector. FACTURA 1.2.0 and Auto Assembler 1.3.1.0
programs (Applied Biosystems) were used to obtain the entire sequence of both
strands of the inserted DNA, which was a total of 2,165 bp. DNA and deduced
protein sequences were analyzed by using University of Wisconsin Genetics
Computer Group (Madison, Wis.) sequence analysis software.

Protein structure modeling and analysis. A multiple-sequence alignment with
Clustal W optimized by the Profile network from HeiDelberg (PHD) program
(14) was used for homology modeling of Chia_Entag. The sequence alignment
obtained was the basis for homology modeling using WHAT IF software (21). A
model for the structure of Chia_Entag was built from that of Chia_Serma by the
modeling procedure described by Chinea et al. (5) and de Fillipis et al. (6).
Calculations of solvent-accessible surfaces (10) and contact surfaces between
atoms (18) were used to locate each of the 69 amino acid residues that differed
between these enzymes.

Preparation of crude secreted and intracellular proteins, assay of chitinolytic
activity in solution, and detection of chitinolytic enzymes after gel electrophore-
sis. All procedures were essentially performed as described previously (3). The
chromogenic and fluorescent derivatives of GlceNAc—p-nitrophenyl-N-acetyl-B-
p-glucosaminide (pNP-GIcNAc), p-nitrophenyl-B-p-N,N’-diacetylchitobiose [pNP-
(GIeNAc),], 4-methylumbelliferyl-N-acetyl-B-p-glucosaminide (4-MU-GIcNAc),
and 4-methylumbelliferyl-B-p-N,N’-diacetylchitobioside [4-MU-(GlcNAc),] (all
from Sigma)—were used as substrates for a determination of chitinolytic activity
in solution and after protein separation by SDS-polyacrylamide gel electrophore-
sis (PAGE). For determination of chitinolytic activity in solutions with chromo-
genic chitin derivatives, the standard reaction mixture contained approximately
20 pg of protein. The release of the chromophore pNP from the substrates was
measured at 410 nm, and 1 U of enzymatic activity was defined as 1 wmol of pNP
per pg of protein per h. The data from six independent experiments are signif-
icant at a P level of 0.05.

Assays of antifungal activity in vitro. A plate assay using R. solani as the test
fungus was performed as described previously (3). The fungal spore germination
assays were performed according to the procedure described by Lorito et al. (11)
with minor variations, using Fusarium oxysporum f. sp. meloni as the test fungus
and the crude secreted enzyme preparations from E. agglomerans 1C1270, E. coli
JM109/pCHITEAal, or E. coli JM109 as the test solutions. A stock suspension of
ca. 10° conidia of the fungus/ml in 30% glycerol was prepared and kept at —12°C.
Equal volumes (20 wl) of spore suspension, 3 X potato dextrose broth, and the
test solution (about 80 U of chitinolytic activity) were mixed in sterile Eppendorf
tubes. The tested solutions were replaced with sterile water in control samples.
Tubes were incubated at 25°C for 24 h. A drop of the mixture from each tube was
placed on a microscope slide, and the percentage of conidial germination was
determined from the first 100 spores chosen at random.

Greenhouse assays. R. solani damping-oft of cotton (Gossypium barbardense
L. ‘Pima’) seedlings was chosen as the model to test the efficacy of E. agglomerans
isolates as biocontrol agents, by using a previously described procedure (3). A
seed cover layer was infected with a preparation of R. solani and mixed with a
water suspension of the bacteria being tested (ca. 10° cells/kg of soil). The
bacterial treatment was repeated daily. Each strain was tested in six replicates,
and experiments carried out at 28 to 30°C were independently repeated three
times. The disease incidence was determined after 12 to 15 days as the percent-
age of seedlings showing symptoms of root rot disease.

Nucleotide sequence accession number. The GenBank accession number for
chiA of E. agglomerans is U59304.

RESULTS

Nucleotide and amino acid analyses of the cloned Chia_
Entag. We cloned the chitinase of E. agglomerans 1C1270 using
two external primers whose design had been based on the chid
gene of Chia_Serma. The obtained PCR product was ligated
into the Smal restriction site of pGEM-T, and recombinant
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clones were isolated in E. coli JM109. A clone carrying the
hybrid plasmid pCHITEal was selected for further studies.

The complete 2,165-bp sequence of the insert was deter-
mined, and the deduced amino acid sequence of Chia_Entag
yielded an open reading frame of 1,686 nucleotides, coding for
a protein of 562 amino acids with an estimated molecular mass
of 60,880 Da (Fig. 1).

A database search revealed that the deduced Chia_Entag
protein amino acid sequence was 87.7, 71.9, 52.2, and 32.2%
identical to those of Chia_Serma, Chia_Aerca from Aeromonas
caviae (17), Chia_Altso from Alteromonas sp. strain O-7 (20),
and Chil_Bacci from Bacillus circulans WL-12 (22) (Fig. 2).
The precursor protein of Chia_Entag had a leader peptide
identical to that of Chia_Serma (8) and Chia_Aerca (17), sug-
gesting that it is also cleaved at the same site. Thus, the mature
protein probably starts at Ala24 (position 1 in Fig. 2).

Computer analysis revealed 86.8% identity between the chid
genes of E. agglomerans and S. marcescens. In both genes, a
Shine-Dalgarno sequence, AGGA, preceded the start codon
by nine bases and a GC-rich inverted repeat structure began 16
bp beyond the stop codon (underlined in Fig. 1). However, the
stop codons differed (UAG in E. agglomerans chiA vs. UAA in
the Chia_Serma gene) and, due to the substitution of two AT
pairs for GC pairs (underlined in Fig. 1), the loop structure
located immediately in front of the cleavage site in the Chia_
Serma gene (8) was not found in the Chia_Entag gene.

A model of Chia_Entag’s three-dimensional structure was
built based on the crystal structure of Chia_Serma described by
Perrakis et al. (13) (Fig. 3). Calculations of solvent-accessible
surfaces showed that 58 of the 69 Chia Entag amino acid
residues which differed from those of Chia_Serma (Fig. 2), are
located on the protein surface. The other 11 residues (marked
with asterisks in Fig. 2), whose solvent-accessible surface area
was found to be equal to zero, were buried in the protein.
Calculations of contact surfaces between side chains of resi-
dues which differed between Chia_Serma and Chia_Entag re-
vealed six cases of simultaneous substitutions of a pair of res-
idues which are in mutual side chain contact (data not shown).
A cluster of amino acids (positions 385 to 405, marked by an
arrow in Fig. 3) which exhibited no homology with the corre-
sponding region of Chia_Serma (Fig. 2) probably forms two
loops facing the solvent.

Chitinolytic activity of E. coli carrying the chid gene of E.
agglomerans. The chitinolytic activity found in the culture me-
dium of the transformant JM109/pCHITEal was active in the
hydrolysis of the trimeric pNP-(GIcNACc),, but not the dimeric
pNP-GIcNAc (Table 1). These data indicate that the chitino-
Iytic activity served as an endochitinase. A significantly de-
creased level of chitinolytic activity was found in the intracel-
lular fraction of the transformant. No activity was detected in
the secreted proteins or extracts of strain JM109 or its trans-
formant carrying the pGEM-T vector.

To demonstrate directly that the transformed E. coli strain
produced and secreted the Chia_Entag endochitinase, the chit-
inolytic activity of extracellular and intracellular proteins of
JM109/pCHITEal, renaturated following separation by SDS-
PAGE, was examined and compared with that of the original
E. agglomerans 1C1270. The results obtained with the analog
of trimeric chito-oligosaccharides, 4-MU-(GIcNAc),, showed
that out of the three chitinolytic enzymes with apparent mo-
lecular masses of 89, 67, and 59 kDa which are present in the
extracellular proteins of strain IC1270 (Fig. 4, lanes 3 and
4), only one, corresponding to the 59-kDa chitinase, was
detected in the extracellular and intracellular proteins of
JM109/pCHITEal (Fig. 4, lanes 1 and 5). Since this activity
was not observed when the dimeric derivative of chitin, 4-MU-
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TATCCTCTCGGAATAAAGGAATCAGTTATGCGCAAATT TAATAAACCGTTGTTGGCGTTGCTGATCGGCAGCACGCTGTGTTCTGCGGCE
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90

1 M R KFNZXKZPTZLILALZLTIGSTTILTCS2a A
CAGGCAGCCGCACCGGGCAAGCCGTCGATCGCCAGCGGCCCARCCAAGTTCGCCATCGTGGAAGTCGATCARCAGGCAACCGCTTATAAT 180

22 QO AAAPGIKPSIASGPTI KTFHA ATIVETV VYVDIOQIOQA AT ATYN
AATTTGGTGAAGTTAAAAACTGCCGCCGACGTGTCTAT TTCATGGGATTTATGGAGTGGCGATGCCGGCACTACGGCARAAGTATTATTA 270

52 N L VKL K TAADV SIS WDILUWSGDAGTTA ATZ KTV VTILTIL
GACGGAAAAGAAGTTTGGAGCGGTGCATCAACCGGCACTTCGGGCACGGCAAACT TTAAGGTTAATAAAGGCGGCCGTTATCAAATGCAG 360

82 D G K E VW S5 GASTGTS GTANTFI KV VNI KG GG GRTYQMOZOQ
GTGGCATTATGCAATGCCGACGGCTGTACTGCCAGCGACGTGACGCAAATTGTGGTGGCGGATACCGATGGCAGCCATTTGGCGCCGTTA 450

112 V A L ¢C N A D G CTASDVTQIVVADTDGS S HLA ATPTL
AAAGAACCGCTGCTGGARAATAATAAACCTTATAAACAAGATTCCGGCAARGTCGTCGGTTCCTATTTTGTCGAATGGGGCGTTTACGGC 540

142 K E P L L E NN K P Y K QD S GKVV GS Y F VEU WGV Y G
CGTAATTTCACCGTCGACARAATTCCGGCGCAGAACCTGACGCATTTGCTGTACGGGTTTATTCCGGTTTGCGGCGGTGACGGCATCAAC 630

172 R N F T V D K I PA QNZILTUHILTLTYGTF I PV CGGDGTIN
GACAGCCTGAAAGGGGTCGAAGGCAGCTTCCAGGCGCTGCAACGC TCCTGTCAGGGCCGCGARGACTTCAAGGTGTCGATCCACGATCCG 720

202 D S L KGVEGS ST FOQA-ALU QRS SZCQGRETDTFI KV VSTIHTUDTP
TTTGCCGCAGTGCAGAAAGGGCARAAGGGCGTCACCGCCTGGGATGACCCCTACARRGGCAACTTCGGCCAGCTGATGGCGCTCARACAG 810

232 F AAV QKGQZKGV T AWDUDTPYUZ K GNTFGOQLMATLTZEKDQ
GCGCGTCCTGATCTGARAATCCTACCGTCGATCGGCGGCTGGACGCTCTCCGACCCATTCT TCT TTATGGGCGATAAGGTGAAGCGCGAT 9200

262 AR PDULIKTILZPSIGGWTULSTDUPTFTFTFMOGDIE KTV VIE KT RTD
CGCTTCGTCGGTTCGGTGAAAGAGTTCCTGCAGACCTGGAAGT TCTTTGACGGCGTGGATATCGACTGGGAATTCCCGGGCCGAGGTGGT 990

292 R F VG S VKETFLOQTWIE KT FTF FDGVDIDWETFZPGG GGG
GCTAACCCGAAACTGGGCAACGCGCAGGACGGGGCGACCTACGTGCAGTTGATGAAAGATT TGCGTGCCATGCTGGATCAGCTTTCGGCG 1080

322 ANP KL GNAOQDGATYV QLMIEKTUDTULRAMTELUDG QUL S A
GAAACCGGCCGCAAGTATGAGCTGACCTCCGCCATCAGCGCCGGTAAGGACARAATCGACAAAGTGGATTACAACACCGCGCAGARCTCG 1170

352 E T GR K Y EL TS AISAGIEKDT KTIDTIE KT YVDYNTA AGU QTN S
ATGGACCACATCTTCCTGATGAGCTATGACTTCTACGGCGCTTTCGATCTGAARAATCTGGGCCACCAGACCGCGCTGAARGCGCGGCCT 1260

332 M D E I FLMSYDTFYOGATFUDILI KNILGHGQQTA ATLTZ KA AT RP
GGARACCGACACGGCTTATACCACGGTGAACGGCGTCAATGCGTTGCTGGCCAGGGCGTGAAGCCGGGCAARATTGTGGTGGGTGCGGCC 1350

412 G N R H G L Y HGEURU RO QCVAGOQGV KZ?PGIE KTIVVGAA- A
AAGTACGGCCGTGGCTGGACCGGCGTGAGCGGTTACCAGAACAACAATCCGTTTACCGGTACCGCCACCGGGCCGGTAAAAGGCACCTGG 1440

442 K Y G R G W T GV S GY QNNUNZPTFTGTA ATTGZPVIEKSGTW
GAARATGGCATCGTGGATTACCGCCARATCGCCARCGAGT TTATAAGCGACGAATGGCAGTACAGCTATGACGCCACCGCAGAAGCGCCT 1530

472 E N G I VD Y R Q I A NEVF I 8 DEWOQYS YDA ATA ATEA AP
TATGTGTTCAAGCCTTCTACCGGCGACCTGATCACCTTTGACGATCCGCGCTCGGTGCAGGCGARAGGCAAGTATGTGCTGGATAAGCAG 1620

502 Y VFKPSTGDULTITTFDDZPRSVYVQATZEKTEGZ KT TYVLDTZEKZQ
TT I'TGTTCTCCTGGGAAATTGACGCCGACAACGGGGATATTCTGAACAATATGAATACCAGTCTGGGCAATAGCGCCGGCGCG 1710

532 L G G L F S WETIDA ADUDNSGUDTIILUNNMMNTSILGNSA AGA
CAATAGTTCGGTTGTAGCACGTTGCCGGGGGATATCCTTTCGCCCCCGGCTTTTT 1765

562 Q *

FIG. 1. Sequences of the chi4 gene and its protein product, the Chia_Entag chitinase. The DNA sequence is numbered at right; the deduced amino acid sequence,
given in single-letter code, is shown below the nucleotide sequence and numbered at left. The termination codon is marked with an asterisk, and the Shine-Dalgarno

(SD) sequence (AGGA) and other features mentioned in text are underlined.

GlcNAc, was used as a substrate (data not shown), it was
attributed to endochitinase. Similar to its counterpart in strain
IC1270, this chitinase was heat resistant (Fig. 4, lane 2). An
amorphous band of chitinolytic activity migrating at >100 kDa
was observed in the secreted proteins (Fig. 4, lanes 1 and 3),
disappeared following heating (Fig. 4, lanes 2 and 4), and was
not found in the intracellular proteins (Fig. 4, lane 5). As has
been assumed previously (3), this activity stemmed from an
unresolved complex of the secreted chitinases. No bands of
chitinolytic activity from the secreted proteins of E. coli JM109
were found (Fig. 4, lane 6).

Antifungal and biocontrol activity of the E. coli strain pro-
ducing chitinase of E. agglomerans. The chitinolytic E. coli
strain carrying the plasmid pCHITEal was tested for antifun-
gal activity against the phytopathogenic fungus R. solani and
was found to suppress the latter’s growth on plates. The orig-
inal strain IC1270 showed stronger suppression of the fungus,

whereas almost no suppression was observed with the non-
transformed E. coli strain (Fig. 5).

The effects of crude preparations of the chitinases secreted
by strains E. agglomerans 1C1270 and E. coli JIM109/pCHITEal
on spore germination of F. oxysporum f. sp. meloni were as-
sayed. The percentage of spore germination inhibition was
calculated by using the following equation (11): %I = (1 —
%S,/%S.) X 100, where %I represents the percentage of inhi-
bition and %S, and %S, represent the percentages of spores
germinating in the treated preparation or in the control (ad-
dition of water instead of the crude proteins from the indicated
strains), respectively. The results of each experiment are re-
ported as the average of three replications, and the number of
experiments is also given. The standard error was calculated at
a P level of 0.05. The rate of spore germination in the control
was 68.0% * 9.2%. The F. oxysporum f. sp. meloni spore
germination assay showed that in the presence of crude prep-
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FIG. 2. Alignment of deduced amino acid sequences of some bacterial chitinases. The amino acid sequences of the chitinases from E. agglomerans (Chia_Entag,
deduced from translation of the DNA sequence obtained in this study), S. marcescens (Chia_Serma, ICTN Protein Data Bank entry), Aeromonas caviae (Chia_Aerca,
deduced from translation of the GenBank DNA sequence, accession no. U09139), an Alteromonas sp. (Chia_Altso, from the Swiss-Prot database), and B. circulans
(Chia_Bacci, from the Swiss-Prot database) were aligned by using the PileUp algorithm of the GCG package and the SeqVu V1.0.1 program (Garvan Institute of
Medical Research, Sydney, Australia). Numbering starts from the first residue of the mature protein. Buried amino acid residues differing from the corresponding ones

in Chia_Serma are marked with an asterisk.

arations of extracellular proteins produced by strains 1C1270
and JM109/pCHITEal, the rate of spore germination signifi-
cantly decreased relative to the control (35.1% = 3.1% and
21.3% = 3.4%, respectively [from 11 and 10 experiments, re-
spectively]). When the amount of extracellular proteins of the
parent strain JM109 (about 8pg) equivalent to that in crude
preparations of chitinases secreted by strains IC1270 and
JM109/pCHITEal was added to the experimental mixture as a
test solution, almost no difference from the control was found
(6.8% * 2.1% [from six experiments]).

Application of E. coli IM109/pCHITEal or E. agglomerans
IC1270 to soil infested with R. solani reduced disease incidence
(root rot) in cotton seedlings by about 60 and 75%, respec-
tively, whereas the nontransformed E. coli JM109 strain was
found to be ineffective (Fig. 6).

DISCUSSION

The recombinant strain E. coli JM109/pCHITEal, express-
ing the E. agglomerans chiA gene, exhibited endo-mode chitin
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FIG. 3. Model of the three-dimensional structure of the mature Chia_Entag
protein. Residues differing from those of Chia_Serma are presented as space-
filling models (black, surface located; grey, buried). The residues Glu292 and
Asp368, which belong to the major catalytic domain, are indicated as black
ball-and-stick elements. The nonconserved region (residues 385 to 405) is
marked with an arrow.

splitting activity as determined by the release of the chromo-
genic pNP from trimeric but not dimeric chito-oligosaccha-
ride analogs. The endochitinase produced by strain JM109/
pCHITEal was revealed by SDS-PAGE as a single band
corresponding in size to the endochitinase Chia_Entag found
in strain E. agglomerans 1C1270. Contrary to strain IC1270, the
recombinant E. coli JM109/pCHITEal strain did not require
colloidal chitin in the growth medium to produce the endo-
chitinase. However, the chitinolytic activity found in extra- and
intracellular proteins of the recombinant strain was signifi-
cantly lower than that of the parent strain IC1270, suggesting
higher expression of the chiA gene under the control of its
original promoter in E. agglomerans cells. It is also worth not-
ing that most of the endochitinase produced by the transfor-
mant was found in the extracellular fraction, whereas in the
case of strain IC1270, the chitinolytic activity of the intracel-
lular proteins was higher than that in the secreted proteins (3).

The E. agglomerans chitinase gene characterized in this pa-
per has high DNA sequence homology (86.8%) with chiA
encoding the chitinase A of S. marcescens (Chia_Serma). Iden-
tity between the two chitinases at the amino acid level was
87.7%. The predicted molecular mass of the 61-kDa precursor

TABLE 1. Analysis of chitinolytic activity

U of chitinolytic activity
(mean * SE) with substrate:

Strain Protein
pNP-GIcNAc  pNP-(GIcNAc),
E. coli IM109 Secreted 0 0
E. coli IM109/pCHITEal  Secreted 0 11.7x33
E. coli IM109/pCHITEal Intracellular 0.1 +0.02 3611
E. coli IM109/pGEM-T Secreted 0 0
E. agglomerans 1C1270 Secreted 103.2 = 22.1 392+ 84
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FIG. 4. Detection of chitinolytic activity of extracellular and intracellular
proteins after separation by SDS-PAGE. 4-MU-(GIcNAc), was used as the
substrate. Extracellular proteins from E. coli JM109/pCHITEal (lanes 1 and 2),
E. agglomerans IC1270 (lanes 3 and 4), and E. coli JM109 (lane 6) and intracel-
lular proteins from JM109/pCHITEal (lane 5) are shown. In lanes 2 and 4, the
proteins were heated at 55°C in sample buffer without 2-mercaptoethanol. The
lanes contain protein in amounts as follows: 1 and 2, 40 pg; 3 and 4, 10 pg; 5 and
6, 80 pg. Protein size markers (in kilodaltons) are shown on the right.

included a 3-kDa fragment (23-amino-acid leader sequence) of
a signal peptide which has also been found in some other
bacterial chitinases. This signal peptide is probably cleaved
away during protein transport to the periplasmic space (8, 16,
17). Hence, the size of the mature Chia_Entag protein (58
kDa) estimated by amino acid sequence analysis is very close to
the apparent molecular mass of 59 kDa estimated by SDS-
PAGE (3).

A database search showed that the similarity between cur-
rently known bacterial chitinases correlates with the taxonomic
position of E. agglomerans. Thus, the chitinases of S. marc-
escens and E. agglomerans are closer to those from Aeromonas
caviae (the Vibrionaceae family) than to those of Alteromonas
spp. (a group of aerobic marine bacteria) or to those of the
gram-positive B. circulans (Fig. 2). These comparisons suggest
that the levels of diversity between various chitinases correlate
with the evolutionary distances between the bacteria that pro-
duce them.

In this paper, we present a model of Chia_Entag’s three-
dimensional structure based on the known crystal structure of
Chia_Serma (13). The model revealed high structural similar-
ities between these chitinases. Calculations of solvent-accessi-
ble surfaces for the Chia_Entag residues which differed from
Chia_Serma revealed that most of them are located on the
protein surface and therefore are not expected to lead to
significant differences in the enzyme’s overall three-dimen-
sional structure. Both structures consisted of an all-B-strand
amino-terminal fibronectin III (FnlIl)-type domain, an o+
fold domain, and an «/B-barrel domain. In Chia_Serma, the

FIG. 5. Assay of antifungal activities on plates. A suspension of bacterial cells
was seeded in a line through the center of a potato dextrose agar plate and
incubated at 30°C for 24 h. Two agar disks from an actively growing culture of
R. solani were placed on either side of the bacterial growth area, and the plates
were incubated at 30°C for 4 days. Plates: 1, control (no bacteria); 2, E. agglo-
merans 1C1270; 3, E. coli JM109/pCHITEAal; 4, E. coli IM109.
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FIG. 6. Assay of antifungal activity against R. solani in cotton (G. barbardense
L. ‘Pima’). Column 1, control (plants irrigated only with tap water); columns 2 to
4, plants treated with water suspensions of E. agglomerans 1C1270, E. coli IM109/
pCHITEAal, and E. coli JM109, respectively. Values for columns labeled with the
same letter are not significantly different at a P level of 0.05 according to
Student’s ¢ test. Each value is the mean of three independent experiments with
six replicates (pots) for each of the variants per experiment and 10 plants per pot.

first domain has been suggested to facilitate the binding of
chitinase to chitin while the last domain is catalytic and retains
conserved residues Glu315 and Asp391 (corresponding to
Glu292 and Asp368 in Chia_Entag), being located in the active
site (13). Contact surface calculations showed that residues
which are in mutual contact in both structures were subjected
to putative correlated replacement, probably further support-
ing the structural similarities between the two proteins. Almost
no identity between these chitinases was found in the range of
residues 385 to 405. However, based on the three-dimensional
structure of Chia_Entag, these changes do not appear to be
essential for the enzyme’s activity, since they form an extension
of the protein.

E. coli JM109/pCHITEal, expressing the E. agglomerans
chiA gene, acquired the ability to suppress growth of R. solani
and spore germination of F. oxysporum f. sp. meloni in vitro
and to protect cotton against disease induced by R. solani
under greenhouse conditions. However, the transformant ef-
fected less significant fungal suppression in vitro than did the
parent strain IC1270. This difference can be explained not only
by the lower level of chitinolytic activity secreted by the trans-
formant (probably because the chi4 gene was cloned under the
control of the relatively weak lac promoter) but also by the fact
that the parent strain in addition to the endochitinase has been
found to produce two other chitinolytic enzymes and pyrrolni-
trin. Although this antibiotic activity has been found to be less
important for the biocontrol of R. solani by strain IC1270
under greenhouse conditions (3), it is involved in suppression
of the fungus on plates (4).

The results presented in this work confirm the role of chiti-
nases in the antifungal activity of various microbial antagonists
(7, 8, 11, 12, 16). The E. agglomerans chitinase gene could
therefore be used to transform other bacteria or plants and
provide them with the ability to control fungal phytopathogens.
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