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Streptomyces lividans(pCHIO12), which carries the previously cloned Streptomyces olivaceoviridis exo-chiO1
gene on a multicopy vector, secretes a 59-kDa exochitinase, consisting of a catalytic domain (40 kDa), a central
fibronectin type III-like module, and a chitin-binding domain (12 kDa). The propagation rate of S. lividans
(pCHIO12) was higher in soil microcosms amended with fungal mycelia than in those containing crab chitin.
Comparative biochemical and immunological studies allowed the following conclusions to be drawn. Within
soil microcosm systems amended with crab shell chitin or chitin-containing Aspergillus proliferans mycelia, the
strain expressed the cloned exo-chiO1 gene and produced high quantities of a 59-kDa exochitinase. The enzyme
was preferentially attached via its binding domain to the pellet from soil or liquid cultures. In contrast, trun-
cated forms of 47, 40, and 25 kDa could be easily extracted from soil. The relative proportions of the 59-kDa en-
zyme and its truncated forms varied depending on the source of chitin and differed in soil and in liquid cultures.

After cellulose, chitin is the second most abundant polymer
in nature, and about 108 tons is synthesized annually. Within
the polymer, the N-acetylglucosamine chains are arranged in
an antiparallel (a) or a parallel (b) fashion. Chitin is present in
the exoskeleton of arthropods, coelenterata, nematodes, pro-
tozoa, and mollusca as well as in the cell walls of many fungi
(20). It is hydrolyzed by chitinases, which have been charac-
terized for various bacteria, fungi, and plants. In addition to a
few species of the bacterial genera Aeromonas (6), Bacillus
(31), Cellvibrio (34), and Serratia (7), nearly every Streptomyces
species is chitinolytic (2, 3, 14).
Streptomycetes grow as substrate hyphae and, upon deple-

tion of nutrients, differentiate to aerial mycelia and spores.
Amendment of the soil with pure chitin or fungal mycelia led
to a significant increase in streptomycetes (18, 33). Fungi are
estimated to be the main contributors to soil biomass; they
constitute about 70% of the total weight of the mass (1). There-
fore, it has been assumed that streptomycetes play a major part
in the decomposition of fungal and other chitins within soil (29,
33).
Several chitinolytic enzymes were identified from various

streptomycetes, including S. antibioticus (11), S. griseus (28), S.
plicatus (22), and S. lividans (19). With the help of a screening
programme, Streptomyces olivaceoviridis was identified as the
most efficient degrader of crystalline chitin (2), and five of its
chitinases have been purified (24).
Previously, we had succeeded in cloning an exochitinase

gene from S. olivaceoviridis (3). The exochitinase is encoded by
an open reading frame (exo-chiO1) of 1,794 nucleotides, which
in turn encodes a 62-kDa protein. Several domains could be
predicted by hydrophobic cluster analysis. The N terminus (32
amino acids [aa]) shows characteristics typical of signal pep-
tides. The signal peptide is followed by a region of 169 aa which
has no similarity to any known protein. The adjoining region of

90 aa displays sequence similarities to the fibronectin type III
(FnIII) module (5). The C-terminal part (336 aa) constitutes
the catalytic domain, belonging to family 18 of glycosylhydro-
lases (8). The architecture of the deduced domains resembles
that of the chitinases encoded by chi63 (Streptomyces plicatus)
(22) and chiD (Bacillus circulans) (31).
The exo-chiO1 gene had been cloned in a Streptomyces mul-

ticopy vector, and the resulting construct, pCHIO12, had been
transferred into S. lividans (3). During cultivation with crab
chitin, S. lividans(pCHIO12) secreted high levels of a 59-kDa
mature chitinase which was found tightly bound to the crystal-
line substrate and could be released only by high concentra-
tions of guanidine hydrochloride. In the course of growth, a
47-kDa enzyme showing chitinolytic activity was detected in
the supernatant, and antibodies raised against this protein
cross-reacted with the 59-kDa enzyme. The truncated 47-kDa
chitinase consists of the FnIII module and the adjoining cata-
lytic domain (3, 4) (see Fig. 4). The FnIII region shows amino
acid similarities to the fibronectin modules predominantly
present in the DNA-binding domain, the cell attachment site,
and the main heparin-binding site of fibronectin (25). It is
interesting that an FnIII-like part, the function of which re-
mains to be elucidated, has also been found within chitinase
A1 from B. circulans (31), cellulase B from Cellulomonas fimi
(17), and in several other bacterial carbohydrases, including
amylases and a polyhydroxybutyrate depolymerase (5).
The 59-kDa and the 47-kDa forms of the exochitinase hy-

drolyze 4-nitrophenyl-chitobioside and native crab shell chitin
best at 45 to 558C and pH 7.3. Both purified enzymes cleave
chitotriose, -tetraose, -pentaose, and -hexaose as well as 4-ni-
tro-phenylchitobioside equally well and release nearly identical
quantities of reducing sugars from colloidal chitin. In contrast,
the 59-kDa enzyme generates considerably higher amounts of
reducing sugars from crab shell chitin and fungal mycelia.
Microscopic inspection showed that the 59-kDa enzyme, con-
trary to the 47-kDa form, converts native fungi to short frag-
ments and protoplast-like elements. The data suggested that
the presence of the binding domain is a prerequisite for effi-
cient degradation of crystalline chitin (4).
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Here we analyze the growth and chitinolytic activity of S.
lividans and S. lividans containing the cloned exochitinase (exo-
chiO1) gene in a soil microcosm system. Biochemical and im-
munological studies revealed that high levels of the 59-kDa
exochitinase were formed and that the processing of the en-
zyme to truncated forms depended on the culture conditions.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The chitinase overproducer S. livi-
dans 66 carrying plasmid pCHIO12 (3), S. lividans 66 with the vector pIJ702 (10),
and a rifampin-resistant mutant from the indigenous, newly identified Greek soil
isolate S. griseus CAG17 were used for our studies. Spore suspensions were
prepared by the method of Hopwood et al. (10) and stored in 10% glycerol at
2208C. To test for chitinase activities, strains were inoculated in minimal me-
dium (10) supplemented with either 1% ground crab shell chitin or 1% auto-
claved lyophilized Aspergillus proliferans mycelium (harvested in the logarithmic
stage).
Soil microcosm experiments. The soil was obtained from Greece. The soil

composition and the sieving procedure have been described previously (12).
After sterilization (twice for 1 h), the soil was wetted to a water content of
approximately 10% (wt/wt) (-210 kPa). It was distributed in sterile Falcon tubes
and mixed with 1% ground crab shell chitin or 1% ground A. proliferans myce-
lium as appropriate. Soil aliquots of all nutritional regimens were separately
inoculated with 105 spores of each strain per g and incubated as batch micro-
cosms at 228C. On days of sampling, one set of aliquots from each treatment were
destructively sampled and treated as follows: three 1-g aliquots were extracted as
described by Wellington et al. (32) for determination of total viable-cell counts;
10 g was extracted as previously described (9) for spore counts; 1 g was taken for
extraction of extracellular enzymes (see below); 100 mg was used for direct
separation of proteins present in soil by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE); 100 mg was used for direct immunological
detection of chitinase by fluorescence microscopy (see below); and 100 mg was
fixed for examination under the scanning electron microscope (see below). In-
oculants were enumerated on RASS medium (9). For selective recovery of the
two S. lividans strains, thiostrepton was added to the medium at a final concen-
tration of 50 mg/ml. Selective enumeration of S. griseus CAG17 was carried out
on RASS medium containing rifampin (50 mg/ml).
Extraction and enrichment of extracellular enzymes. Soil samples (1-g ali-

quots) were extracted with 50 mM Tris-HCl (pH 7.4; 1:2, wt/vol) on a rotary
shaker at 48C for 30 min and then centrifuged in a cooled bench centrifuge
(Hettich) at 1,000 3 g for 15 min to sediment soil particles. The supernatants
were kept, and the pellets were reextracted twice as described above. The pooled
supernatants were precipitated with (NH4)2SO4 (90%, wt/vol) at 48C overnight.
The precipitated proteins were collected by centrifugation (25,000 3 g for 30
min), suspended in 50 mM Tris-HCl buffer (pH 7.4; 5% of the original volume),
and tested for chitinolytic activities, yielding values for extractable chitinase
activities in the absence of soil (see below).
The proteins of supernatants from liquid cultures were gained in a similar

fashion, as recently described by Blaak and Schrempf (4).
Enzyme assays. Enzyme activity was determined by measuring the release of

4-nitrophenol from nitrophenol-b-D-chitobioside at 410 nm (4). Assay mixtures
(within a microtiter plate) amounted to a volume of 120 ml, consisting of 100 ml
of 50 mM sodium citrate-phosphate, pH 7.5, 10 ml of 0.5 mM pNPC, and 10 ml
of concentrated protein solution (obtained as described above).
In order to determine total chitinase activity in soil and in pure culture pellets,

100 mg of each sample was incubated with 500 ml of 50 mM sodium citrate-
phosphate, pH 7.5, and 50 ml of 0.5 mM pNPC solution (in double-distilled
water) at 378C for 45 min. Then, 120 ml of the mixture was transferred to
microtiter plates. Optical densities were read with an Elisa microtiter plate
reader. All samples were measured twice.
Separation of proteins and Western blot analyses. Concentrated soil-protein

extracts (see above), concentrated filtrates from liquid cultures, culture pellets,
and soil (100 mg of each) were separated on 10% polyacrylamide gels containing
SDS (15) and stained with Coomassie blue or silver stain. Alternatively, proteins
were transferred to nylon membranes after SDS-PAGE, and immunodetection
of proteins was performed as previously reported (3).
Fluorescence microscopy. Soil and pure culture samples were incubated with

primary antibodies raised against the 47-kDa form of the exochitinase and sub-
sequently treated with fluorescein isothiocyanate-labelled secondary antibodies
(3). Inspection of the samples were carried out under UV light with a Zeiss-
Axiovert 10 microscope fitted with a 50-W short-arc mercury lamp and filters for
epifluorescence studies. Photographs were taken on Ilford HP5 400 ASA film.
Scanning electron microscopy. Soil and pure culture samples were fixed and

dehydrated as described by Schlochtermeier et al. (26). After critical-point drying
with a Balzers union CPD010 apparatus and sputter coating with gold using
Polaron Equipment Ltd. SEM coating unit E5000, samples were examined with
a Cambridge Stereoscan 250 scanning electron microscope, and microphoto-
graphs were made with Agfapan APX 100 film.
In situ hybridization. The oligonucleotide 59-TATAGTTACCACCGCCGT-

39 corresponded to a region conserved within the 23S RNA gene from gram-

positive bacteria with a high G1C content in their DNA (23). The oligonucleo-
tide probe was commercially synthesized with a C6-TFA aminolinker [6-(triflu-
oraceylamino-)-hexyl-(2-cyano-ethyl)-(N,N-diisopropyl)phosphoramidite] at the
59 end and labelled with 5(6)-carboxyfluorescein-N-hydroxysuccinimide ester
(MWG Biotech).

FIG. 1. Visualization of Streptomycetes mycelia. Within soil containing 1%
fungal mycelia (A, left), hyphae of S. lividans(pCHIO12) were detected by
hybridization with a specific oligonucleotide (targeted against a 23S rRNA re-
gion) and visualized by fluorescence microscopy (A, right). Scanning electron
microscopy allowed direct observation of S. lividans(pCHIO12) in soil containing
1% A. proliferans mycelia (B) or 1% chitin (C).
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Pure culture and soil samples were washed with phosphate-buffered saline
(PBS; 140 mM NaCl, 2.7 mM KCl, 10.1 mM Na2HPO4, 1.8 mM KH2PO4, pH
7.3) and fixed with ethanol as previously described (23). Samples (3 ml) of the
fixed material were spotted on cleaned, gelatin-coated microscopic slides (23)
and immobilized by drying at 468C for 15 min. A series of immersions in 50, 80,
and 96% (vol/vol) ethanol (3 min each) completed the fixation. Hybridization
with the oligonucleotides mentioned above was carried out as described by
Roller et al. (23).
Statistical analysis. Statistical analysis of the viable-count data and determi-

nation of minimum significant differences were done as previously described
(12).
Chemicals. Chemicals for SDS gel electrophoresis were obtained from Serva,

and molecular mass markers and substrates were from Sigma. Substances for
immunological analysis were ordered from Dianova. All other chemicals were
obtained from Merck or Sigma. Thiostrepton was a gift from S. J. Lucania (E. R.
Squibb and Sons Inc., Princeton, N.J.), and rifampin was a gift from Linda
Cavaletti (Lepetit, Milan, Italy).

RESULTS

Visualization of Streptomyces mycelia. The network of Strep-
tomyces hyphae from S. lividans(pCHIO12) growing in soil
amended with crab chitin or Aspergillus mycelia was visualized

by scanning electron microscopy (Fig. 1B and C). By using
fluorescently labelled oligonucleotides (generated from a re-
gion of the 23S rRNA gene [23]), the hyphae could be directly
monitored in soil (Fig. 1A).
Survival of streptomycetes in soil containing crab or fungal

chitin. The survival of S. lividans carrying the vector pIJ702 or
pCHIO12, overproducing the exochitinase, was compared with
that of S. griseus CAG17, an isolate indigenous to the soil used.
After 6 days, viable colonies (ca. 109 CFU/g of soil) consisted
pre-
dominantly of spores (data not shown), and the counts re-
mained constant for up to 8 days. In soil containing 1% A.
proliferans mycelia, the amount and proportions of viable-cell
and spore counts corresponded to those described above. How-
ever, after 6 to 8 days, 10 times fewer spores were formed (data
not shown), whereas the number of total viable colonies was
identical to that when the soil had been mixed with crab chitin.
In the first 2 days, the population levels of S. griseus in nona-
mended soil corresponded to those in soil containing chitin

FIG. 2. (A) Population levels. Total viable-colony counts were determined for S. griseus CAG17 (top), S. lividans(pCHIO12) (middle), and S. lividans(pIJ702)
(bottom) grown for up to 8 days in sterile soil without amendment (p) or amended with 1% chitin (F) or 1% A. proliferansmycelia (■). (B and C) Chitinolytic activities.
Total (B) and extractable (C) chitinolytic activities were assayed in samples from sterile soil that was not amended (open bars) or amended with 1% chitin (hatched
bars) or 1% A. proliferans mycelia (solid bars) inoculated with S. griseus CAG17 (top), S. lividans(pCHIO12) (middle), or S. lividans(pIJ702) (bottom). Samples were
analyzed every 2 days for up to 8 days of cultivation.
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FIG. 3. Detection of chitinase and its truncated forms. S. lividans(pCHIO12) was cultivated in minimal medium or in soil supplemented with 1% crab shell chitin
(A, B, C, and D) or 1% mycelia from A. proliferans (E, F, G, and H) for 0, 2, 4, 6, and 8 days (lanes 1 to 5, respectively). Proteins from culture supernatants (A and
E), culture pellets (B and F), extracts from soil (C and G), and soil pellets (D and H) were separated by SDS-PAGE. After transfer of the proteins to nylon membranes,
the production of the exochitinase was detected with antibodies previously raised against the 47-kDa form of the enzyme (3). Proteins obtained after 8 days of cultivation
were also separated by SDS-PAGE and stained as a control (lanes 59).
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(Fig. 2A, top). This suggests that the nonamended, sterilized
soil contained a sufficient amount of nutrients for the indige-
nous strain. However, the increase in population numbers after
4 days was less significant than that observed in the course of
a cultivation in chitin-enriched soil, and spores as well as total
viable colonies amounted to approximately 3 3 108 CFU/g of
soil after 8 days of incubation.
S. lividans(pIJ702) (control) and S. lividans(pCHIO12) sur-

vived equally well in nonamended soil, and their population
levels were about four times lower than that of the S. griseus
strain. In soil to which crab chitin had been added, the counts
of total colonies and of spores were nearly identical for the two
strains and reached 6 3 108 to 7 3 108 CFU/g of soil (Fig. 2A,
middle and bottom). It is interesting, however, that in the
presence of Aspergillus mycelia, both S. lividans strains yielded
approximately the same numbers of total viable colonies as the
indigenous S. griseus strain.
Determination of total chitinolytic activity. After 4 to 8 days

of cultivation, S. griseus CAG17 reached its highest total chiti-
nolytic activity in the presence of ground crab chitin, with levels
ranging between 30 and 40 mU/g of soil (Fig. 2B, top). Con-
trary to this, total chitinase activities amounted only to 15 to 18
mU/g of soil in the course of cultivation with fungal hyphae.
Low levels of chitinolytic activity were observed in nonamend-
ed soil. The extractable activities were about 100 times lower
than the corresponding total activities.
During the first 2 days in soil amended with crab chitin, the

total chitinolytic activity of S. lividans(pCHIO12) rose steadily
and, after 8 days, amounted to about 40 mU/g (Fig. 2B, mid-
dle). When the strain was inoculated into soil supplemented
with fungal mycelia, the chitinolytic activities increased more
slowly during the first 4 days of cultivation. After 6 to 8 days,
however, they were comparable to those obtained in soil con-
taining crab chitin. The corresponding activity of the control
strain S. lividans(pIJ702) was lower; it reached about 28 and 15
mU/g of soil for soils amended with crab chitin and Aspergillus
mycelia, respectively (Fig. 2B, bottom). As for the S. griseus
strain, the total activities of S. lividans(pIJ702) and S. lividans
(pCHIO12) were about 100 times higher than the extractable
ones. However, when grown in the presence of fungal mycelia,
the extractable chitinase activity of S. lividans(pCHIO12) was
approximately 2.5 times higher than that of the control strain
S. lividans(pIJ702) (Fig. 2C, middle and bottom).
Immunodetection of exochitinase. The chitinases of the S.

griseus strain have not yet been purified and characterized. There-
fore, we tested whether antibodies raised against the exochit-
inase encoded by pCHIO12 cross-reacted with concentrated
extracellular chitin-inducible proteins from S. griseus and the
S. lividans control strain. This was not the case. Thus, the follow-
ing studies were performed with S. lividans(pCHIO12) only.
When S. lividans(pCHIO12) was grown in flasks containing

minimal medium and 1% crab chitin, increasing quantities of
the truncated 47-kDa chitinase were synthesized in the course
of 8 days (Fig. 3A). The amount of the truncated 47-kDa
enzyme detected in the culture filtrate was about 10 times
higher when the strain grew in minimal medium supplemented
with fungal mycelia instead of crab chitin (Fig. 3E). As ex-
pected from our previous studies, the 59-kDa form of the
exochitinase, which contained the binding domain (3, 4), ad-
hered firmly to the pellet consisting of chitin and Streptomyces
hyphae clinging to it (Fig. 3B and F and Fig. 4). Though only
about 19% of the cell wall from the Aspergillus hyphae consists
of chitin (20, 21), the hyphae serve as the best chitinous sub-
strate for the strain harboring the cloned exochitinase gene.
It is interesting that within soil amended with 1% crab shell

chitin, considerably higher amounts of the large 59-kDa en-

zyme, the truncated 47-kDa enzyme, and a 25-kDa form and a
small quantity of 40-kDa truncated protein could be extracted
(Fig. 3C) than from the corresponding liquid culture. When
soil samples (Fig. 3D) were applied directly to SDS-polyacryl-
amide gels, predominantly the 59-kDa enzyme was identified,
and its maximal expression after 6 to 8 days corresponded to
that obtained in liquid culture after 2 to 4 days (Fig. 3B).
In the supernatant of the liquid culture with 1% fungal

mycelia as the sole nutrient, small quantities of the 59-kDa
enzyme were present; the amount of the 47-kDa truncated
enzyme was significantly higher, and after 4 to 5 days, it was the
only one present (Fig. 3E). Compared with a liquid culture
containing crab chitin (Fig. 3A), the presence of fungal mycelia
led to an about 10-fold-higher level of the 47-kDa enzyme (Fig.
3E). In the same culture, the 59-kDa form was ascertained in
the pellet (Fig. 3F). However, in the course of cultivation, its
quantity declined, and after 5 days, it was no longer detectable.
When soil was amended with fungal mycelia, the extract

contained a large proportion of the 47-kDa enzyme and the
59-kDa enzyme; in addition, a small part of a 40-kDa form of
the enzyme was discovered (Fig. 3G). The corresponding soil
pellet included considerable quantities of the 47-kDa form in
addition to small amounts of the 59-kDa enzyme.
By immunofluorescence microscopy, the enzyme was shown

to adhere strongly to the fungal mycelia. After the action of the
chitinase overproducer, the Aspergillusmycelia contained holes
in their cell walls (Fig. 5).

DISCUSSION

In the laboratory, bacteria are generally cultivated and stud-
ied as cell suspensions in defined liquid media. Within the
natural environment, however, bacteria are exposed to contin-
ually changing environmental conditions in soil, sediments, and
water. Soil is one of the most complex microbial habitats, dif-
fering from others by the dominance of solid surfaces and by
spatial as well as temporal fluctuations in aqueous and gaseous

FIG. 4. Processing of the 59-kDa exochitinase. The exochitinase is secreted
by S. lividans(pCHIO12) as a 59-kDa enzyme, which binds via its N-terminal
binding domain (12 kDa) to chitinous substrates. As recently described, an
extracellular protease (4) (solid vertical arrow) releases a truncated, catalytically
still active form of the enzyme (47 kDa) to the medium during growth in liquid
culture. In the course of the studies presented, we discovered that, in addition to
the 47-kDa enzyme, shorter, truncated forms are generated during cultivation in
soil. The predicted cleavage sites are indicated (broken vertical arrows, bottom)
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phases. Soil consists of solid particles which are associations of
minerals (i.e., quartz, feldspar, and clay) and organic substances.
Water, inorganic ions, low-molecular-weight organic mole-
cules, and gases are dispersed between the solid particles (30).
Within soil, in addition to diffusible metabolites, microbes will
encounter macromolecules such as celluloses, xylans, chitin,
and others.
Fungi are estimated to be the main contributors to soil bio-

mass and to constitute about 70% of the total mass weight.
Fungal cell walls are mainly decomposed by various Pseudo-
monas, Bacillus, and Clostridium spp. as well as by nearly all
Streptomyces spp. (21). Earlier studies had shown that the num-
ber of chitinolytic streptomycetes was increased by amendment
with mycelium of fungi. Since streptomycetes produce, in ad-
dition to chitinolytic enzymes, glucanases, proteases, and other
exoenzymes (3, 14), it has been assumed that they play a major
part in the decomposition of fungal material in soil (33).
Extracellular enzymes of microbial origin can be found free

or bound to cell colloids (13, 16, 30). Therefore, they are much
more difficult to assay than in pure cultures. Various enzymatic
activities have been detected in soil, including oxidoreductases,
hydrolases, and transferases (21).
To investigate the survival and chitinolytic activity of Strep-

tomyces strains in chitin-enriched soil without continuously al-

tering conditions, we used a batch soil microcosm system, the
composition of which (minerals, pH, and type and concentra-
tion of ions) was determined earlier (12). The nonamended
soil contained a sufficiently high level of nutrients to allow
efficient enumeration of 105 and 104 CFU/g of soil for the
indigenous S. griseus strain and the two S. lividans strains. The
increase in viable-cell counts and the ratio of spores to viable
cells varied, depending on the strain and the chitin source. All
strains reached nearly identical (109 CFU/g of soil) and highest
total viable-cell counts in soil amended with fungal chitin.
Like several other streptomycetes, the strains used for these

studies produced several chitinases. Thus, the specific charac-
teristics can be explored only by additional studies. Using an-
tibodies, we succeeded in comparing and quantifying the ex-
pression of the previously cloned exochitinase (3) of the
transformant S. lividans(pCHIO12) in pure culture and soil.
The results of the studies allowed the following conclusions to
be drawn. (i) The 59-kDa enzyme containing the binding do-
main is preferentially found in the pellet from soil and liquid
cultures amended with crab chitin. (ii) The corresponding cul-
ture supernatants or soil extracts contain the truncated 47-kDa
form of the enzyme (3, 4), previously reported to lack the bind-
ing domain, and small quantities of a 40-kDa protein, which
likely corresponds to the catalytic domain and is probably

FIG. 5. Microscopic and immunological studies. Hyphae from A. proliferans were incubated with (I) or without (II) the 59-kDa chitinase, treated with antibodies
raised against this enzyme, and inspected visually (AI and AII, left) or under UV light (AI and AII, right). (B and C) Scanning electron microscopy of A. proliferans
hyphae grown in coculture with S. lividans(pCHIO12) revealed small holes within the chitin-containing cell walls of the fungal hyphae.
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generated by proteolytic cleavage between the catalytic and the
FnIII domain (Fig. 4, bottom). (iii) The relative proportions of
the processing products vary with the source of the chitin. (iv)
The 25-kDa protein was detected only in extracts from soil
amended with crab chitin. As it is absent in the corresponding
soil pellet, it is likely that the 25-kDa protein lacks the binding
domain; it may have been generated by cleavage at different
positions within the 59-kDa form or its truncated forms (Fig.
4).
Our previous studies (4) had clearly indicated that the bind-

ing domain links the enzyme to its high-molecular-weight sub-
strate, which is then efficiently hydrolyzed. Moreover, we have
now proved that the 59-kDa enzyme binds along the fungal
hyphae (Fig. 5). Recently we had revealed that the truncated
47-kDa enzyme does not adhere to either colloidal or crystal-
line crab chitin, indicating that the FnIII domain is not essen-
tial for binding to crab chitin. Studies of truncated forms of the
chitinase A1 from B. circulans allowed a similar conclusion
(31). It is interesting that the 47-kDa enzyme is nearly absent
from the pellet of soil and liquid cultures amended with crab
chitin but present in pellets derived from cultures amended
with fungal mycelia. Further binding studies (4a) indicate that
the 47-kDa enzyme still interacts with fungal mycelia, although
to a lesser degree than the 59-kDa form. These data suggest
that the FnIII domain (still present in the 47-kDa truncated
form) may assist in the interaction of the enzyme with fungal
mycelia. Further studies are required to test this assumption.
We recently discovered a novel chitin-binding protein which

lacks chitinolytic activity (27). This protein (CHB1) was in-
duced in the presence of unsoluble chitin, and it has a high
affinity to a-chitin (27, 35). We found that many streptomyce-
tes produce a CHB1 homolog, forming a glue-like layer on
fungal mycelia (6a). At present, we are investigating whether
the protein mediates efficient adhesion of streptomycetes to
chitinous material in soil. Earlier studies revealed that at-
tached microorganisms are often more active than free cells
(30). Other proteins mediating adhesion of spores or hyphae
from streptomycetes to soil will be of further interest.
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Starr, H. Stolp, H. G. Trüper, A. Balows, and H. Schlegel (ed.), The pro-
karyotes: a handbook on habitats, isolation and identification of bacteria.
Springer-Verlag, Berlin.

15. Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature (London) 227:680–685.

16. Marshman, N. A., and K. C. Marshall. 1981. Bacterial growth on proteins in
the presence of clay minerals. Soil Biol. Biochem. 13:127–134.

17. Meinke, A., C. Braun, N. R. Gilkes, D. G. Kilburn, R. C. Miller, Jr., and
R. A. J. Warren. 1991. Unusual sequence organization in CenB, an inverting
endoglucanase from Cellulomonas fimi. J. Bacteriol. 173:308–314.

18. Mitchell, R., and M. Alexander. 1962. Microbiological processes associated
with the use of chitin for biological control. Soil Sci. Soc. Am. 26:556–558.

19. Miyashita, K., T. Fujii, and Y. Sawada. 1991. Molecular cloning and char-
acterization of chitinase genes from Streptomyces lividans 66. J. Gen. Micro-
biol. 137:2065–2072.

20. Muzzarelli, R. A. A. 1977. Chitin. Pergamon Press, Oxford.
21. Paul, E. A., and F. E. Clark. 1989. Soil microbiology and biochemistry.

Academic Press, San Diego, Calif.
22. Robbins, P. W., C. Albright, and B. Benfield. 1988. Cloning and expression

of a Streptomyces plicatus chitinase (chitinase-63) in Escherichia coli. J. Biol.
Chem. 263:443–447.

23. Roller, C., M. Wagner, R. Amann, W. Ludwig, and K.-H. Schleifer. 1994. In
situ probing of Gram-positive bacteria with high DNA G1C content using
23SrRNA-targeted oligonucleotides. Microbiology 140:2849–2858.

24. Romaguera, A., U. Menge, R. Breves, and H. Diekmann. 1992. Chitinases of
Streptomyces olivaceoviridis and significance of processing for multiplicity. J.
Bacteriol. 174:3450–3454.

25. Ruoslahti, E. 1988. Fibronectin and its receptors. Annu. Rev. Biochem. 57:
375–413.

26. Schlochtermeier, A., F. Niemeyer, and H. Schrempf. 1992. Biochemical and
electron microscopic studies of the Streptomyces reticuli cellulase (avicelase)
in its mycelium-associated and extracellular forms. Appl. Environ. Microbiol.
58:3240–3248.

27. Schnellmann, J., A. Zeltins, H. Blaak, and H. Schrempf. 1994. The novel
lectin-like protein CHB1 is encoded by a chitin-inducible Streptomyces oli-
vaceoviridis gene and binds specifically to a-chitin of fungi and other organ-
isms. Mol. Microbiol. 13:807–819.

28. Tarentino, A. L., and F. Maley. 1974. Purification and properties of an
endo-b-N-acetylglucosaminidase from Streptomyces griseus. J. Biol. Chem.
249:811–817.

29. Tominaga, Y., and Y. Tsujisaka. 1976. Purification and some properties of
two chitinases from Streptomyces orientalis which lyse Rhizopus cell wall.
Agric. Biol. Chem. 40:2325–2333.

30. Van Loosdrecht, M. C. M., J. Lyklema, W. Norde, and A. J. B. Zehnder.
1990. Influence of interfaces on microbial activity. Microbiol. Rev. 54:75–87.

31. Watanabe, T., W. Oyanagi, K. Suzuki, K. Ohnishi, and H. Tanaka. 1992.
Structure of the gene encoding chitinase D of Bacillus circulans WL-12 and
possible homology of the enzyme to other prokaryotic chitinases and class III
plant chitinases. J. Bacteriol. 174:408–414.

32. Wellington, E. M. H., N. Cresswell, and V. A. Saunders. 1990. Growth and
survival of streptomycete inoculants and extent of plasmid transfer in sterile
and nonsterile soil. Appl. Environ. Microbiol. 56:1413–1419.

33. Williams, S. T., and C. S. Robinson. 1981. The role of streptomycetes in
decomposition of chitin in acidic soils. J. Gen. Microbiol. 127:55–63.

34. Wynne, E. C., and J. M. Pemberton. 1986. Cloning of a gene cluster from
Cellvibrio mixtus which codes for cellulase, chitinase, amylase, and pectinase.
Appl. Environ. Microbiol. 52:1362–1367.

35. Zeltins, A., and H. Schrempf. 1995. Visualization of a-chitin with a specific
chitin-binding protein (CHB1) from Streptomyces olivaceoviridis. Anal. Bio-
chem. 231:287–294.

1780 VIONIS ET AL. APPL. ENVIRON. MICROBIOL.


