
ORIGINAL ARTICLE

Chitin-degrading enzymes from an actinomycete ectosymbiont
of Acromyrmex subterraneus brunneus
(Hymenoptera: Formicidae)

Guilherme Duarte Rossi & Tiago Domingues Zucchi & Aline Sartori Guidolin &

Aline Peruchi & Fernando Luis Cônsoli

Received: 23 September 2013 /Accepted: 2 April 2014 /Published online: 10 May 2014
# Springer-Verlag Berlin Heidelberg and the University of Milan 2014

Abstract Microbes have many mechanisms to exert their
inhibitory activity against target pests. One such mechanism
involves the production and secretion of hydrolytic enzymes,
such as chitinases, which are produced naturally by plants in
response to attack by insect herbivores and phytopathogens
and have been sought as an additional factor to enhance pest
management. Thus, our main aim was to screen the diverse
actinomycete community associated with the integument of
Acromyrmex subterraneus brunneus for a chitinase-producing
strain and to characterize its chitinases. We identified isolate
ENT-21—a Streptomyces sp.—as a chitinase-producer and
our data indicate that this isolate produces a chitinolytic com-
plex that contains a chitinase and a high-molecular-weight β-
N-acetylglucosaminidase (>100 kDa) when cultured in
Chitin-Czapek broth. The presence of chitinases in the ge-
nome of this isolate was checked by diagnostic PCR, and two
chitinase genes belonging to family 18 group A and family 19
were verified. The chitinolytic activity of the crude extract was
observed at pH values ranging from 3.8 to 11.0, with the
highest chitinase activities recorded at pH 9.0 and 9.5, where-
as optimumβ-N-acetylglucosaminidase activity was observed
over a narrow pH range, between pH 4.7 and 5.1. We describe
some biochemical and molecular properties of the chitinase

and β-N-acetylglucosaminidase produced by ENT-21, and
discuss the potential for exploitation of these enzymes for pest
control.
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Introduction

Chitin is the second most abundant polysaccharide in
nature and is a major constituent of the integument of
arthropods and of the cellular wall of many phytopatho-
genic fungi (Tharanathan and Kittur 2003; Dahiya et al.
2006). Chitin is also a component of the membrane that
covers and protects the gut epithelial cells from abrasion
and microorganism attack in most insects, which also
indicates a functional role in the compartmentalization of
the gut lumen (Lehane and Billingsley 1996; Lehane
1997; Terra and Ferreira 2005). Because of the important
role of this membrane in the digestive physiology of
insects and in the cell wall structure of fungi, chitinases
(EC 3.2.1.14)—enzymes that are able to randomly hydro-
lyze β-1,4 links between N-acetylglucosamine (NAG)
residues of chitin—have been advocated and exploited
as an alternative strategy to target chitin for insect and
plant pathogen control (Oppenheim and Chet 1992;
Kramer and Muthukrishnan 1998; Herrera-Estrella and
Chet 1999; Arakane and Muthukr ishnan 2010;
Chandrasekaran et al. 2012). Because of the abundance
of chitin, chitinases for industrial application in food
(Shahidi and Kamil 2001) and drug processing (Dahiya
et al. 2006) have also been sought, as well as for the
decomposition of chitinous residues (Das et al. 2012),
among other applications. Chitinases are grouped accord-
ing to their amino acid composition in families 18 and 19
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of glycosyl hydrolases. Family 18 chitinases are common-
ly distributed among all organisms, while family 19
chitinases are most commonly reported in plants and
microorganisms (Williamson et al. 2000).

β-N-acetylglucosaminidases (EC 3.2.1.52) participate in
the processing of chitin by hydrolyzing chitooligosaccharides
produced by chitinases, releasing NAG units. β-N-
acetylglucosaminidases also have interesting biotechnological
applications, such as control of fungi (Horsch et al. 1997) or
synthesis of chitooligossacharides (Usui et al. 1990).

Microorganisms have been considered a useful reservoir
for chitinolytic enzymes (Bhattacharya et al. 2007) and as
Streptomyces stands out in the production of these enzymes
(Williamson et al. 2000; Chater et al. 2010), it has been
intensively surveyed for the identification of species that can
produce chitinases or investigated for the optimization of
enzyme production (Nawani and Kapadnis 2005). Ants have
been demonstrated to carry a large diversi ty of
actinobacterium associatedwith their sternum, which has been
demonstrated to be a source of molecules active against the
parasitic fungus that infects the fungus garden these ants
cultivate (Currie et al. 2006). We have recently shown that
Acromyrmex subterraneous bruneus (Hymenoptera:
Formicidae) carry a diversity of culturable actinobacteria as-
sociated with its integument (Zucchi et al. 2011a), and have
also demonstrated the potential some of these actinobacteria
have to produce active molecules against plant pathogens
(Zucchi et al. 2010, 2014) and enzymes for biotechnological
applications (Zucchi et al. 2011b). As a large number of
isolates associated with A. subterraneus bruneus were identi-
fied as Streptomyces spp. (Zucchi et al. 2011a), and this
actinobacterium is known to have the potential to secrete
chitinases (Williamson et al. 2000; Chater et al. 2010), we
aimed to select for and characterize a chitin-degrading actino-
mycete strain among the ectosymbionts associated with this
leaf-cutting ant and to describe its chitinolytic activity.

Materials and methods

Selection of a chitinolytic isolate

A total of 19 actinobacteria strains previously isolated from
the integument of the leaf-cutting ant Acromyrmex
subterraneus brunneus (Zucchi et al. 2011a) were surveyed
for their chitinolytic activity. The isolates were inoculated on
Chitin-Czapek agar (CCz) to stimulate chitinase production.
The CCz agar was composed of (w/v) 1.0 % colloidal chitin,
0.2 % NaNO3, 0.1 % K2HPO4, 0.05 %MgSO4·7H2O, 0.05 %
KCl, 0.001 % FeSO4·7H2O, 1.6 % agar and pH was adjusted
to 7. The inoculated plateswere incubated at 28 °C for 10 days.
Chitin hydrolysis was detected by the visualization of a deg-
radation halo surrounding the colonies. Only the most active

strain was selected for further studies for molecular typing and
characterization of the chitinolytic activity.

Molecular characterization of the selected strain

The selected strain of actinomycete (ENT-21) has been par-
tially characterized by the partial sequencing of the 16S rRNA
gene, and phylogenetic analysis has placed ENT-21 in a clade
represented by Streptomyces (Zucchi et al. 2011a). A better
molecular characterization of this strain was sought by ex-
tending the sequence of the 16S rRNA gene to an almost
complete sequence (1,427 nucleotides), and by multilocus
sequence typing (MLST) analysis.

Genomic DNA was extracted from the selected isolate
(ENT-21) and PCR amplification and 16S rRNA gene se-
quencing achieved following Zucchi et al. (2011a, b). The
almost complete 16S rRNA gene sequences were aligned
manually using MEGA version 5 software (Tamura et al.
2011) against corresponding sequences of the type strains of
Streptomyces species retrieved from the GenBank database
using the EzTaxon-e server (Kim et al. 2012).

Isolate ENT-21 was also submitted to MLST to enhance
the characterization of its taxonomic position. Thus, in addi-
tion to 16S rRNA gene, four housekeeping genes (atpD, gyrB,
recA and rpoB) were analyzed following Guo et al. (2008).
Prior to phylogenetic analysis, these genes were aligned indi-
vidually using MEGA 5 software against corresponding se-
quences of close relative strains of Streptomyces species re-
trieve from the MLST Database for Streptomyces (http://
pubmlst.org/streptomyces). A 2,385 nucleotide concatenated
sequence (16S rRNA_atpD_gyrB_recA_rpoB) was
assembled and used for phylogenetic analysis. The 16S
rRNA and MLST genes sequences were deposited in the
GenBank database under the accession numbers KF704237–
KF704241.

Phylogenetic trees were inferred by using the maximum-
likelihood (Felsenstein 1981), maximum-parsimony (Fitch
1971) and neighbor-joining (NJ, Saitou and Nei 1987) tree-
making algorithms drawn from the MEGA 5 and PHYML
(Guindon and Gascuel 2003; Tamura et al. 2011) packages,
and an evolutionary distance matrix for the NJ algorithm was
generated using the Jukes and Cantor (1969) model. The
topologies of the evolutionary trees were evaluated by boot-
strap analysis (Felsenstein 1985) of the NJ method based on a
1,000 replicates using MEGA 5.0.5 software. The root posi-
tion of the 16S rRNANJ tree was inferred by using a sequence
derived from Streptomyces albus subsp. albus DSM 40313T

(GenBank accession no. AJ621602) as an outgroup.

Growth conditions and enzyme sampling

A pre-inoculum was prepared using two plugs (0.5 cm) of an
ENT-21 stock culture in conical flasks containing 50 mL ISP-
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2 broth (Shirling and Gottlieb 1966) incubated at 28 °C for
5 days. After this period, 1 mL aliquots were inoculated into
four conical flasks containing 50 mL CCz broth, and incubat-
ed at 28 °C under constant agitation (180 rpm). Each flask was
considered as one replicate. The enzyme produced was sam-
pled every 24 h by taking a 2 mL aliquot from each culture
flask. The supernatant containing the chitinase was separated
from the cellular fraction by centrifugation (15,000 g×
15 min×4 °C), and later assayed for chitinase and β-N-ace-
tyl-glucosaminidase activity and protein quantification.

Enzyme assays and protein quantification

Chitinase activity was measured using colloidal chitin-Azure
(Sigma) as substrate following Ramı́rez et al. (2004). The
substrate was prepared by incubating 1 g chitin-Azure in
25 mL 85 % phosphoric acid at room temperature (approxi-
mately 20 °C) for 24 h under constant agitation (150 rpm).
The colloidal chitin-Azure was collected by centrifugation
(10,000 g, 25 °C, 10 min) and washed with distilled water
until pH neutralization. Each enzymatic reaction contained
400 μL 0.3 % colloidal chitin-Azure (w/v) prepared in
glycine-NaOH buffer (50 mM, pH 9.0; Dawson et al. 1989)
incubated with 200 μL of the crude enzyme extract. The
reaction was interrupted by the addition of 200 μL 2 N HCl.
Samples were then centrifuged (10,000 g, 10 min) and the
supernatant collected prior to quantification by spectropho-
tometry at 550 nm. One unit of enzyme activity (U) was
defined as the amount of enzyme required to increase the
value of absorbance of the supernatant by 0.001 unit of the
spectrophotometer read per minute.

β-N-Acetylglucosaminidase was measured by the detec-
tion of p-nitrophenol released from p-nitrophenyl-N-acetyl-β-
glucosaminide, following Terra et al. (1979) after modifica-
tions. Briefly, the crude enzyme extracts (50 μL) were incu-
bated at 30 °C with 50 μL p-nitrophenyl-N-acetyl-β-
glucosaminide (10 mM) prepared in citrate buffer (50 mM,
pH 4.5; Dawson et al. 1989). Reactions were interrupted by
adding 500 μL 50mMNaOH prior to the quantification of the
released p-nitrophenol by spectrophotometry at 405 nm. A
standard curve of p-nitrophenol (8–80 nmol) prepared under
the same conditions as the enzymatic assay was used as a
reference. One unit of enzyme activity (U) was defined as the
amount of enzyme that catalyzes the release of 1 nmol p-
nitrophenol per minute.

The optimum pH of both enzymes was determined in
50 mM citrate-phosphate (pH 2.6–7.0), 50 mM Tris-
maleate (pH 7.0–8.6) and 50 mM glycine-NaOH
(pH 8.6–10.5) buffer systems (Dawson et al. 1989),
using the evaluated substrates under the same conditions
as described previously. Blank of enzyme (no substrate
added to the reaction) and blank of substrate (no en-
zyme added to the reaction) were conducted to avoid

spontaneous color formation by the enzyme extract or
color formation as a result of substrate hydrolysis by the
conditions of the assays, respectively.

The sample protein concentrations were determined fol-
lowing Bradford (1976), using the commercial reagent
Coomassie PlusTM Protein Assay (Pierce), and bovine serum
albumin as the standard, according to the manufacturer’s
instructions.

Amicon filtration

The crude enzyme extract was filtered using Amicon 100 kDa
molecular weight cutoff (MWCO) filter units (Millipore, Bed-
ford, MA), according to the manufacturer’s instructions. The
obtained fractions, the retentate (molecules larger than the
MWCO) and the filtrate (molecules smaller than theMWCO),
were analyzed to determine their chitinase and β-N-
acetylglucosaminidase activities using colloidal chitin-Azure
(pH 5.0 and pH 10.0) and p-nitrophenyl-N-acetyl-β-
glucosaminide (pH 5.0 and pH 10.0), respectively, as previ-
ously described.

Molecular and bioinformatics studies of the chitinase genes

Degenerate PCR primers targeted to gene fragments from
families 18 (groups A and B) and 19 of streptomycete
chitinases and from streptomycete chitin-binding genes
were used to evaluate the presence of chitinase sequences
in the genomic DNA of isolate ENT-21. The primers sets
(SC1F/SC2R, C31F/C41R, SCBF/SCBR and F19F2/
F19R) and PCR gene amplifications followed Williamson
et al. (2000). Amplified fragments were subjected to DNA
sequencing for a better characterization of the detected
genes. PCR products were purified by ethanol precipita-
tion (Sambrook and Russell 2001) and subjected to bidi-
rectional sequencing using the gene-specific primers of
the original amplifications (SC1F and SC2R for family18
group A chitinase gene, and F19F2 and F19R for family
19 chitinase gene) using the ABI DYEnamic ET (GE®)
reagent in an ABI3100 DNA Analyser (Applied
Biosystems, Foster City, CA), following the manufac-
turer’s guidelines. Chromatograms were visualized with
FinchTV v.1.4.0 (Geospiza, http://geospiza.com/),
sequence quality evaluated by considering a Phred value
threshold ≥20 and both sequenced strands assembled in a
consensus sequence using the tools available in MEGA v.
5.0.5 software (Tamura et al. 2011). The deduced amino
acid sequence was obtained by translation on Expasy
translate tool (http://web.expasy.org/translate/) and
searched for homology by BLASTp in NCBI non-
redundant protein database (http://blast.ncbi.nlm.nih.
gov/). Sequences were aligned on ClustalW2 (http://
www.ebi.ac.uk/Tools/msa/clustalw2/). A search for
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conserved domains was performed using the Conserved
Domain Database (CDD) (http://www.ncbi.nlm.nih.gov/
Structure/cdd/docs/cdd_search.html) (Marchler-Bauer
et al. 2011). The partial gene sequences of Family 18
and Family 19 chitinases from Streptomyces sp. ENT-21
(ENT-21 chi18 and ENT-21 chi19, respectively) were
deposited in the GenBank database under the accession
numbers (KF710044 and KF710043).

Results

Selection of an isolate with chitinolytic activity

Out of the 19 isolates tested, 7 displayed a potential to hydro-
lyze chitin. All chitinase-positive isolates were previously
putatively identified as Streptomyces (Zucchi et al. 2011a),
and isolates ENT-21, ENT-25 and ENT-34 demonstrated the

Fig. 1 Neighbour-joining (NJ)-
based trees showing relationships
between isolate ENT-21 and the
type strains of the
phylogenetically close
Streptomyces species. a 16S
rRNA gene sequences
(∼1,400 bp). b Multi locus
analysis based on concatenated 16S
rRNA_atpD_gyrB_recA_rpoB
genes. Asterisks Branches
of the tree that were also
recovered with the maximum-
likelihood (ML) and
maximum-parsimony (MP)
tree-making algorithms; L, P
branches recovered by the ML
or MP tree-making algorithms,
respectively. Numbers at the
nodes are percentage bootstrap
values based on a NJ analysis
of 1,000 resampled datasets;
only values above 50 % are
given. Bar 0.0002–0.005
substitutions per nucleotide
position
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strongest response. Isolate ENT-21 was selected for further
chitinase characterization.

Isolate characterization and phylogeny

The classification of isolate ENT-21 as a Streptomyces was
confirmed by its assignment to the periphery of the Strepto-
myces albidoflavus 16S rRNA gene subclade [clade 112;
sensu Labeda et al. (2012)]—a taxon that was supported by
all of the tree-making algorithms and by a 93 % bootstrap
value (Fig. 1a). Isolate ENT-21 was related most closely to the
type strain of Streptomyces hydrogenans NRBC 13475T; the
two organisms shared a 16S rRNA gene similarity of 99.6 %,
which corresponds to 5 nucleotide (nt) differences at 1,408
sites. The organism also shared a relatively high 16S rRNA
gene similarity (99.2 % similarity, 11 nt differences at 1,419–
1,421 sites) with the type strains of the Streptomyces
somaliensis, Streptomyces albidoflavus and Streptomyces
violascens.

Phylogenetic analysis using the MLST alleles resolved the
isolate Streptomyces sp. ENT-21 in a distinct phyletic line
between the S. albidoflavus and S. odorifer MLST subclades
(Fig. 1b). Although this taxonomic position was not supported
by a high bootstrap value, it also appeared in the maximum-
likelihood (ML) tree-making algorithm analysis.

Partial characterization of the chitinolytic activity in the crude
extract of Streptomyces sp. ENT-21

The chitinolytic activity of the extract secreted by
Streptomyces sp. ENT-21 cultivated in CCz broth was ob-
served in a pH range from 3.8 to 11.0. The highest values of
chitinase activity were obtained at pH 9.0 and 9.5 (Fig. 2a).

Fig. 2 a Optimum chitinase activity secreted by Streptomyces sp. ENT-
21 cultivated on chitin medium, and b chitinolytic activity at pH=9.0
(diamonds) and total protein content (squares) of the supernatant of
Streptomyces sp. ENT-21 cultivated on chitin medium. Colloidal chitin-
Azure was used to detect the activity of chitinase and total protein content
was determined with Coomassie Blue G-based test using BSA as refer-
ence. Bars Standard error from three replications

1)ENT-21 chi19       AFLANVSHETGG-------------LVHIKEVNEANYPHYCDRNQPYGCPAG 39
2)S. sampsonii AFLANVSHETGG-------------LVHIKEVNEANYPHYCDRNQPYGCPAG 39
3)S. sp VC-YC6652 AFLANVSHETGG-------------LVHIKEVNEANYPHYCDRNQPYGCPAG 39
4)S. sp VC-YC6653 AFLANVSHETGG-------------LVHIKEVNEANYPHYCDRNQPYGCPAG 39
5)S. sp SM8 AFLANVSHETGG-------------LVHIKEVNEANYPHYCDRNQPYGCPAG 39
6)S. sp VC-YC6650 AFLANVSHETGG-------------LVHIKEVNEANYPHYCDRNQPYGCPAG 39
7)N. dassonvillei AFLANVSHETGG-------------LVHIRETNEANYPHYCDGNQPFGCPAG 39
8)S. sp SirexAA-E AFLANVSHETGG-------------LVHIVEQNTANYPHYCDTSQSYGCPAG 39
9)S. sp W007 AFLANVSHETGG-------------LFYIKEVNEANYPHYCDATQSYGCPAG 39
10)S. roseosporus AFLANVSHETGG-------------LVYIKEVNEANYPHYCDASQPYGCPAG 39
11)Jack_Bean    AFLAQTSHETTGGAAGSPDGPYAWGYCFVTERDKSN--KYCDPGTP--CPAG 48

****:.**** *               .: * : :*  :***   .  ****

1)ENT-21 chi19    QAAYYGRGPIQLSWNFNYKAAGDALGIDLLNNPYLVEQNASVAWRTGLWYWNTQ- 93
2)S. sampsonii QAAYYGRGPIQLSWNFNYKAAGDALGIDLLNNPYLVEQNASVAWRTGLWYWNTQ- 93
3)S. sp VC-YC6652 QAAYYGRGPIQLSWNFNYKAAGDALGIDLLNNPYLVEQNASVAWRTGLWYWNTQ- 93
4)S. sp VC-YC6653 QAAYYGRGPIQLSWNFNYKAAGDALGIDLLNNPYLVEQNASVAWRTGLWYWNTQ- 93
5)S. sp SM8       QAAYYGRGPIQLSWNFNYKAAGDALGIDLLNNPYLVEQNASVAWRTGLWYWNTQ- 93
6)S. sp VC-YC6650 QAAYYGRGPIQLSWNFNYRAAGDALGIDLLNNPYLVEQNASVAWRTGLWYWNTQ- 93
7)N. dassonvillei QAAYYGRGPIQLSWNYNYKAAGDALGIDLLNNPYLVEQNASVAWRTGLWYWNTQ- 93
8)S. sp SirexAA-E QAAYYGRGPIQLSWNFNYKAAGDALGIDLLGNPWQVEQNASVAWKTGLWYWNTQ- 93
9)S. sp W007      QAAYYGRGPIQLSWNFNYKAAGDALGINLLANPYLVEQDAAVAWKTGLWYWNTQ- 93
10)S. roseosporus QSAYYGKGPIQLSWNFNYKAAGDALGIDLLNNPYLVEQNAAIAWKTGLWYWNTQ- 93
11)Jack_Bean KS-YYGRGPIQLTHNYNYAQAGRALGVDLINNPDLVARDAVISFKTAIWFWMTPQ 102

:: ***:*****: *:**  ** ***::*: **  * ::* ::::*.:*:* *

Fig. 3 Multiple alignment of the
peptide coded by the family 19
chitinase gene from Streptomyces
sp. ENT-21 (1 ENT-21 chi19)
with other family 19 chitinases (2
AFI99893.1; 3 ACJ22968.1; 4
ACJ22969.1; 5 EKC94082.1; 6
ACJ22966.1; 7
YP_003679267.1; 8
YP_004803472.1; 9
ZP_04710133.1; 10
ZP_04710133.1; 11
1DXJ_A). Highlighted E are
conserved residues involved in
chitin hydrolysis
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The crude extract of isolate Streptomyces sp. ENT-21 dem-
onstrated an increased chitinolytic activity from the 2nd to the
4th day of incubation in CCz broth (Fig. 2b). After this period,
one peak of activity was observed at day 9 of incubation. Total
protein content of the crude extract reached its maximum at
the 5th day of incubation, remaining almost unaltered until the
end of the observation period (Fig. 2b).

Molecular detection of chitinase genes and bioinformatics

The molecular screening of chitinases demonstrated two gene
groups encoding chitinases in the genome of Streptomyces sp.
ENT-21, but no genes for chitin-binding proteins or chitinases
belonging to family18 group B were detected. The genes
encoding chitinases belong to the family 18 group A and
family 19.

Alignment of the partial deduced amino acid sequence of
family 19 chitinase from Streptomyces sp. ENT-21 (ENT-21
Chi19) showed that ENT-21 Chi19 is highly homologous to
other sequences of family 19 chitinases from Streptomyces
and Nocardiopsis, showing 100 % identity with the chitinases
from Streptomyces sp. VC-YC6652 and Streptomyces sp. VC-
YC6653 (ACJ22968.1; ACJ22969.1) (Fig. 3). The alignment
of ENT-21 Chi19 (Fig. 3), as well as the conserved domain
search on CDD showed the presence of the two residues of
glutamic acid (E) correctly positioned for chitinolytic activity
(Hahn et al. 2000).

Partial deduced aminoacid sequence of family 18 class A
from Streptomyces sp. ENT-21 (ENT-21 Chi18) was also
highly homologous to other chitinases found in the NCBI
non-redundant protein database. ENT-21 Chi18 has 82 %
identity with the family 18 chitinase from Streptomyces sp.
SM8 (EKC94133.1) (Fig. 4). CDD analysis indicated that the

1)ENT-21 chi18          YTRRVSRR--VATLDQPLRGNFNQLRKFKAKYPHIKVLWSFGGWTWSGGF 48
2)S. pristinaespiralis YTADQSVDGKADTWDQPLRGNFNQLRKLKAQYPHIKVLWSFGGWTWSGGF 50
3)S. roseosporus YTADQSVDGVADTWDQPLRGNFNQLRKLKAKFPHIKVLWSFGGWTWSGGF 50
4)S. sp SM8             YTAAESVDGVADTWDQPLRGNFNQLRKLKAKYPHIKVLWSFGGWTWSGGF 50
5)S. sp S4              YTAAESVDGVADTWDQPLRGNFNQLRKLKAKYPHIKVLWSFGGWTWSGGF 50
6)S. albus YTAAESVDGVADTWDQPLRGNFNQLRKLKAKYPHIKVLWSFGGWTWSGGF 50
7)S. peucetius YTADQSVDGVADTWDQPLRGNFNQLRKLKAKYPHIKVLWSFGGWTWSGGF 50
8)S. halstedii YTADQSVDGVADTWDQPLRGNFNQLRKLKAKYPHIKILWSFGGWTWSGGF 50
9)S.griseoflavus YTADQSVSGTADTWDQPLRGNFNQLRQLKAKYPHIKVLYSFGGWTYSGGF 50

**   *    . * ************::**::****:*:******:****

1)ENT-21 chi18          TDAVKNPAAFAKSCHDLVEDPRWADVFDGIDLDWEYPNACGLSCDSSGPA 98
2)S. pristinaespiralis GQAVQNPAAFAQSCYDLVEDPRWADVFDGIDLDWEYPNACGLTCDTSGPA 100
3)S. roseosporus        GQAVQNPAAFAQSCYDLVEDPRWADVFDGIDLDWEYPNACGLSCDTSGPA 100
4)S. sp SM8             TDAVKNPAAFAKSCHDLVEDPRWADVFDGIDLDWEYPNACGLSCDSSGPA 100
5)S. sp S4              TDAVKNPAAFAKSCHDLVEDPRWADVFDGIDLDWEYPNACGLSCDSSGPA 100
6)S. albus TDAVKNPAAFAKSCHDLVEDPRWADVFDGIDLDWEYPNACGLSCDSSGPA 100
7)S. peucetius GQAVQNPAAFAQSCYDLVEDPRWADVFDGIDLDWEYPNACGLSCDTSGPA 100
8)S. halstedii GDAAKNPAAFAESCYGLVEDPRWADVFDGIDIDWEYPNACGLTCDTSGPD 100
9)S.griseoflavus GQAAQNPAAFAKSCKQVVEDPRWADVFDGIDIDWEYPNACGLTCDTSGPA 100

:*.:******:**  :**************:**********:**:*** 

1)ENT-21 chi18          ALKNMVQAMRAQFGTD-LVTAAITADASSGGKLDAADYAGAAQYFDWYNV 147
2)S. pristinaespiralis AFKNMMQAMRTKFGANNLVTAAVTADASSGGKIDAADYGGAAQYLDWYNV 150
3)S. roseosporus        AIKTMADAMRAKFGANYLVTAAITADASDGGKIDAADYAGAAKSFDWYNV 150
4)S. sp SM8             ALKNMVQAMRAQFGTD-LVTAAITADASSGGKLDAADYAGAAQYFDWYNV 149
5)S. sp S4              ALKNMVQAMRAQFGTD-LVTAAITADASSGGKLDAADYAGAAQYFDWYNV 149
6)S. albus ALTNMVQAMRAQFGTD-LVTAAITADASSGGKLDAADYAGAAQYFDWYNV 149
7)S. peucetius AFKNMMQAMRAKFGTNNLVTAAVTADASSGGKIDAADYGGAAQYIDWYNV 150
8)S. halstedii ALKGLTSALRAKFGKDYLVTAAITADGSEGGKIDAADYAGAAQSLDWYNV 150
9)S.griseoflavus AFKNLSQALRAEFGNDYLITAAITADGSAGGKIDAADYGGAAQYLDWYNV 150

*:. : .*:*::** : *:***:***.* ***:*****.***: :*****

1)ENT-21 chi18          MTYDFFGAWDKTGPTAPHSALNSYSGIPKADFHSAAAIAKLKAKGVPASK 197
2)S. pristinaespiralis MTYDFFGAWAAKGPTAPHSPLTSYSGIPQAGFNSAEAIAKFKAKGVPAKK 200
3)S. roseosporus MTYDFFGAWAKQGPTAPHSPLTSYAGIPQAGFNSADAIAKLKAKGVPAKK 200
4)S. sp SM8             MTYDFFGAWDKTGPTAPHSALNSYSGIPKADFHSAAAIAKLKAKGVPASK 199
5)S. sp S4              MTYDFFGAWDKTGPTAPHSALNSYSGIPKADFHSAAAIAKLKAKGVPASK 199
6)S. albus              MTYDFFGAWDKTGPTAPHSALNSYSGIPKAEFHSAAAIAKLKAKGVPASK 199
7)S. peucetius MTYDFFGAWAKNGPTAPHSPLTSYPGIPQAGFNSAEAIAKFKAKGVPAAK 200
8)S. halstedii MTYDFFGAWDAKGPTAPHSPLTSYEGIPKAGFSSADAISKLKAKGVPASK 200
9)S.griseoflavus MTYDYFGAWDKAGPTAPHSPLNSYNGIPKEGFNSAAAISKLRAKGVPASK 200

****:****   *******.*.** ***:  * ** **:*::****** *

1)ENT-21 chi18          LLLGIGFYGRGWTGVTQDAPG 218
2)S. pristinaespiralis LLLGIGFYGRGWTGVTQSAPG 221
3)S. roseosporus LLLGIGFYGRGWTGVTQAAPG 221
4)S. sp SM8             LLLGIGFYGRGWTGVTQDAPG 220
5)S. sp S4              LLLGIGFYGRGWTGVTRDAPG 220
6)S. albus LLLGIGFYGRGWTGVTQDAPG 220
7)S. peucetius LLLGIGFYGRGWTGVTQSAPG 221
8)S. halstedii LLLGIGFYGRGWTGVTQDAPG 221
9)S.griseoflavus LLLGIGFYGRGWTGVSQAAPG 221

***************:: ***

Fig. 4 Multiple alignment of the
peptide coded by the family 18
chitinase gene from Streptomyces
sp. ENT-21 (ENT-21 chi18) with
another family 18 chitinases (1
ENT-21 chi18-; 2
ZP_06909435.1; 3
ZP_04711422.1; 4 EKC94133.1;
5 ZP_09182055.1; 6
ZP_06593565.1; 7 AAF43629.1;
8 BAF49409.1; 9
ZP_07310707.1). Residues
involved in chitin hydrolysis are
highlighted
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residues of the catalytic site of family 18 chitinases (DXDXE)
of ENT-21 Chi18 are positioned correctly (Fig. 4).

Partial characterization of β-N-acetylglucosaminidase activity
in the crude extract of Streptomyces sp. ENT-21

β-N-Acetylglucosaminidase maximum activity occurred in
acid conditions, with an optimum at 4.5–5.0 (Fig. 5a). The
activity of β-N-acetylglucosaminidase increased at a constant
rate until the 10th day, remaining unaltered until the end of the
assay (Fig. 5b). The total protein content indicated that the
crude extract obtained after the fermentation of CCz broth by
Streptomyces sp. ENT-21 reached its maximum protein con-
tent at the 5th day of incubation, which remained unaltered
until the end of the observation period (Fig. 5b).

Amicon filtration analysis

Analysis of the fractions obtained by filtration in 100 kDa
MWCO Amicon indicated that the proteins in the
retentate (>100 kDa) hydrolyzed p-nitrophenyl-N-
acetyl-β-glucosaminide at pH 5.0, but not colloidal
chitin-Azure at either pH 5.0 or 10.0. On the other hand,
the filtrate presented chitinolytic activity against colloidal
Chitin-Azure at both pHs.

Discussion

The results of the present study confirm and extend those
reported by Zucchi et al. (2011a) in showing that the isolate
ENT-21 has morphological and molecular genetic properties
in line with its classification in the genus Streptomyces.
Although the closest related sequences differed in both
analyses, the data indicate that isolate ENT-21 may form a
novel taxon. The use of MLST has been proved as a
powerful tool in unraveling the taxonomic status of strains
that share high 16S rRNA similarities values (Rong et al.
2009; Rong and Huang 2010). Consequently, MLST has
been proposed as a potential candidate to substitute
DNA:DNA relatedness studies (Rong and Huang 2012)—
the most robust method for the circumscription of bacterial
species (Rosselló-Mora and Amann 2001). Nevertheless, a
polyphasic approach is still needed to confirm the correct
taxonomic status of ENT-21.

Utilization of chitin as sole carbon source involves the
hydrolysis of this polysaccharide, which is unavailable for
absorption and metabolic processing, into chitobiosides or
monomeric unities of NAG, which can be assimilated and
metabolized by microorganisms (Wang et al. 2002). In the
present study, we demonstrated that the isolate Streptomyces
sp. ENT-21 has the required enzymes to break down chitin
into monomers of NAG, as we detected chitinase activity

(3.2.1.14), corresponding to primary chitin hydrolysis, and
β-N-acetylglucosaminidase (3.2.1.52) activity, corresponding
to secondary hydrolysis of the products from the primary
chitin hydrolysis.

Actinomycetes, particularly Streptomyces, have been de-
scribed as reservoirs of chitinases (Kawase et al. 2004; Chater
et al. 2010), and is not uncommon to find reports of such
bacteria encoding up to 13 chitinases/chitosanases (Bentley
et al. 2002; Wu et al. 2011). Although there are indications
from our data that the chitinolytic activity of Streptomyces sp.
ENT-21 may involve more than one chitinase, it is not possi-
ble at present to be sure if the chitinolitic activity detected was
due to a single secreted enzyme or to a mixture of chitinases
secreted by Streptomyces sp. ENT-21. Our data suggests the
existence of at least two chitinases. First, because we detected
two chitinase gene families in the genome of Streptomyces sp.
ENT-21, and secondly, because we observed two distinct
peaks of activity at different pH values (one peak close to
pH 6.0 and another to pH 9.0). This hypothesis is supported
by the identification of two distinct chitinases from

Fig. 5 a Optimum pH of the β-N-acetylglucosaminidase secreted by
Streptomyces sp. ENT-21 cultivated on chitin medium, and b β-N-
acetylglucosaminidase activity at pH =4.5 (diamonds) and total protein
content (squares) of the supernatant of Streptomyces sp. ENT-21 culti-
vated on chitin medium. p-Nitrophenyl-N-acetyl-β-glucosaminide was
used to detect the activity of β-N-acetylglucosaminidase and total protein
content was determined with Coomassie Blue G-based test using BSA as
reference. Bars Standard error from three replications
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Isoptericola jiangsuensis with optimum activity at pH values
similar to those we report (Wu et al. 2011). However, purified
family 18 (subfamily A) chitinases (Chi18aC and Chi18aD) of
Streptomyces coelicolor A3(2) were shown to have their best
activity at quite different pH values (extremely low and high
pH values) (Kawase et al. 2006)—a behavior unlike that
observed for the crude extract of Streptomyces sp. ENT-21
reported herein.

Nevertheless, the chitinase activity observed and the pos-
sibility to have different chitinases produced by Streptomyces
sp. ENT-21 as indicated by the diversity observed in its
genome shows the potential for biotechnological exploitation
of this actinomycete and/or its enzymes. Family 19 chitinases,
for example, are highly common in plants and are reported to
be involved in plant responses against pathogenic fungi. The
antifungal activity of these chitinases has already been dem-
onstrated and the potential for their exploitation for plant
disease control is extremely high (Dahiya et al. 2006). Partial
sequence comparisons of the family 19 chitinase gene of
Streptomyces sp. ENT-21 demonstrated a gap of 13 amino
acids between the glutamic acid (E) residues of the active site
when compared to plant chitinases of family 19 glycoside
hydrolases of Class I and II (Hahn et al. 2000). The 13 amino
acid gap detected refers to the loop II structure of family 19
chitinases, but the absence of this loop is conserved in
chitinases from Streptomyces and from Class IV plant
chitinases (Watanabe et al. 1999). Interestingly, the loop II
structure is not related with the enzymes’ chitinolytic activity
and its deletion may result in an increased hydrolytic activity
(Mizuno et al. 2008). Therefore, the family 19 chitinase de-
tected in the genome of Streptomyces sp. ENT-21 has the
potential to be functional. Moreover, the data obtained by
using amicon filters suggest that proteins larger than
100 kDa were related to a β-N-acetylglucosaminidase but
not to an exochitinase, since no chitinolytic activity was
recorded in the fraction containing these large proteins
(>100 kDa).

Chitinases have been used effectively to control insect
pests, especially lepidopteran and coleopteran species, by
targeting the midgut peritrophic membrane—an environment
that is alkaline to most lepidopterans (Kramer and
Muthukrishnan 1998; Terra and Ferreira 2005; Arakane and
Muthukrishnan 2010; Martínez et al. 2012; Nagpure and
Gupta 2013) and suitable for chitin hydrolysis by the secreted
chitinase from the isolate Streptomyces sp. ENT-21. Further-
more, the use of the chitinase(s) secreted by Streptomyces sp.
ENT- 2 1 c o u l d b e a s s o c i a t e d w i t h i t s β -N -
acetylglucosaminidase to enhance the effectiveness of
peritrophic membrane disruption. This hypothesis is support-
ed by data showing that synthesis and degradation of the
insect peritrophic membrane are mediated by a balance be-
tween the activity of chitin synthases, chitinases and β-N-
acetylglucosaminidases (Filho et al. 2002). Thus, the

introduction of foreign chitinolytic enzymes could interfere
with the delicate balance and interplay between chitin-
degrading enzymes and chitin synthases in insects, and have
a potential deleterious impact on their growth and develop-
ment. Similarly, many reports have highlighted the effects of
chitinase and β-N-acetylglucosaminidase on fungi develop-
ment, also showing the potential use of these enzymes for
fungal control (Marco et al. 2004).
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