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Abstract The discovery of GH (Glycoside Hydrolase) 19
chitinases in Streptomyces sp. raises the possibility of the
presence of these proteins in other bacterial species, since
they were initially thought to be confined to higher plants.
The present study mainly concentrates on the phylogenetic
distribution and homology conservation in GH19 family
chitinases. Extensive database searches are performed to
identify the presence of GH19 family chitinases in the three
major super kingdoms of life. Multiple sequence alignment
of all the identified GHI9 chitinase family members
resulted in the identification of globally conserved residues.
We further identified conserved sequence motifs across the
major sub groups within the family. Estimation of evolu-
tionary distance between the various bacterial and plant
chitinases are carried out to better understand the pattern of
evolution. Our study also supports the horizontal gene
transfer theory, which states that GH19 chitinase genes are
transferred from higher plants to bacteria. Further, the
present study sheds light on the phylogenetic distribution
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and identifies unique sequence signatures that define GH19
chitinase family of proteins. The identified motifs could be
used as markers to delineate uncharacterized GH19 family
chitinases. The estimation of evolutionary distance
between chitinase identified in plants and bacteria shows
that the flowering plants are more related to chitinase in
actinobacteria than that of identified in purple bacteria. We
propose a model to elucidate the natural history of GH19
family chitinases.

Keywords Phylogenetic analysis -
GH19 family chitinases - Multiple sequence alignment -
Evolutionary distance

Introduction

Chitin is a linear, insoluble homopolymer composed of f-1,4
linked subunits of N-acetyl glucosamine (acetylated amino
sugar). After cellulose, chitin is the second most abundant
polymer found in the biosphere (Tharanathan and Kittur
2003). Chitin provides an architectural reinforcement to
biological structures such as invertebrate exoskeletons and is
an essential structural component of fungal cell wall (Wa-
tanabe et al. 1999). In higher plants and vertebrates, chitin
has not been detected and it is substituted by cellulose and
hyaluronan, respectively, to replace certain chitin functions
(Takeo et al. 2004). Chitinases (EC 3.2.1.14) are glycoside
hydrolases which catalyze the degradation of -chitin.
Chitinases are present in a wide range of organisms,
including organisms that do not contain chitin, such as bac-
teria, viruses, higher plants and animals, and play an
important physiological and ecological role (Takeo et al.
2004; Gooday 1990; Jolles and Muzzarelli 1999). Fungi
require chitinases for morphogenesis (Kuranda and Robbins
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1991), and bacteria require them to break down chitin, which
generally serves as a carbon source (Cottrell et al. 1999).
Plant chitinases are involved in the host defense system in
order to resist fungal attacks and inhibit fungal growth by
hydrolyzing the fungal cell wall (Sela-Buurlage et al. 1993;
Jach et al. 1995).

Contrary to the wide variety of roles of chitinases, they
are classified into two glycoside hydrolase families (GH18
and GH19) based on the amino acid sequence similarity of
their catalytic domains (Henrissat 1991; Henrissat and
Bairoch 1993) and their different catalytic mechanisms
(Fukamizo 2000). These two families have neither
sequence nor structural similarity which suggests that they
have evolved independently. Family GHI18 includes the
chitinases from viruses, bacteria, fungi and animals as well
as from plants (Collinge et al. 1993). GHI8 family
chitinases are characterized by an eight fold «/f barrel
structure and act through a retaining mechanism in which
f-linked polymer is cleaved to release a ff-anomer product
(Ohno et al. 1996). The GHI19 chitinases are identified
mostly in plants, nematodes, and some bacteria (Kas-
przewska 2003). GH19 family members have a bilobal
structure with a high a-helical content and generally these
enzymes operate through an inverting mechanism (Ohno
et al. 1996).

Plants synthesize various chitinases (Collinge et al.
1993) and they are divided into five classes on the basis of
their primary structures, independent of the glycoside
hydrolase classification (Kezuka et al. 2006). Class I
chitinases have an N-terminal cysteine-rich chitin binding
domain and a C-terminal catalytic domain and these are
connected by a short linker peptide of about 10-20 amino
acid residues. On the other hand, class II chitinases consist
only a catalytic domain homologous to that of class I
chitinases. Class IV chitinases share homology with class I
chitinases. Class III and V chitinases show no homology
with classes I, II, and IV but have distinct sequence simi-
larity to bacterial and fungal chitinases (Seidl 2008;
Funkhouser and Aronson 2007). According to the classi-
fication of glycoside hydrolases by Henrissat and Bairoch,
enzymes of classes I, I, and IV are included in family 19,
whereas classes III, IIIb, and V are included in family 18
(Henrissat and Bairoch 1993). In the present study, our aim
is to understand the natural history of GHI19 chitinases.
First, we studied the distribution of GH19 chitinase family
proteins in the major super kingdoms of life. Databases
were queried to retrieve GH19 family chitinase proteins
and multiple sequence alignments were performed to detect
highly conserved residues. Further, we identified several
motifs that are conserved within the GH19 chitinase fam-
ily. Also, phylogenetic trees were constructed to percolate
evolutionary relationships. By employing the results and
observations of our present study, we have proposed a

model to elucidate the evolutionary history of GH19 family
chitinases.

Materials and Methods
Database Search

The non-redundant (nr) database of National Centre for
Biotechnology Information (NCBI) was searched using the
BLASTP program (Altschul et al. 1997). The searches
were performed with respect to all major taxonomic divi-
sions listed in the NCBI taxonomy website (http://www.
ncbi.nlm.nih.gov/Taxonomy). The FASTA sequences of
well-studied plant (PDB-id: 3CQL) and bacterial chitinases
(PDB-id: 1WVU) were used as starting points of the
searches. Profile searches were performed using the PSI-
BLAST program. A minimum expectation value of 0.005
was employed as threshold for profile inclusion in the
alignments. Several iterations were performed till conver-
gence. Further, all sequences recovered from the searches
were required to meet additional criteria to be included in
the final dataset, which was employed to carry out further
analysis. The additional criteria are as follows: (a) all the
sequences in the dataset are required to posses the gluta-
mate residue which acts as a acid catalyst and another
residue capable of acting as a base is expected to be present
in about 22 residues downstream of the glutamate residue
and (b) all the sequences in the dataset are required to have
at least a part of the highly conserved motif (Huet et al.
2008), [FHY]-G-R-G-[AP]-x-Q-[IL]-[ST]-[FHYW]-[HN]-
[FY]-NY. All sequences are required to have the above-
mentioned motif because it forms the substrate binding
region. Sequences that failed to comply with the above
criteria were removed from the final dataset. Thus, the
sequences incorporated into the final dataset contained both
the catalytic and the substrate binding regions.

The program DALI (Holm et al. 2008) was used for
similar structure search. Ribbon diagrams were prepared
using the PyMOL program (DeLano 2002). Web-based
computing servers 3d-SS (Sumathi et al. 2006) and PSAP
(Balamurugan et al. 2007) were employed for structural
superposition and analysis. To estimate the evolutionary
distance between protein sequences, locally developed
Matlab scripts were employed. The alignment scores for
the two sequences were calculated by using different point
accepted mutation (PAM) matrices (Dayhoff et al. 1978)
and were plotted as a function of different PAM matrices
used. The HHPRED program (Soding et al. 2005) was
employed for pairwise comparison of hidden markov
models (HMMs). A plant chitinase sequence (PDB-id:
3CQL) was used as a query against profiles of protein
structures in the PDB (Berman et al. 2000).
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Identification of Conserved Motifs

The sequentially conserved motifs in the final dataset were
identified both manually and by using the MEME program
(Bailey and Elkan 1994). Statistically over represented
motifs in the dataset were searched for zero or one
occurrence per sequence. The minimum and maximum
width of the motif occurrence was specified as 6 and 50,
respectively. The regular expressions of the motifs identi-
fied both manually and by the MEME program were rep-
resented in Prosite format. These regular expressions were
later employed as queries for ScanProsite (De Castro et al.
2006) to search the Swiss-Prot and TTEMBL databases and
the “greedy, overlaps and no includes” match mode was
employed. Based on the obtained results, the regular
expressions were suitably modified in order to increase
their specificity for GH19 family chitinases. Several of the
identified motifs were found to be conserved across unre-
lated protein families and such promiscuous motifs were
discarded.

Phylogenetic Analysis

Multiple sequence alignment was performed using the
programs ClustalW (Larkin et al. 2007) and MUSCLE
(Edgar 2004). The alignments were performed with default
parameters and minor corrections were carried out. Visu-
alization of the aligned sequences was carried out using the
Jalview version 2.4 (Waterhouse et al. 2009). All the GH19
chitinase sequences in the final dataset were utilized to
build a global phylogenetic tree. Phylogenetic analysis
using neighbor-joining method was performed with
MEGA, version 4 (Kumar et al. 2008). Complete deletion
of gaps and missing data was performed and 1,000 boot-
strap replicates were employed for the test of the inferred
phylogenetic tree. Phyml (Guindon and Gascuel 2003) and
Prodist (Felsenstein 1989) methods, implemented in the
Phylogeny.fr web server (Dereeper et al. 2008), were also
employed to construct the phylogenetic trees. Phyml trees
were constructed using 100 bootstrap replicates and the
gamma distribution parameter and the proportion of
invariable sites were estimated from the data. All con-
structed phylogenetic trees employed the JTT substitution
matrix (Jones et al. 1992) and they were edited and visu-
alized wusing Figtree (http://tree.bio.ed.ac.uk/software/
figtree).

Results and Discussion
In order to gain insights into the zonal distribution of

chitinases, searches are performed with respect to all major
phyla in the tree of life. Well-studied GH19 plant
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chitinases are used as a starting point. A threshold score of
0.005 is employed and as mentioned earlier, iterations are
performed till convergence. From the results, it is inter-
esting to note that the phylogenetic distribution of GH19
chitinases is highly restricted, unlike family 18 chitinases
that have more diverse distribution (Funkhouser and
Aronson 2007). The results of the searches performed
under the subsets of the three major super kingdoms of life
namely Bacteria, Archaea, and Eukaryota are discussed in
the subsequent sections.

Bacterial chitinases aid in the digestion of chitin and
thereby enable the utilization of chitin as carbon and
energy sources (Cohen-Kupiec and Chet 1998). A vast
majority of bacterial chitinases identified belong to GH18
family (Keyhani and Roseman 1999). To investigate the
distribution of the GH19 chitinase family proteins among
the members of the bacterial kingdom, PSI-BLAST is
performed against all major bacterial subsets of the non-
redundant database. From the results, it is observed that the
distribution of GH19 chitinases is restricted to actinobac-
teria, green non-sulfur, and purple bacterial groups. No
homologs are recovered from rest of the members. A large
chunk of bacterial chitinase homologs recovered from the
searches belongs to actinobacteria and purple bacteria. The
presence of chitinase C in Streptomyces sp. has been
studied in detail (Watanabe et al. 1999). They have pos-
tulated that the presence of chitinase C protein in Strep-
otomyces sp. is a result of horizontal gene transfer between
the soil-living bacteria and higher plants. Further, they
identified that the sequence similarity between plant and
the bacterial chitinases is about 44% indicating that they
both had common origins. A representative of both plant
(Carica papaya PDB-id: 3CQL) and a bacterial family
(Streptomyces griseus PDB-id: 1WVU) chitinases are
superimposed (Sumathi et al. 2006) and the RMSD is about
~1 A. It is identified that they posses significant alignment
scores and visual inspection of the structures show that
they also contain similar domain architecture (Fig. 1). It is
observed that in spite of having 53% sequence identity,
both the structures superimpose well and the core structural
regions of the two chitinases are highly conserved. Further,
the catalytic region of the papaya chitinase is found to be
composed of a conserved water molecule (HOH 61) and
the residues Glu 67 and Glu 89 (Huet et al. 2008). It has
been proposed that the water molecule could be activated
by the Glu 89 residue for a nucleophilic attack on the C1
atom of the substrate and thus gives rise to a product with
anomeric configuration. This hypothesis motivated us to
locate invariant water molecules. A water molecule is
considered invariant if, upon superposition of the two or
more structures, the corresponding water molecules show a
deviation of not more than 1.8 A (Biswal et al. 2000).
Thus, a total of 25 invariant water molecules are identified
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Fig. 1 Structural superposition of Carica papaya (PDB-id: 3CQL,
red) chitinase and Chitinase C from Streptomyces griseus (PDB-id:
1WVU, gray). (Color figure online)

(Sumathi et al. 2006) and it is interesting to note that a
water molecule HOH 90 in the bacterial chitinase is located
in an identical position to the water molecule HOH 61 in
the papaya chitinase. The water molecules in both the
structures are found to interact with Ser 120, Glu 89, and
Tyr 96 (Balamurugan et al. 2007). Moreover, it is also
observed that the relative orientation and position of the
water molecules to the interacting residues in both the
structures is nearly identical (Fig. 2). It is clear that both
the bacterial and the papaya chitinases posses identical
active site conformation. The above findings further
strengthen the horizontal gene transfer theory put forward
by Watanabe et al. (1999).

Chitinase in Eukaryotes

Members of GH19 family of chitinases are found in alve-
olates class of phylum protista, except in foraminifera and
dinoflagellates. The alveolates composed of ciliates, dino-
flagellates, apicomplexans, and foraminifera. In phylum
arthropoda, GH19 family chitinases are identified in Culex
quinquefasciatus and Nasonia vitripennis. In nematodes,
they are identified in Caenorhabditis briggsae, Caeno-
rhabditis elegans, and Ascaris suum. While in chromistan

Glu 156

Fig. 2 Structural superposition of the proposed catalytic site in
Carica papaya chitinase (PDB-id: 3CQL, red) with a similar region in
the Streptomyces griseus chitinase (PDB-id: 1WVU, gray). The
amino acid residues interacting with the water molecules are shown in
ball and stick representation. (Color figure online)

divisions, GH19 chitinases are found in Thalassiosira
pseudonana and Phytophthora infestans. No functional
annotation is found to be associated with the chitinase
identified in both nematodes and arthropods (Rivers et al.
2006).

The chitinase proteins are identified in Bryophytes,
Coniferophytes, and Angiosperms. Flowering plants,
which represent highly evolved and most complex divi-
sion of plants, are found to have GH19 family chitinase
proteins in abundance and have been studied in detail
(Beintema 1994). Thus, it is observed that GH19 family
chitinases are found in a few bacterial groups and are
completely absent in archaea. Further, the distribution of
GH19 family chitinases in eukaryotes is localized to
higher plants. It is clear from the present study that the
GH19 family chitinases have a wider phylogenetic dis-
tribution in higher plants. The absence of GH19 family
chitinases in major nodes in the tree of life indicates that
these are recently evolved proteins that plants employ for
defense against invading fungi. The sudden appearance of
GH19 family chitinases in eukaryotes other than plants is
in fact intriguing; because no plausible explanation exists
to clarify how certain nematodes, arthropods, and alveo-
lates posses these proteins. To better understand the
relation between the eukaryotic and bacterial GHI19
family chitinases, multiple sequence alignment, phyloge-
netic analysis, and evolutionary distance analysis are
performed and the results are discussed in the subsequent
sections.
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Multiple Sequence Alignment

To identify globally conserved residues in the GH19 family
chitinases, multiple sequence alignment is performed using
the ClustalW program (Larkin et al. 2007). The residues
showing greater than 80% conservation are colored based on
Clustalx convention. Supplementary Fig. 1 shows the region
that is highly conserved across the family 19 chitinases (The
overall alignment is shown in Supplementary Fig. 2). In
C. papaya chitinase, the third binding region is composed of
residues Ser 120, Trp 123, and Asn 124 and is located in the
N-terminal part of the a4-helix (Huet et al. 2008). An iden-
tical set of amino acid residues is found to be conserved
across the entire GH19 family chitinases (supplementary
Fig. 1), indicates the conserved binding site architecture.
Incidentally, in C. papaya chitinase, the last binding region
involves the residues Ile 198, Asn 199, Gly 201, and Leu 202
and this stretch of amino acids is also found to be conserved
across the GH19 chitinase family (supplementary Fig. 1).
The present analysis reveals two highly conserved stretch of
amino acids (supplementary Fig. 1) in the GH19 family
chitinases ([FHY]-G-R-G-[AP]-X-Q-[IL]-[ST]-[FHYW]-
[HN]-[FY]-NY and L-X[9]-LV-X[12]-W[FY]-W). The
former motif has already been reported to form the substrate
binding cleft in plant chitinases (Huet et al. 2008). The sec-
ond conserved motif (reported for the first time) is found to
be present across several protein families (De Castro et al.
2006) and the promiscuous nature may be attributed to its
low information content.

Tang et al. carried out site directed mutagenesis experi-
ments on charged residues present in the active site cleft of
Brassica juncea chitinase (Tang et al. 2004) and showed that
mutation of His 211, Glu 212, Glu 234, Tyr 269, and Arg
361 residues resulted in a significant loss of enzyme activity.
Thus, an attempt has been made to better understand the
conservation of these residues across the GH19 family
chitinases. It is observed that the residues His 211 and Glu
212 are conserved across the entire GH19 family chitinases.
However, in nematodes and purple bacteria, the histidine
residue is found to be replaced by a glutamine residue
(supplementary Fig. 1). Since the mechanism of action of
GH19 chitinases is not fully understood, the effect of glu-
tamine substitution cannot be justified. It has been reported
earlier that the single mutant H211 N resulted in a loss of
enzymatic activity (about 91%). Usually, the five-mem-
bered imidazole ring of histidine forms an integral part of
the catalytic sites of most of the enzymes and if such a
similar case exists in GH19 family chitinases, then the
substitution of glutamine would affect the enzymatic
activity. The Arg 361 residue is found to be conserved
across the entire GH19 chitinase family, except for in a
small cluster of purple bacterial chitinases (see supple-
mentary Fig. 2). The exact functional significance of the
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residue Arg 361 is unknown. However, it is suggested that
this residue lies in close proximity to the Glu 212 residue
and the positive charge of arginine is thought to affect the
charge properties of the region thereby plays an indirect role
in affecting the enzyme function (Tang et al. 2004). The Tyr
269 residue forms a part of the [FHY]-G-R-G-[AP]-x-Q-
[IL]-[ST]-[FHYW]-[HN]-[FY]-NY motif and it is con-
served throughout the GH19 family chitinases. The con-
servation pattern of Glu 234 is similar to the conservation of
Arg 361 and it is interesting to note that, in place of Glu 234
in nematodes, a tryptophan residue is present (see supple-
mentary Fig. 2). It has been proposed that in plant chitin-
ases, Glu 212 acts as an acid catalyst, while Glu 234 acts as a
base (Tang et al. 2004). The high degree of conservation of
Glu 212 across the GH19 family chitinases indicates that
this residue plays an indispensable role in catalysis. It is to
be noted that the Glu 234 residue which has been proposed
to function as a base does not possess such a high degree of
conservation as its acid catalyst partner. It appears that some
other residue will be able to compensate as a base in the
absence of the residue Glu 234. Anderson et al. observed
that the mutation of Asn 124 in plant chitinases resulted in
almost complete loss of activity (Andersen et al. 1997). It is
observed that this residue is a part of the [FHY]-G-R-G-
[AP]-x-Q-[IL]-[ST]-[FHYW]-[HN]-[FY]-NY motif that is
conserved across the GH19 family chitinases. Moreover, it
has been shown that Asn 124 lies in the substrate-binding
cleft. Further experimental studies are required to under-
stand the functional significance of this residue.

In bacterial chitinases, Glu 68 and Glu 77 are implicated
as putative catalytic residues and it has been observed that
the mutation of Glu 68 resulted in a total loss of enzyme
activity (~24,000-fold reduced activity), while mutation
of Glu 77 resulted in relatively lesser loss of activity
(2000-6000-fold reduced activity) (Hoell et al. 2006).
From Fig. 3, it is observed that the core architecture of both
plant and bacterial chitinases are nearly identical. Further,
it is also seen that the positions of histidine and arginine
residues near the putative catalytic residue Glu 68 are
highly conserved. Such a high degree of conservation of
these residues implicates functional significance. A single
point mutation of the putative catalytic residues (Glu 68
and Glu 77) identified in bacterial chitinases resulted in
affecting the enzymatic activity, in a manner that is similar
to that of observed in plant chitinases. From this data, we
expect the mechanism of action of both bacterial and plant
chitinases to be similar.

Phylogenetic Analysis of GH19 Family Chitinases
In order to understand the global phylogenetic relationship

between members of the GH19 chitinase family, a neigh-
bor-joining tree is constructed (Fig. 4). All the sequences
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Fig. 3 The cartoon representations of a barley chitinase (PDB-id:
3CQL), b papaya chitinase (PDB-id: 2BAA) and ¢ bacterial chitinase
(PDB-id: 1WVU). The conserved residues are shown in the ball and
stick representation. The putative catalytic residues are shown in green
and orange colors, while the conserved arginine and histidine residues
are shown in cyan and yellow colors, respectively. (Color figure online)

in the final dataset are employed for the same. Phyloge-
netic trees are also constructed using Phyml- and distance-
based methods (supplementary Figs. 3, 4). Moreover, the

topology of the trees constructed using different methods is
found to be nearly identical and this further increases
confidence in the inferred phylogeny. From Fig. 4, it is
clear that no linear evolutionary pattern can be deduced
and such observations might be as a result of the gene
transfer or gene loss events. Though it is well known that
the GHI19 chitinases originated in higher plants, their
selective presence in certain eukaryotes and prokaryotes
makes it difficult to retrace their evolutionary history.
Nevertheless, three large distinct clusters (C1: green, C2:
orange, and C3: purple) are observed (Fig. 4). The Cl1
cluster, being the biggest of all the clusters, is almost
entirely composed of plant chitinases and encompasses all
the three sub classes (I, II, and IV) of plant chitinases. The
clusters C2 and C3 are composed of chitinases identified in
actinobacteria and purple bacteria, respectively. The GH19
family chitinases identified in eukaryotes other than plants
are highlighted in yellow color. Further, it is interesting to
note that the chitinases identified in purple bacteria form
two separate clusters. This result is further validated by the
phylogenetic trees constructed using Phyml- and distance-
based methods (supplementary Figs. 3, 4). It appears that
the transfer of GH19 family chitinase gene from plants to
purple bacteria happened as two independent events. The
results of our phylogenetic analysis reveal that several
duplicates and isoforms of GH19 chitinases are present in
both plants and bacteria (Fig. 4).

It is observed from the neighbor-joining tree that the
chitinases identified in eukaryotes other than plants form
two independent clusters. This result is interesting con-
sidering the fact that nothing is known about the origin of
GH19 chitinases in eukaryotes other than plants. Further,
these set of sequences also form separate clusters in the
phylogenetic trees constructed by Phyml- and distance-
based methods (supplementary Figs. 3, 4). As stated in the
literature that the widespread horizontal gene transfer has
taken place from Wolbachia bacteria to arthropods and fi-
larial nematodes (Hotopp et al. 2007). In the present study,
there exists no plausible explanation for the presence of
GH19 family chitinases in certain eukaryotes other than
plants. Moreover, the chitinases identified in eukaryotes
other than plants are found to form two separate clusters.
From the results of the phylogenetic analysis, we suspect
that both nematodes and arthropods procured their GH19
chitinase genes from purple bacteria and actinobacteria,
respectively. Thus, in the subsequent sections we have
focussed on gaining further insights into the possible origin
of chitinases in eukaryotes other than plants.

Identification of Sequentially Conserved Motifs

The identification of conserved motifs across the GH19
family chitinases is performed both manually and by using
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Fig. 4 The Global phylogenetic tree of GHI19 chitinase family
constructed using neighbor-joining method. The highly related group
of sequences are highlighted by different colors (Three large clusters,

the MEME program (Bailey and Elkan 1994). The MEME
program employs an expectation maximization algorithm
to identify statistically over-represented motifs. The
sequential motifs capable of uniquely identifying the GH19
family chitinase are searched in the major clusters (C1, C2,
and C3) identified through phylogenetic analysis. A motif,
M1 (Y[YFIGRGPIQ[LI][ST][WYIN[YFINYG[AP][AC]
GRA) is highly conserved across the GH19 family chitin-
ases and it has already been reported (Huet et al. 2008).
The second identified motif M2 (DA[ITV]CK[RK]
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[ES][LAIIA[AT]F[LFIAINQHI[VFI[SA]HQIE[TS]GG[LH]
x[YA][VIIVEXN) is also conserved across the GHI19
family chitinases and a part of the M2 motif corresponds to
the proposed active site region identified in plant chitinases
(Tang et al. 2004). As stated before, the residue Glu 212
present in the small stretch (SHETTG) is highly conserved
across the GH19 family chitinases. The acidic residue
glutamate is essential for catalytic activity of the enzyme
and hence conserved. The motif M3 (FYTY[DN][AG][-
FL][IV][AT]AAK[SA]JFP[GA]F[GA][TN]TG) is found to
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be conserved in plants, purple bacteria, actinobacteria,
Nematodes and protists. The arthropod chitinases lack
the M3 motif. The motif M4, which forms a helix,
DSAAGR[LVG][PA]G[YF]IGV[IT][TIINIINGGILI]EC, is
conserved across plants, purple bacteria and actinobacteria
members. All the members of the three major clusters (C1,
C2 and C3) posses the motif M5 ([GN][KG][ND][PK]
[AGIQIVPI[QV]INSIR[IV][RDN]Y[YW][EQ][GRQ][FL]

[ATI[QA]IHI[LY][GQI[VIIP[PT][GE][AG][ND][LE]).
The weblogos of all the five motifs (M1 to MS5) are shown
in Fig. 5.

The M6 motif (MT[PA]Q[SP]JPKPSCHDVITG[RQ]W)
is found to be present in plants, purple bacteria, and
nematodes and encompasses a region forming a small
o-helix and a loop when mapped onto the surface of rice
chitinase (PDB-id: 2DKV). The M7 motif (NNPDLVA
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[TNID[AP][VTI[IV][SA][FW]KTA[LI]WFW) is present
in plants, actinobacteria, and arthropods. The M6 and M7
motif are of significant interest, since the results of the
phylogenetic analysis showed that both the arthropod and
nematode chitinases form independent clusters. The
arthropod chitinases are clustered with actinobacteria
chitinases, while the nematode chitinases are clustered with
the purple bacteria chitinases (Fig. 4). It is interesting to
note that the motif M6 is conserved among plants, purple
bacteria, and nematodes, while the M7 motif is conserved
among plants, actinobacteria, and arthropods. This clearly
shows that the members of both actinobacteria and purple
bacteria procured their GH19 chitinase genes from plants.
The selective presence of the M6 motif in plants, purple
bacteria, and nematodes indicates that the nematodes pro-
cured their GH19 chitinase genes from purple bacteria.
Similarly, the presence of M7 motif in plants, actinobac-
teria, and arthropods shows that the arthropods procured
their GH19 chitinase genes from actinobacteria. The
selective presence and absence of the M6 and M7 motifs in
chitinase sequences identified in eukaryotes corroborate
with the results of the phylogenetic analysis.

Table 1 provides a list of motifs (M8 to M13) that are
exclusively present in plants. The motifs (M14 to M19)
present in the purple bacteria chitinases are given in
Table 2. The last four motifs (M16 to M19) of Table 2 are
present exclusively in vibrio bacteria sp. It is interesting to
note that the motif M20 (VV[STIEAQFNQMFPNRN) is
the only motif to be conserved across the Streptomyces sp.
The motifs (M1 to M20) mentioned above may be used as
markers to identify plant and bacterial chitinases. From the

weblogos (Figs. 5, 6) associated with the motifs, their
regular expressions can be suitably altered to identify
previously unknown GHI19 chitinases in both eukaryotes
and prokaryotes. Our attempts to infer the roadmap of
GHI19 chitinase evolution by studying the conserved motifs
in the entire dataset of sequences resulted in yielding some
interesting observations. The obtained results end up pro-
viding vital clues about the specific origins of GHI19
chitinases in eukaryotes (other than plants).

Evolutionary Distance Calculation

To understand the evolutionary relationship among the
prokaryotic and eukaryotic GH19 family chitinases, a
strategy is employed to identify a matrix, from the avail-
able PAM (point accepted mutation) matrices (Dayhoff
et al. 1978), which describes the best sequence divergence
when two sequences are aligned globally. Our database
searches resulted in the identification of a single charac-
terized GH19 chitinase sequence in bryophytes (not
included in the final dataset). When the bryophyte chitinase
is employed as a query to search the nr database, we
observe that some of the top hits correspond to actino-
bacteria. This result is indeed interesting since it indicates a
higher homology between bryophyte and actinobacteria
chitinases. Thus, evolutionary distance of bryophyte chiti-
nase with actinobacteria and plant chitinase is estimated.
The chitinase identified in S. griseus is aligned against
chitinase sequences tunicata,
C. papaya, and Bryum coronatum. For each alignment,
different PAM matrices are employed to identify the PAM

of Pseudoalteromonas

Table 1 Conserved motifs

identified in Plant GHI9 No — Motf

Number of residues

chitinases MS

E[IV]AAF[LF][GAJQTSHETTGGW[AP][TS]APDGP[YF][AS]WGYCF 31

M9 [DN]RIGF[YF][KQIRYCDI[IL][LFIGV[GS][YPIG[DNINLDCYNQRI[PSIF 29

MI10 [ILIS[RSIS[LQIF[DN][QDIML[KLJHRND[AG]ACP[AG] 21

MI1 [RS]IQAGGALCP[NG]GLCCS[QKE][FYIGWCG[SN] 22

MI12 [CK][GQIPGCQSQC[GTS][GP] 11

M13  G[RK]JGQDSRV 8
Table 2 Conserved motifs identified in Purple bacteria GH19 chitinases
No Motif Number of

residues

M14 [FM][DF]GD[AV][STR][VT]LLINDK]NP[GE][LM]VAD [STI]WLNLASA[IV][WF]FF 29
M15 [EKILVG[FY]QT[AP]YSA[LF][VK][APEIGDY [ET]KCVTNF[YF][GPQISH[AV] 29
M16 CWQQTPYGSLNLNGATDVLYTNWDGNWKYY [ASP]DRPGG[YH]SFEC 41
M17 LEEWQQALVHVREMGWSEGQEGYTTGCGQ 29

Mi18 FI[QTIWIEQI[PA]GV[TSIQV[ASINGDKVT[YH][NQ][GN]KCF[IVIAKNGPGVWE[TS]P[TV]QSNWFWDEISCQ 49
M19 MNIQPDPQNP[NG|GY[VL][IV]JA[RK][GSID[IL] QA[AV]EQ[ASIKT[SAIDPMYAIW[SA][QK]ALE 41
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Fig. 7 Graph showing the score obtained while aligning two
sequences with respect to each PAM matrix

two sequences are highly related and had diverged only in
the recent past. To get a clear picture about the bryophyte
chitinase, the evolutionary distance of B. coronatum chi-
tinase from both C. papaya and S. griseus chitinases is
estimated. Both the S. griseus versus B. coronatum and the
C. papaya versus B. coronatum plots record maximum
alignment scores at the PAM 170 matrix. From the plot
(Fig. 7), it is clear that the S. griseus versus B. coronatum
plot has slightly a higher alignment score than the C.
papaya versus B. coronatum plot. No clear reason is
identified that could be attributed to high sequence identity
between the bryophyte and actinobacteria chitinases. From
Fig. 4, it is seen that the chitinases identified in both purple
bacteria and actinobacteria cluster are in two separate
groups. In order to strengthen our proposed theory of the
evolutionary history of GH19 chitinases (discussed in the
subsequent section), evolutionary distance calculations are
performed among the members of the three major clusters
(C1: plants; C2: actinobacteria, and C3: purple bacteria)
identified through the phylogenetic analysis. A represen-
tative sequence from each major cluster is chosen and the
analysis is carried out. The scores are plotted for S. griseus
versus P. tunicata and C. papaya versus P. tunicata
alignments (Fig. 7) and it is clear from the figure that
C. papaya versus P. tunicata alignment has a higher score
than the S. griseus versus P. tunicata alignment. The score
of the C. papaya versus P. tunicata alignment is highest at
the PAM 170 matrix, while the score of S. griseus versus
P. tunicata alignment is very low and it is found to max-
imize at PAM 350 matrix. The above result clearly shows
that there exists no significant homology between the

@ Springer

actinobacteria and purple bacteria chitinases and this puts
an end to the possibility of exchange of chitinase genes
between the two classes of bacteria. Moreover, it is clear
that members of both actinobacteria and purple bacteria
obtained chitinase genes from higher plants. Our study also
shows that the transfer of chitinase genes from higher
plants to purple bacteria occurred in the distant past, while
the transfer to the actinobacteria members happened in the
more recent past.

Evolutionary History of GH19 Family Chitinases

Our study to identify the zonal distribution of GH19 family
chitinases revealed some interesting findings. GHI19
chitinases were initially thought to be confined to the
higher plants, before being discovered in the Streptomyces
sp. From the present study, it is identified that the distri-
bution of GH19 family chitinases is restricted to higher
plants, purple bacteria, and actinobacteria. It is interesting
to note that the GH19 family chitinases are also present in
certain nematodes, arthropods, and protists. The multiple
sequence alignment performed for all the identified GH19
chitinase sequences showed the putative catalytic residues
and the motif ([FHY]-G-R-G-[AP]-x-Q-[IL]-[ST]-[FHYW]-
[HN]-[FY]-NY) to be conserved across the entire dataset
(Supplementary Fig. 1). The chitinase identified in plants,
actinobacteria, and purple bacteria form distinct clusters in
the global phylogenetic tree (Fig. 4) and it is also observed
that the nematode and arthropod chitinases are clustered in
between purple bacteria and actinobacteria members. The
evolutionary distance calculations (Fig. 7) are in complete
agreement with the phylogenetic analysis and show that
both actinobacteria and purple bacteria acquired chitinase
genes from plants. The results of the phylogenetic analysis
and conserved motif search clearly show the specific ori-
gins of GH19 chitinase genes in eukaryotes (other than
plants).

Using the above results, it is proposed that GH19 chi-
tinase genes were initially procured by purple bacteria in
the distant past, while actinobacteria obtained them from
plants in the more recent past. Few nematodes and
arthropods that posses the GH19 chitinases acquired them
from purple bacteria and actinobacteria, respectively. The
proposed model to elucidate the evolutionary history of
GHI19 chitinases (Fig. 8) is supported by the results
obtained from the phylogenetic analysis and conserved
motif searches. It has been reported that nematodes acquire
bacterial genes for cell wall degrading enzymes through
horizontal gene transfer mechanism (Scholl et al. 2003) and
is likely that these eukaryotes procured chitinase genes
using the same mechanism. Further studies are required to
clarify if the transferred genes are actively expressed in the
host cells.
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Fig. 8 The proposed evolutionary model depicting the natural history
of GH19 family chitinases

Conclusion

We have analyzed the distribution of GHI19 chitinase
family proteins in the three major super kingdoms of life.
The results of multiple sequence alignment, show regions
of clear consensus within the chitinase family. Moreover,
the identified motifs can be utilized as markers to delineate
possible chitinase candidates. The present analysis also
reveals that chitinases identified in actinobacteria are
evolutionarily more related to plant chitinases than that of
the chitinases identified in purple bacteria. Based on the
results obtained, a model has been proposed to better
understand the natural history of GH19 family chitinases.
Further, genomic level studies are required to identify the
exact source of chitinase genes identified in eukaryotes
other than plants.
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