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Introduction

The chitinase gene family is a large gene family in plants. As
the first report of chitinase genes research on genome level in
woody plants, here we report the identification of 37 Populus
trichocarpa chitinase genes through a genomewide search.
We divided these genes into five classes, based on sequence
similarity and typical domain conservation. A strong
correlation existed between gene structure and phylogeny,
providing additional criteria to support classification. The
distribution of chitinase genes on chromosomes was related
to segmental duplications and tandem duplications revealing
the expansion patterns of P. trichocarpa chitinase genes.

As ubiquitous enzymes, chitinases are widely present
in bacteria, fungi, animals and plants. They catalyse the
hydrolytic cleavage of the 8-1,4-glycosidic bonds between
biopolymers N-acetyl-glucosamine residues from the chitin
molecule which is a major structural component of fun-
gal cell wall, exoskeleton of insects and crustacean shells
(Cohen-Kupiec and Chet 1998). Plant chitinases act as
defense proteins responding to pathogenic attack (Santos
et al. 2008). They can play two different roles in defense
mechanism against fungal pathogens. One is to degrade the
fungal cell wall and inhibit fungal growth, the other is to let
the fungal pathogens release small fragments that act as elic-
itors (Roldan Serrano et al. 2007). Besides, a lot of events
in the growth and development processes such as pollina-
tion, seed germination and somatic embryogenesis cannot be
completed without the participation of chitinases (Passarinho
and de Vries 2002). So far, chitinase genes have been cloned
and characterized from more than 20 plant species. It has
been demonstrated that plant chitinase genes can be induced
by various sources of stress such as elicitors, wounding, sal-
icylic acid, plant hormones and fungal pathogens (Graham
and Sticklen 1994).
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P trichocarpa was selected as model forest species for
genome sequencing in 2006 (Tuskan et al. 2006). The
genome data provided a lot of information to carry on
researches on gene families, and MADS-box, ARF and AP2/
ERF gene families were studied in this species (Leseberg
et al. 2006; Kalluri ef al. 2007; Zhuang et al. 2008). In the
present paper, chitinase genes in P. trichocarpa were iden-
tified. Phylogenetic relationships, conserved domains, gene
structure, chromosomal locations and gene duplications were
also surveyed. These results will provide a basis for further
gene cloning and functional studies.

Materials and methods

A reiterated search in the P. trichocarpa genome (http://
www.phytozome.net/poplar) using the keyword ‘chitinase’
was performed to identify P. trichocarpa chitinase genes.
Arabidopsis thaliana chitinase genes were parsed from the
A. thaliana database (http://www.arabidopsis.org/) using
gene names reported earlier (Passarinho and de Vries 2002).
Amino acid sequences were aligned using ClustalW (URL
ftp:/ /ftp-igbmc.u-strasbg.fr/pub/Clustal W) with default para-
meters. A phylogenetic tree was constructed using MEGA
v. 5.0 (Kumar et al. 2008) using neighbour-joining method
with 1000 bootstrap replicates. Protein domain analy-
sis was carried out based on Pfam predictions (http://
pfam.sanger.ac.uk/search). Gene structures were determined
by comparing the transcript sequences with the correspond-
ing genomic sequences. Information on the chromosomal
location was gathered from P. trichocarpa database v. 1.1
(http://genome.jgi.doe.gov/Poptrl 1/Poptrl 1.info.html).

Results and discussion

In plants, chitinase gene family has been studied in sev-
eral species, e.g. A. thaliana and Oryza sativa ssp. Japonica
(Passarinho and de Vries 2002; Xu et al. 2007). Until now,
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there is no report about the whole chitinase gene family
research in woody plants, although this kind of gene in
Populus was studied several years ago (Davis et al.
1991). As a model woody plant, the complete genome of
P, trichocarpa is available, providing a good opportunity for
gene family studies. Our work was just carried out based on
the information from the genome database.

P, trichocarpa chitinases were identified by genome search
using ‘chitinase’ as a keyword. Their sequences were com-
pared with sequence in GenBank. Most of the closest
sequences in other species were chitinase or chitinase-like
genes which indicated the high reliability of the genes
identified. After removing the incomplete genes, we finally
obtained 37 chitinases with complete ORF. This number is
larger than that for 4. thaliana (24 genes) and similar to
that for rice (37 genes) (Xu et al. 2007). Their sequences
were downloaded in P. trichocarpa genome database to
investigate the phylogenetic relationships of P. trichocarpa
chitinases. The P. trichocarpa chitinase genes could be
divided into five classes: classes I, II, III, IV and V, as
the phylogenic tree of the P. trichocarpa chitinases revealed
(figure 1a). In detail, 11 and three chitinases were grouped
into classes I and II, respectively. Thirteen chitinases
belonged to class IIl. Classes IV and V both contained
five members. From the phylogenetic tree, we found that
classes I and III chitinase genes in Populus were much
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more than those in A. thaliana. The gene numbers in the
other three classes of Populus were roughly the same as
in A. thaliana. From the phylogenetic tree of the P tri-
chocarpa chitinases, all the five classes could be segregated
into two categories which have relatively independent evo-
lutionary history. They could be easily distinguished by their
domains. One category, characterized by glyco hydro 19
domain, comprised classes I, I and I'V. Another one included
classes IIT and V, which possessed glyco hydro 18 domain.
Glycoside hydrolase family 19 genes are almost exclu-
sively present in plants, whereas glycoside hydrolase fam-
ily 18 genes are distributed in various organisms, including
animals, plants, fungi and bacteria.

The transcript sequences were compared with the
sequence of the corresponding genomic clone to determine
the structure of P. trichocarpa chitinase genes. High varia-
tion was observed in both gene size and numbers of exons
and introns. Moreover, a strong correlation existed between
exon—intron structure and phylogeny, providing additional
criteria to support the classification (figure 1b). The genomic
length of the chitinase genes ranged from 720 to 1978 bp
and the protein coding region varies from 516 to 1513 bp.
Based on different exon—intron structures, P. trichocarpa
chitinase genes could be divided into three groups: genes
with no intron, with only one intron, and with two and more
introns. Chitinase genes in O. sativa were also divided into

(b)

§— PR EEmM |
w[" L poemomomots |
POPTR 008 W20 1
POV M0 CR0 1
POPTS 00y 19090 1
POV 0y 1T 1
—— POPTS Q008 L0 1
~ I e

B POPR NN Y

P — POPRCHPEY 1
0 PR MG [
— PR IV

PO NN I

—] PR
= —rrRen

o — POPRAOG T 11
— PP MY |

POPIR SN0 111

i POPR RIS 10

PP ROP 111

-  —— a2 - R ]
p— T T

) L POPI Mtate0 1 111

i — POPR R0SR01 1

L ppmanaomy 11
POPR SO0Et 11

2 POPIS MOISEOE01
L prm R
W PRI

ol —rrman

Figure 1. (a) Phylogenetic tree based on the amino acid sequence alignment of P. trichocarpa and A. thaliana chitinase genes. (b)
Phylogenetic relationships among P. trichocarpa chitinase genes and their gene structures. Exons are illustrated by gray boxes and introns

by lines. The classes to which the genes belonged are also marked.
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these three groups. On the other hand, A. thaliana chitinase
genes only had two kinds of exon—intron structures, with no
genes without a single intron. For P. trichocarpa, most class
I chitinase genes had two introns and their positions were
relatively fixed. The lengths of the exons and introns were
stable too. There were three members in class II. One mem-
ber had two introns whereas the other two members had only
one intron. All of the class I'V chitinase genes had one intron,
although its position was more or less unchanged in different
genes, its size ranged from 119 to 1150 bp. Class V chitinase
genes also had only one intron. Unlike class IV group, both
the positions and sizes of the intron were relatively stable.
Almost all members of class III group lacked an intron. The
only exon was about 900 bp long. Genes belonging to the
same class had similar exon—intron structures. However, this
correlation was inconsistent in A. thaliana and O. sativa. In
A. thaliana, one class II gene, one class III gene and two
class V genes have two introns, the other genes have only one
intron. In O. sativa, most class III genes did not contain any
intron and most class V genes had only one intron, which is
similar to that in P. trichocarpa. Moreover, the exon—intron
structures of glycoside hydrolase family 19 members (classes
I, II and IV) in O. sativa do not significantly correlate with
their amino acid sequences.

The analysis on the exon-intron structures of
P. trichocarpa chitinase genes provide a way to find out
which class of chitinase genes might be of a more ancient
origin. Comparison of intron positions in orthologous genes
from various animals and plants showed that the common
ancestor of eukaryotic lineages possessed an intron-rich
genome (Rogozin et al. 2005). Based on this theory, one of
the class II genes and all of the class I genes might have
existed for the longest time and then intron loss occurred,
and other members of class II and class IV genes appeared.
Previous research proposed a similar conclusion (Ohme-
Takagi e al. 1998). Class I1I and V chitinase genes appeared
to be derived from an ancestor different from classes I, II,
and IV. It was reported that the class III chitinase genes
preceded the divergence between fungi and plants because
plant class III chitinase has high sequence similarity with
fungal chitinases (Hamel et al. 1997).

The chromosomal localization of chitinase genes were
analysed to investigate their genomic organization in
P trichocarpa. Thirty genes could be positioned on eight
of 19 chromosomes and the other genes were located on
short scaffolds (figure 2). It was quite different from those
in A. thaliana and O. sativa. In A. thaliana, chitinase
genes are distributed in all the five chromosomes and in
O. sativa, only one chromosome does not contain any chiti-
nase gene. It seemed that the distribution of chitinase genes
in the other two species was more dispersed than that in
P trichocarpa.

In detail, relatively high density of chitinase genes was
observed on chromosomes 9, 14 and 19, while chromosomes
1,3,5,7,8, 11, 12, 13, 15, 16 and 17 contained no chiti-
nase genes. The localization of different classes of chitinase

genes was also revealed. Class I genes were located on chro-
mosomes 4 and 9. Class II genes were distributed on chro-
mosomes 2, 10 and 14. Class III genes were positioned on
chromosomes 2 and 14. Class IV genes were on chromo-
some 19, and class V genes on chromosomes 6 and 18. Often
these genes were found in clusters. A total of seven clusters
were found (figure 2). The number of genes in these clusters
ranged from two to six. The cluster which contained the most
members was located in a 34 kb region appeared at the top
of chromosome 9 where six putative genes were organized
in tandem. Five chitinase genes were organized into a clus-
ter which was located in a 45 kb region on chromosomel9.
On the chromosomel4, there were two clusters spanning a
region of 65 kb with 10 unrelated genes in between. The
other three clusters containing only two genes were located
in chromosomes 4, 6 and 18 respectively. The clusters were
caused by tandem duplication and were seen in all classes
except class II. The largest two clusters belonged to class I
and class IV, respectively. It seemed that the tandem dupli-
cation occurred in these two classes in maximum frequency.
Besides, clusters also existed among chitinase genes in other
plant species indicating widespread occurrence of tandem
duplication contributing to chitinase gene amplification. In
Salicaceae, a whole-genome duplication event is believed
to have occurred 60—65 Mya (million years ago), affecting
roughly 92% of the Populus genome. Nearly 8000 pairs of
paralogous genes of similar age were identified (Tuskan et al.
2006; Jansson and Douglas 2007). At least 25 mapped chiti-
nase genes were located inside the duplicate blocks. How-
ever, the number of genes in corresponding paralogous seg-
ments was not always the same. This might be caused by
gene deletion and tandem duplication events. These two sit-
uations were determined by the order of tandem duplication
and segmental duplication occurrences. Sequence similarity
comparison would help us to find out which one occurred
earlier (Lohmann ef al. 2010). POPTR 0002s18760.1 on
chromosome 2 and POPTR_0014s10740.1 on chromosome
14 were the direct results of segmental duplication. Tandem
duplication did not occur. Another segmental duplication
occurred between chromosomes 2 and 14 which involved
three genes, POPTR 0002s16720.1, POPTR _0014s08730.1
and POPTR 0014s08740.1. As POPTR 0014s08740.1 had
higher similarity to POPTR 0002s16720.1 compared with
POPTR 0014s08730.1, the tandem duplication probably
occurred before genome segmental duplication. The forma-
tion of the clusters on chromosomes 4 and 9 was relatively
complicated. It was caused by genome segmental duplication
and two tandem duplications. Comparison of the sequences
similarity indicated that tandem duplication appeared to pre-
date the genome segmental duplication whereas the other
tandem duplication occurred after the genome segmental
duplication. Gene deletion and the latter tandem duplication
caused the number of genes on chromosome 9 to be more
than that on chromosome 4. The cluster on chromosome
19 was rather special. They were located outside duplicate
blocks. Therefore, they did not take part in the segmental
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Figure 2. Genomic localization of P. trichocarpa chitinase genes. Homologous
genome blocks shared by two chromosomes are shown in same colour. The number and
length of chromosomes are indicated below each chromosomes. Related genes are con-
nected by red lines. The chromosomes in gray were not involved in genome segmental

duplication events.

duplication. The other genes did not have homologous genes
in the corresponding duplicate block. The possible reason
is that the genes were lost after the segmental genome
duplication.

Expression analysis of chitinase genes have been per-
formed in various species. Most genes are induced by biotic
and abiotic stresses. Even though the functional differences
between classes were not so clear. Here, expression analysis
of five genes belong to five classes respectively was carried
out to find the potential functions of them.

POPTR 0009s14390.1, a member of class I chitinase
genes, was highly expressed after inoculation with a
pathogenic fungus Marssonina brunnea. The expression

124

level increased continuously and peaked late during the
infectious process. POPTR _0010s15150.1, which represents
class II chitinase genes, was induced by methyl jasmonate
(MeJA) rather than other treatments. POPTR 0012s01150.1
is a class III chitinase gene. It was sensitive to elicitor
and wound inducements but insensitive to salicylid acid
(SA) and MeJA treatments. When Populus was infected by
M. brunnea, the expression of this gene increased slightly.
POPTR 0013s12870.1, a class IV chitinase gene, showed
higher expression after the plant was treated with elici-
tor and wounding. However, this gene did not response
to any other treatments. As a class V chitinase gene,
POPTR 0006s20260.1 was induced by MeJA and fungal
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infection. From the results, we found genes in different
classes have a lot of overlapping functions, despite consider-
able functional divergence.
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