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Abstract. The analysis of nuclear-encoded chitinaseand IV — Nuclear genes — PR proteins — Monocots —
sequences from various angiosperms has allowed the cdbicots — Angiosperms

egorization of the chitinases into discrete classes.
Nucleotide sequences of their catalytic domains were

compared in this study to investigate the evolutionarylntroduction

relationships between chitinase classes. The functionally

distinct class Ill chitinases appear to be more closely’he mechanisms evolved by plants to protect themselves
related to fungal enzymes involved in morphogenesig2gainst pathogen invasion include the synthesis of patho-
than to other plant chitinases. The ordering of other plangenesis-related (PR) proteins. Among the PR proteins
chitinases into additional classes mainly relied on thesynthesized in response to fungal infection or treatment
presence of auxiliary domains—namely, a chitin-bindingWith fungal elicitors, several have been identified as
domain and a carboxy-terminal extension—flanking thechitinases (Legrand et al. 1987). Endochitinases (EC
main catalytic domain. The results of our phylogenetic3.2.1.14) hydrolyze chitin, a homopolymer Bf1,4-N-
analyses showed that classes | and IV form discrete andcetylb-glucosamine. Chitin constitutes an important
well-supported monophyletic groups derived from acomponent of fungal cell walls and arthropod or nema-
common ancestral sequence that predates the divergentsle exoskeletons (Boller 1988). Chitinases are present
of dicots and monocots. In contrast, other sequences irin all plants analyzed to date and many have been shown
cluded in classes I* and II, lacking one or both types ofto inhibit fungal growth either in vitro (Schlumbaum et
auxiliary domains, were nested within class | sequencesd!. 1986; Leah et al. 1991) or when expressed in trans-
indicating that they have a polyphyletic origin. Accord- genic plants (Broglie et al. 1991; Jach et al. 1995). Chiti-
ing to phylogenetic analyses and the calculation of evonases seem to be encoded by a relatively small number of
lutionary rates, these chitinases probably arose from difgenes in angiosperms since only a limited number of
ferent class | lineages by relatively recent deletiondistinct sequences have been recovered, even from plant

events. The occurrence of such evolutionary trends irjenomes subjected to extensive molecular survey (Sa-
cultivated plants and their potential involvement in host—mac et al. 1990; Van Buuren et al. 1992; Danhash et al.

pathogen interactions are discussed. 1993; Hamel and Bellemare 1993; Vogelsang and Barz
1993).
Key words:  Endochitinase evolution — Class I, II, Ill, ~ Following comparisons of chitinase sequences from

various plant species, separation into distinct classes has
been suggested (Shinshi et al. 1990; Meins et al. 1992;
Collinge et al. 1993; Melchers et al. 1994; Beintema
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share a homologous main catalytic domain in addition tochitinase genes from 23 angiosperm taxa, providing new

the signal peptide found in all chitinases. Class | chitin-insights into the origin and evolution of chitinases.

ases, found in both monocots and dicots, possess a cys-

teine-rich domain involved in chitin binding in their Materials and Methods

amino-terminal region (Iseli et al. 1993). Most class |

chitinases are targeted to the vacuole by means of afequenceNuclectide sequences of various chitinase genes were ob-

essential carboxy-terminal signal (Neuhaus et al. 1991)t_ained from the GenBank database release 91 (see Table 1 and Fig. 2).

. - L Only complete sequences, up to tHeefid of the coding region, were
Class Il chitinases, found ma'nly in dicots, lack the CyS'selected for sequence comparisons. Percentage identity scores were

teine-rich domain (Shinshi et al. 1990). The carboxy-pased on sequences aligned with the Bestfit and Pileup programs from
terminal vacuolar targeting signal is also absent, so thestee UWGCG Sequence Analysis Software Package (Devereux et al.
chitinases are secreted to the apoplast. Class IV corri'~98_"'_)- In addition, alignments were refir\ed py hand by adjusting gap
prises a group of extracellular chitinases containing <,jf)osmons to enhance overall sequence identity. The conserved domain
. - . . . used for analyses of class Ill and related sequences corresponds to
cysteine-rich domain and sharing two characteristic dezogons 30 to 290 of thathchiagene fromArabidopsis thaliangGen-
letions in the main catalytic domain. This class has beemank Acc. No. M34107; Samac et al. 1990). For the analyses of class
identified main|y in dicots (Margis-Pinheiro et al. 1991; I, I, and IV sequences, we used a data matrix of 777 positions (con-
Mikkelsen et al. 1992: Rasmussen et al. 1992: Collingéaining 198 to 246 codons) comprising the complete main catalytic

. . . domain. At the 5 end, sequences upstream of codon 7Biassica
et al. 1993). Class Il includes bifunctional lysozyme/ napus BnCh25GenBank Acc. No. M95835; Hamel and Bellemare

chitinase enzymes (Jekel et al. 1991) with no sequencesgs) were truncated to remove sequences coding for the signal pep-
similarity to plant chitinases from other classes (Meins ettide, the cysteine-rich domain, and the hinge region found in class | (see

al. 1992). Class Il chitinases were identified in various structure outline in Fig. 1). Sequences were truncated at'teecBafter
dicots (Mdraux et al. 1989; Samac et al. 1990; Lawton etcod_o_n 312 ianCh25_b_ecause little conservation exists beyond this
al. 1992; Ishige et al. 1993; Nielsen et al. 1993; Vogel—IOOSItIOn among all chitinase genes.
sang and Barz 1993) and in the monocot barley (Kragh et Phylogenetic Analyse<alculation of evolutionary rates and the
al. 1993)_ Thirteen class Ill-like expressed Sequencegeighbor-joining method of phylogenetic tree construction (Saitou and
tags (EST) were also found in ri¢eDther proteins with Nei 1987) were conducted using the MEGA analysis platform (Kumar
L. L .. etal. 1993) with the pairwise-deletion option. Proportions of synony-
endochitinase activity but unrelated to other plant chiti- o, Po) and nonsynonymoug) substitutions per synonymous and
nases have been isolated from tobacco: They share somensynonymous site, respectively, were calculated from the method of
similarity with bacterial exochitinases and they haveNeiand Gojobori (1986). Pairwise comparisons with the corresponding
been designated as class V (Melchers et al. 1994). corrected rates andK,) were not possible, since computationkaf

> ostly resulted in invalid distance values. For the neighbor-joining
The CryStal structure of a barley chitinase has beerglnalyses, rates of nucleotide substitution per site were estimated by the

determined by Hart et al. (1993; 1995). Several comparagyo-parameter method of Kimura (1980). Other substitution rate mod-
tive studies, using these data as a starting point, corels available in the MEGA software—namely, Tamura and Tamura-
cluded that class I, Il, and IV chitinases share a very wellNei—gave identical topologies and nearly the same bootstrap values.
conserved structure in their catalytic domain (BeintemaConfirmatory yvork also involved parsimony analyses of nucle_otide
1994), including the so-called Iysozyme Catalytic fold sequences using PAUP V. 3.1.1 (Swofford 1993). In phqugenetlc tree
’ . reconstructions, the confidence level that could be assigned to the
(Holm and Sander 1994; Monzingo et al. 1996). ThiSyarious nodes was determined by 500 bootstrap replications.
feature marks them as members of the lysozyme super-
family, likely to have arisen by divergent evolution Results
(Monzingo et al. 1996).
A few studies have been published on the moleculatClassification of Chitinase Sequences
evolution of chitinases in flowering plants (Davis et al. seyeral nucleotide sequences coding for plant chitinases
1991; Hamel 1994; Araki and Torikata 1995). In the first \yere classified according mainly to the structural fea-
paper, Davis et al. analyzed the relationships among 18,res of their deduced proteins (outlined in Fig. 1).
chitinase catalytic domains from five dicot genera. Phy-Tyenty-two sequences were included in class | (Table
logenetic reconstruction in Araki and Torikata (1995) 1): They all encoded a cysteine-rich domain (CRD) and
involved distance analysis of 35 amino acid sequenceg carhoxy-terminal extension (CTE), and they showed an
from class I, Il, and IV chitinases in both dicots and ayerage identity score of 66% within their catalytic do-
monocots. In this report, which expands the work of yain. Six sequences isolated mostly from monocots and
Hamel (1994), a different and more extensive survey i%ncoding a CRD were grouped with class | although they
conducted using mainly distance analyses of 54 nucleopcked CTE, because their mean identity level was higher
tide sequences from class |, Il, IV, as well as class Il g505) with class | than with any other groéhey were

1GenBank accession numbers: D46335, D41205, D21969, D41935;
D22071, D22311, D22287, D15341, D22372, D40380, D22225,2Among these figures the barley enzyme whose crystal structure have
D22210, and D21990 been determined by Hart et al. (1993; 1995)
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Table 1. Classification of plant taxa and chitinase sequences analyzed in this study
Common Class of  GenBank
Class Subclass Family Species name chitinas@ Accession No.
Magnoliopsida
Asteridae
Caprifoliaceae = Sambucus nigra European elder v (a) 246948, (b) 246950
Solanaceae Lycopersicon esculentum Tomato | 715140
Il (a) 215141, (b) 215139
Nicotiana tabacum Tobacco | (a) X16938, (b) X64519,
(c) X64518
Il (a) M29868, (b) M29869
1] (a) 211563, (b) 211564
Petunia x hybrida Petunia Il X51427
Solanum tuberosum Potato | (a) X15494, (b) X14133
Il X67693
Caryophyllidae
Chenopodiaceae Beta vulgaris Beet | X79301
1] S66038
\Y (a) A23392, (b) L25826
Dilleniidae
Brassicaceae Arabidopsis thaliana Thale cress | M38240
1] M34107
Brassica napus Rape | M95835
v X61488
Cucurbitaceae  Cucumis sativus Cucumber I (a), (b), (c) M84214
Salicaceae Populus trichocarpa Poplar | (a) M25336, (b) M25337
x P. deltoides
Sterculiaceae =~ Theobroma cacao Cacao | uU30324
Hamamelidae
Ulmaceae Ulmus americana American elm | L22032
Rosidae
Fabaceae Cicer arietinum Chick pea 1] X70660
Phaseolus vulgaris Kidney bean | (a) M13968, (b) S43926
\Y X57187
Pisum sativum Pea I* (a) X63899
| (b) L37876
Psophocarpus tetragonolobusWinged bean 1] D49953
Vigna angularis Adzuki bean 1 D11335
Vigna unguiculata Cowpea | X88800
1] X88801
Vitaceae Vitis vinifera Grapevine | 754234
Liliopsida
Commelinidae
Poaceae Hordeum vulgare Barley I* (a) U02287
| (b) L34211
Il M62904
Oryza sativa Rice I* (a) X54367, (b) X56063
| (c) L37289, (d) X56787
Triticum aestivum Wheat I* X76041
Zea mays Maize | (a) L16798
I* (b) LO0973
\Y (a) M84164, (b) M84165

2Special class designations: I*, class | lacking a carboxy-terminal extension

designated I* in Table 1. Class Il designation was usedleletion (Fig. 1). Eight of the remaining sequences from
for chitinase genes lacking coding sequences both fofive angiosperm subclasses were characterized by the
CRD and CTE. Nucleotide sequences in the catalytigpresence of a CRD and the absence of a CTE in the
domain showed from 56% to 94% identity within class deduced proteins; they were classified within class IV
Il. This class included sequences frauypcopersicon es- (Table 1). All these sequences shared two deletions of 13
culentum, Nicotiana tabacurandPetunia hybridawith ~ and 19 codons, respectively, in their catalytic domain,
a 14-codon deletion in the catalytic domain not found inwhile seven codons were missing at theedd of the
class | chitinases, and sequences fr@olanum tu- sequences (Fig. 1). The class IV sequences shared an
berosumand Hordeum vulgarghat do not possess this average identity level of 63% among each other, but only
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SP CRDHR  Catalytic domain CTE cysteine residues form three disulfide bridges in he-
Class| [ LN vamine (Jekel et al. 1991; Terwisscha van Scheltinga et
Class I* [T al. 1993) and are most likely involved in conferring a
1 (B/a) eight-barrel fold (Coulson 1994; Terwisscha van
Class Il {L—_l Scheltinga et al. 1994).
A nucleotide sequence matrix corresponding to the
Class IV L] conserved domain was used for the neighbor-joining
Class Il a}nalysis of class III—rgIated sequences (Fig. 3A). Essen—
tially the same groupings were supporteql by the parsi-
100 amino acids mony analysis (bold lines in Fig. 3A). Slightly longer

Fig. 1. Schematic representation of the structural differences betweef?f@nches were obtained for fungal and concanavalin B
chitinase classes in angiosperms. Gaps found in most class Il and iseéquences when compared to class Il sequences. This
class IV chitinases, when compared to class |, are indicated as suclanalysis also resulted in an obvious clustering of yeast,
The signal peptideSP and th_e carboxy-tgrmiqal exten;ioﬁ'l(E) are zygomycetes, and fungal sequences separately from the
represented bgpen boxeswhile the cysteine-rich domaileRD) and 15+ qaquences: This clustering was supported by a
the hinge regionHR) are identified byshadowed and hatched boxes, . . N
respectively Filled boxesrepresent the catalytic domain, used in this bootstrap value of 100% in both nelghbor-Jomlng and
work for phylogenetic analysis of classes I, II, and IV, whilerizon-  parsimony analyses. The distantly related concanavalin
tally hatched boxdentifies the divergent class Ill catalytic domain. In B appeared sister group to the coherent class Il cluster
one re_gion of the (?atalytic domaibyracketsdelineate a previously Supported by 98—100% of the bootstraps in both ana|y_
identified catalytic site (Verburg et al. 1993). ses. Other coherent groupings were observed between
class Il sequences fror\. tabacum,from Vigna un-
) guiculataandA. thaliana,from Cicer arietinumandPso-
of 53% and 51% with class | and class Il sequencespnocarpus tetragonolobuand among the threBucumis
respectively. In spite of their distinctive fea_tur_es, Classsativussequences (Fig. 3A). These last three sequences
IV sequences appeared clearly related, albeit distantly, tg,e |gcated on the same gene cluster (GenBank Acc. No.

class I and class Il sequences. On the other hand, ngig4214) and probably result from gene duplication
significant relationship, even in the conserved catalyticgyenis.

domain, was observed by comparing the remaining se-
guences, grouped into class Ill, with class |, class Il, or
class IV sequences. This result prompted us to analyz
the class Ill sequences separately. No class V sequenc
were analyzed in this study.

Eglationships Between Class |, Il, and IV Chitinases

The results of phylogenetic analyses for 43 class I, Il, and

IV chitinase gene sequences are presented in Fig. 3B.
RelationShipS Among Class Ill Plant Chitinases and Three main clusters were Supported by the neighbor-
Comparisons with Fungal Chitinases joining and parsimony analyses. The first one contained

eight class IV sequences while the other two comprised
Screening of the sequence databases revealed that cldssth class | (including 1*) and class Il sequences origi-
Il plant chitinases had higher sequence identity withnating either from monocot (10 sequences) or from dicot
yeast Saccharomyces cerevisiaad Candida albicans  species (25 sequences). Within the class IV cluster, the
and zygomycetesRhizopus niveuand R. oligosporuy  sequences from the monocdea maysformed a well-
chitinase sequences than with plant chitinases belongingupported sister group to the dicot sequences. However,
to other classes. Class Il chitinases also shared signifithere was no well-supported division between sequences
cant identity and overall structural similarity with con- encoding basic isoforms (fro@. mays, Beta vulgaria,
canavalin B, a plant protein stored @anavalia ensifor- Sambucus nigra andB. napu$ and acidic isoforms
mis seed cotyledons (GenBank Acc. No. M83426). (from Phaseolus vulgaris, S. nigila andB. vulgarisb).
Within the domain conserved between plant class Ill andn the second main cluster comprising class I-ll se-
fungal chitinases (Fig. 2), amino acid identity scoresquences from monocots—represented by four taxa from
ranged from 48% to 74% within the yeast-zygomyceteshe Poaceae—a supported grouping contained all but one
group and from 29% to 43% between plant and fungalof the typical class | (i.e., CTE-encoding) sequences:
sequences. In the 285-amino-acid alignment presented ifihis grouping suggested that these genes sharing similar
Fig. 2, some regions were well conserved among alktructure were evolutionary related. On the other hand,
sequences analyzed, including those of fungi. Amongwo sequences frorkl. vulgare (class I* and class ),
these, residues 135 to 142 had been proposed to constliffering by the presence of a CRD coding region, ap-
tute the active site (Henrissat 1990). The presence gbeared closely related according to a bootstrap value of
cysteine residues generally corresponded to an invariart00% using both phylogenetic methods.
position within the alignment (Fig. 2). The conserved The third main cluster in the phylogenetic tree (Fig.
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100 Nicotiana IT a
Nicotiana IXT b
Lycopersicon II a
Lycopersicon II b
Petunia II

Pisum I* a

Solanum II

Vitis I

Theobroma I

Ulmus I

Populus I a
Populus I b
Beta I

Nicotiana I ¢
Solanum I a
Nicotiana I a
Nicotiana I b
Lycopersicon I
Solanum I b
Arabidopsis I
Brassica I
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0.1 substitution/nucleotide

57, Cucumis III a
Cucumis III ¢

Pisum I b

— Cucumis III b

Vigna I
Phaseolus I a A
Phaseolus I b

Vigna a. III
Cicer III
Psophocarpus III

Vigna u. III

Arabidopsis III
Nicotiana III a
Nicotiana III b

54 Triticum I* 4
100 Hordeum II %8
Hordeum I* a
78— Hordeum I b I

Beta III

|97| Oryza I c L
Oryza I d

Canavalia CONC.B

Oryza I* a 100 Rhizopus n.
Oryza I* b 100 Rhizopus o.
43 Zea I a 100 I Candida ¢
5 Zea I* b L”L.l candida b
190 [ Zea IV a 62 Candida a
— Zea IV b = Saccharomyces
Beta IV b

Brassica IV
Phaseolus IV
Beta IV a
Sambucus IV a
Sambucus IV b

Fig. 3. Phylogeny reconstruction among 18 class Il chitinases andMaterials and Methods. Phylogenic trees are drawn on the same scale
related sequence®) or among 43 class |, Il, and IV chitinase se- for both data sets, while numbers indicate bootstrap estimates. Group-
quencegB) inferred from neighbor-joining analyses of nucleotide sub- ings supported by more than 50% of the bootstraps in parsimony analy-
stitution rates (Kimura two-parameter method). The nucleotide se-ses are shown blyold horizontal linesSequences are labeled by taxa,
quence data matrices contain 855 and 777 characters, respectivelglass designations, and in some cases by letters used for sequence
whereas the overall standard errors on the two-parameter substitutiodifferentiation (Table 1)Filled circles indicate the partition between
rates are 6.9% and 7.6% for the first and the second data sets. Theequences from monocots (Poaceae) and dicots. Sources of nucleotide
extent of the domains used for the phylogenetic analyses is specified isequences are listed in Table 1 and Fig. 2.

3B) contained most of the chitinase sequences analyzedgeveral residues that differed with respect to the corre-
all obtained from dicot species. In agreement with estabsponding residues in the other chitinases presented in
lished taxonomy, the following class | sequences ap+ig. 4. According to the phylogenetic reconstruction pre-
peared monophyletic with bootstrap values over 75%sented in Fig. 3B, thél. tabacum, L. esculenturandP.

the four Fabaceae sequences fr@&isum sativum, V. hybridaclass Il sequences appear to be evolutionary re-
unguiculata,and P. vulgaris; the two Brassicaceae se- lated to aS. tuberosuntlass Il gene and to a class I*
guences fromA. thalianaandB. napus;the six Solana- sequence from a distant FabaceRe gativun). The S.
ceae sequences from esculentum, N. tabacurandS.  tuberosunctlass Il gene shows similar structure but lacks
tuberosumAccording to both phylogenetic analyses, the the 14-codon deletion in the catalytic domain. In the case
sequences from the Fabaceae and the Brassicaceae wefghe P. sativumsequence encoding a class | chitinase
supported sister groups to the other dicot sequences andevoid of CTE, common ancestry closer than to any
lyzed (Fig. 3B). Among the remaining group of se- other sequence surveyed was supported by over 82% of
guences supported by a bootstrap value of 86% in th¢he bootstraps in distance and parsimony analyses. A
neighbor-joining analysis, most were typical class | se-close relationship between class Il and fhesativum
guences, the most frequent type recovered from angicelass I* sequences was also suggested by the amino acid
sperm taxa. The class | sequences fi@apulus tricho-  alignment presented in Fig. 4 as well as by distance and
carpa x P. deltoidesb and B. vulgaris showed parsimony analyses of amino acids (Hamel 1994; Araki
considerably longer branches (Fig. 3B) and possibly highand Torikata 1995). These observations were comparable
evolutionary rates. The last group of dicot sequences alsto that on the class Il sequence frdth vulgare (men-
comprised a cluster of five class Il sequences from thre¢ioned above) that also shared closer relationship with a
different Solanacead\( tabacum, L. esculenturandP.  class I* sequence than with any other class Il sequence.
hybrida), which shared a common origin according to a Thus, even though all class Il sequences possess a similar
bootstrap confidence level of 100% in both neighbor-structure in lacking both types of auxiliary domains, they
joining and parsimony analyses. In a conserved region ofppear to be of polyphyletic origin when considered al-
the catalytic domain, these class Il sequences also shar¢ggether.
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Table 2. Substitution rates among groups of chitinase sequences analyzed in this study

dy Ps Pa Py/Pa tn/tv
C.I-Il monocots 0.264 +0.050 0.382+0.071 0.168 £ 0.038 2.43+0.91 0.47 £0.17
C.I-II dicots 0.457 £0.115 0.709 £0.129 0.218 + 0.064 3.72+2.77 0.91+0.34
C.lv 0.527 £ 0.115 0.752 +£0.160 0.251 £ 0.045 2.97 £0.43 0.92+0.10
C.I-II dicots vs monocots 0.555 +0.091 0.846 £ 0.103 0.237 £0.039 3.64+0.64 0.89+0.21
C.IV vs C.I-Il monocots 0.755+0.126 0.711+0.182 0.383 £0.021 1.86 +0.50 0.79+0.18
C.IV vs C.I-II dicots 0.790 £ 0.074 0.768 £ 0.074 0.389 +0.024 1.98+0.25 0.83+0.11

2dy is the Kimura two-parameter distance, whigandP, are proportions of synonymous and nonsynonymous substitutions per synonymous and
nonsynonymous site, respectively. tn/tv is the ratio of transitions over transversions. Values are means + SD of all pairwise comparisons betw
class I and 1l sequences from dicots (C.I-II dicots; 25 sequences) or monocots (C.I-Il monocots; 10 sequences), or class IV sequences (C.1V; ¢

sequences)

proportions of synonymous substitutions (Table 2).

CONSENSUS There was also a bias in favor of transversions (tv) in
Lyﬁgéggggg ﬁ § relation to transitions (tn), while no such bias was ob-
Lycopersicon II b seryed for the other comparisons. Similar value_:s for_ the

50%3% I* a vz_itrrl](_)uslparalmﬁters were ok].;)talnedq b%/ cor_?ﬁannlg eltlr\w/er
Vitis I TR within class I-ll sequences from dicots, within class
Tbi:gg%’g % . LR sequences, or between class |-l sequences from mono-
Populus I b SR ::%\% cots a_nd from .dICOtS, suggesting a comparable level of

Nigotiana I Sy Ly evolu.tlon_ary divergence. The number of synonymous
Lycicotiana I SIE LG subst|tut|on§ was about 3.4-fold h|gh§r than nonsynony-

Xra%igggfég I I:&::. mous sub;tltutlons for these comparisons (Table 2). As

Pisum I 88 could be inferred from identity levels and phylogeny
Phaseolus I Q... reconstruction, a considerably larger evolutionary dis-
Hordeum I tance was observed between class IV and class Il se-
Hogg;gfg I guences than for all other comparisons. On the basis of
8%@3 I substitution rates, class IV appeared equally distant from

oryza either the monocot or dicot clusters of class I-Il se-

Zea quences (Table 2). While proportions of synonymous

sZg substitutions remained fairly constant for all but one

Pﬁggggéég comparison in Table 2, greater proportions of nonsyn-

Sambheua onymous substitutions were obtained by comparing class
Fig. 4. Partial amino acid sequences for class |, Il, and IV chitinaseslv with class |-l sequences. This suggests that the evo-

in an important region for the catalytic activity &f. thalianaclass |

lutionary divergence of class IV sequences resulted

chitinase (Verburg et al. 1993). Class labels are as in Fig. 3 and residud®ainly from amino-acid-changing substitutions, hence

arenumberedas in Hamel and Bellemare (199%)ots denote identity

modifying the primary structure and most likely the

with the consensus sequence. In the consensus sequence, residues Rjnctional role of the chitinases encoded.

served in 23 or more sequences arappercase lettersyhile the most
frequent residues conserved in less than 23 sequenceslaveeitase.

A tyrosine at position 192 of the consensus sequence and the corre-

sponding residues in the alignment arebiold type.These residues
correspond to tyrosine-174 of Verburg et al. (1993) involved in sub-
strate binding.

Evolutionary Divergence Among Class |, II, and IV
Chitinases Gene Sequences

Various substitution rates were calculated within and be

tween the three main clusters of class I, I, and IV se-

Discussion

Among the main group of chitinase sequences analyzed
in this study, the largest, and therefore probably most
ancient divergence is obtained by comparing class IV to
class | and Il sequences. According to many criteria in-
cluding well-supported grouping in phylogenetic analy-
ses, the distantly related group of class IV sequences,
designated as class I-L by Araki and Torikata (1995),
should rather deserve a separate class designation. Class

guences supported by the phylogenetic analyses (Fid.and class IV chitinases are found in both monocots and

3B). The fairly homogeneous class | and Il monocot

dicots without tandem clustering between class | and

sequences differed from the other groups in showingclass IV sequences of the same taxonomic groups. The
considerably lower Kimura two-parameter distances andlerivation of the class IV lineage from a common an-
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cestral sequence would thus have occurred before th@rigin, Structure, and Function of Class Ill Chitinases
separation of monocots and dicots, estimated to have

taken place around 200 million years ago (Wolfe et al.Class lll proteins appear to be derived from an ancestral
1989). The remote divergence between class IV and clasgequence different than that of class |, Il, and IV plant
I-Il sequences is reflected by a rooting of our phy|oge-ChitinaSES, but similar to a type of chitinases found in
netic tree (Fig. 3B), which is different from the tree Yeast cells. The distribution of these related enzymes in
presented by Araki and Torikata (1995). Our view differs Poth yeasts and angiosperms suggests that their putative
correspondingly with the evolutionary scheme proposedincestral sequence was present in a common parental
by Araki and Torikata (1995), in which class IV derives lineage. According to this hypothesis, the origin of class

from class |, which in turn would be derived from class [l chitinases not only precedes the divergence between
Il by insertion of the N-terminal CRD. monocots and dicots, but also the division between fungi

In contrast to class | and class IV sequences, thignd plants. . _
study provides no well-supported evidence for remote N @ study based on amino acid sequences that led to
monophyletic origin for all class Il sequences. When@ general classification of all glycosyl hydrolases, Hen-
considered together, these sequences seem to constittitesat (1991) places class Il chitinases in family 18 while
an artificial group, as at least one of the monocot seclass | and IV chitinases form family 19. Moreover, the
quences, froni. vulgare,has a separate origin from that Se€condary structure of class Ill enzymes is completely
of other class Il sequences. The absence of auxi“angifferent from that of other plant chitinases hence they
domains, a feature that usually forms the basis for de¢annot be included in the lysozyme superfamily. They
fining class II, is indeed variable, even among closelyShare a f¢/a) eight-barrel topology also found in other
related enzymes from the same plant species (Leah et #lycosyl hydrolases and in some plant proteins that do
1991; Nishizawa et al. 1993; Beintema 1994). SequenceR0t POSSess chmna;e or lysozyme activities, such as con-
belonging to the main class Il cluster, all obtained fromcanavalin B (Hennig et al. 1995), the seed protein nar-
Solanaceae speciek. (esculentum, N. tabacurand P. bonin (Coulson 1994), and a broad bean nodulin (Perlick
hybrida), possess the same conserved residues that ha®é al. 1996).
been shown to be important for catalysis (Glu 1a6d Clas_s i (_:hitinases also present distinct functional
Asn 193) and maintenance of the active site geometryProperties, since some of them possess a lysozyme ac-
(Thr 137, GIn 187) in class | and IV chitinases and othertivity (Jekel et al. 1991) not found in other classes of
members of the lysozyme superfamily (Holm and sandefhitinases. Acidic and basic class Il chitinases have been
1994; Hart et al. 1995). At the same time, these class |fetected in the extracellular and intracellular cell fluids,
sequences share several particularities in a conserved rEeSpectively, of pathogen-infected plants’thdex et al.
gion of the catalytic domain. Notably, Tyr 192 of class | 1989; Jekel et al. 1991). This suggests that they can be
and IV chitinases is substituted by a serine or an aspard0volved in defense against pathogens. However, the ab-
gine. The substitution of this tyrosine residue, thought toS€nce of sequence similarity with other pathogenesis-
bind the substrate in the catalytic cleft (Hart et al. 1995) rélated chitinases and the fact that their related fungal
could reduce the catalytic activity in class Il chitinasescounterparts are involved in cell separation during
(Verburg et al. 1993). Another feature shared by thes@rfowth (Kuranda and Robbins 1991; McCreath et al.
class Il enzymes is the deletion of a 10-residue loopt995) and in hyphal growth (Yanai et al. 1992) might
(165-181) located on the outside of the molecule, neappdicate that plant class Il enzymes have a distinct func-
the entrance of the catalytic cleft (Hart et al. 1995). |ntional role. Instead of duplicating thg funcuon_s of class |,
class | and IV enzymes, this loop contains a well-!l, and IV enzymes, they could be involved in morpho-
conserved tryptophan residue (Trp 172 Bo napuy  9enesis during plant development and/or differentiation.
thought to be important in substrate binding (Hart et al.A similar role in embryogenesis and differentiation has
1995). The absence of this structure could thus modify2lréady been suggested in carrot for a 32-kDa acidic
interactions with the substrate, thereby modulating specichitinase (De Jong et al. 1992), possibly a class Il pro-
ficity. These observations are all consistent with resultd®!n-
in N. tabacumwhere class Il enzymes show much lower
specific activity than class | enzymes (Legrand et al. . .
1987), although this difference could also result from thei\u/?(:wgfngrgmzi?gd Toward Deletion of
absence of the chitin-binding CRD in class Il enzymes y

(Raikhel et al. 1993; Graham and Sticklen 1994).
Loss of the Cysteine-Rich Domain (CRD) Involved in

Chitin Binding
The CRD has been previously shown to be essential

3Numbering of residues as found in BnCh25 (Hamel and BellemarefOr Substrate binding, but not for catalytic or antifungal
1993) activity in a class | chitinase (Iseli et al. 1993). A modi-
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fied CRD is also present in class IV chitinases and itclass IV sequences have been isolated despite extensive
seems most likely that a CRD was present in an ancestralurveys of their respective chitinase gene contents (Van
sequence common to both classes. The three-dimemBuuren et al. 1992; Danhash et al. 1993). Simila@y,
sional structure of this domain has been maintained irsativaandTriticum aestivumtwo cereals cultivated for a
various types of chitin-binding proteins such as heveinjong period, contain class I* sequences devoid of CTE,
wheat germ agglutinin, and plant chitinases: The eightvhereas no other type of extracellular chitinases has yet
cysteines thought to be involved in disulfide bridgesbeen identified in these species. Moreover, phylogenetic
(Beintema 1994) are very well conserved in most CRDsreconstructions argue in favor of repeated recent deriva-
(Graham and Sticklen 1994). tions of class I* chitinases, also presentRn sativum

It has been suggested that the CRD was introduced bgFabaceae), from ancestral class | genes found in differ-
some form of genetic transposition in the structure of aent lineages of angiosperms.
common ancestral gene that was probably similar to the There is considerable interest in obtaining more pro-
present-day gene encoding hevein Hh brasiliensis  ductive crop plants that also exhibit increased resistance
(Shinshi et al. 1990; Araki and Torikata 1995). A similar to fungal pathogens. However, it is generally admitted
transposition event might have led to the structure of twahat genetically uniform crop species often show in-
CRDs in tandem found in the amino-terminal region of acreased susceptibility to various pathogens (Harlan
Urtica dioicaprotein sequence related to both lectins and1975). The evolutionary schemes proposed in this study
chitinases (Lerner and Raikhel 1992). may contribute to a better understanding of the mecha-

Phylogenetic reconstructions presented in this studyisms involved in plant defense against fungal patho-
indicate that some of the chitinases devoid of CRD—gens. Some of the structural changes between groups of
namely, class Il sequences—are derived from quite reevolutionarily related chitinases, such as the deletion of
cent and independent deletion events that would havéhe CTE, have likely resulted in alteration of the host
occurred in different taxonomic groups. For instance, theplant resistance. For instance, new types of extracellular
main cluster of class Il sequences may be derived fronthitinases could have arisen either by deletion or inter-
an ancestral class | sequence devoid of CTE, similar to auption of sequences encoding vacuolar targeting signals.
present-dayP. sativumsequence, by loss of the CRD. At least some of these events are probably quite recent
Similarly, theH. vulgareclass Il sequence analyzed in and seem to be restricted to discrete lineages of exten-
this study could result from another deletion event in asively cultivated plants. This raises the question of
different class | or I* lineage. Data presented by Shinshiwhether agriculture, through plant breeding and coevo-
et al. (1990) strongly suggest that such excisions ardution of crops with their associated pathogens, might
favored by the presence of repeated DNA sequences abntribute to the selection of individuals containing new
both ends of the CRD in class | sequences, the remains aypes of extracellular chitinases.
which are still detectable in some class Il sequences.
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