
decade, has mobilized a partnership of private and
public research groups to focus on the development of
new technologies to support T. cacao genetic improve-
ment (http://www.ars-grin.gov/ars/SoAtlantic/Miami/ngr/
cacao_genetics_meeting_summary.pdf) with a degree of
coordination by the International Group for Genetic
Improvement of Cocoa (INGENIC), which promotes the
exchange of information and international collaboration
on topics related to cocoa genetics. This initiative comes at
a time of unprecedented new genomic tools that dramati-
cally increase the genetic knowledge to inform breeding
strategies and to accelerate notoriously slow tree breeding
programs. Over the next decade, T. cacao is likely to
become a model of an essentially wild crop being trans-
formed through genome-based breeding. It will be inter-
esting to see whether these new tools can provide the basis
simultaneously to address the improvement of cocoa pro-
ductivity while maintaining the quality characteristics of
the bean that are crucial for chocolate production.
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Why are there so many carbohydrate-active
enzyme-related genes in plants?
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Plants contain far more carbohydrate-active enzyme-

encoding genes than any other organism sequenced to

date. The extremely large number of glycosidase and

glycosyltransferase-related genes in plant genomes can

be explained by the complex structure of the plant cell

wall, by ancient genome duplication and by recent local

duplications, but also by the recent emergence of novel

and unrelated protein functions based on widely avail-

able pre-existing scaffolds.

In plants, carbohydrates in the form of glycosides are
central to many biological pathways, from cell wall
structure to energy, signalling and defence. Glycosides
are made from activated sugars by glycosyltransferases

and are degraded by glycoside hydrolases (glycosidases).
Genes encoding glycosidases and glycosyltransferases in
all organisms (all data available from the Carbohydrate-
Active enZymes server at http://afmb.cnrs-mrs.fr/CAZY/)
are currently analysed and listed based on the classifi-
cations of glycosidases [1] and glycosyltransferases [2] in
sequence- and structure-based families. Now that the
genomes of many organisms have been completely
sequenced, it is possible to analyse the content of genomes
from a global glycobiological perspective.

Content of genomes in carbohydrate-active

enzyme-related genes

One of the intriguing features of the analysis of the
sequenced genomes is that for bacteria and for eukaryotes
there appears to be a global correlation between the number
of glycosidase and glycosyltransferase-related genes and the
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totalnumberofgenesintheorganism(Figure1).Thearchaea
donotshowsuchacorrelationand it is likely thatmany(ifnot
all) of their glycosidases have been acquired by horizontal
transfer (i.e. by transfer of genetic material between
organisms other than by descent). Figure 1 shows that
Arabidopsis isaclearoutlierwith almost800glycosidaseand
glycosyltransferase-related genes comprising .3.3% of its
genes [3]. By comparison, the human genome has only
,350 glycosidase and glycosyltransferase-related genes.

Origins of the multiplicity of carbohydrate-active

enzyme-related genes in plants

A survey of the sequences deposited in GenBank shows
that the rice genome is likely to show a similar bias. So
why do plants have so many glycosidase and glycosyl-
transferase-related genes? There are several comp-
lementary explanations to this, the most obvious being
that many different glycosidases and glycosyltrans-
ferases are probably required for the biosynthesis and
degradation of the complex polysaccharides of the plant
cell wall. For instance, the biosynthesis of the complex
structure of pectin requires the action of at least 53
different enzymatic activities [4]. Another partial
answer is with the ancient global genome duplication
that was recently established for Arabidopsis [5].
Genome duplication is an obvious way to increase the
number of genes. An investigation of the chromosomal
location of glycosidase and glycosyltransferase-related
genes in Arabidopsis reveals that, as for other multi-
gene families, many glycosidase and glycosyltransfer-
ase-related genes occur as clusters on the genome.
Interestingly, the genes within clusters also cluster
together on phylogenetic trees comprising either only
Arabidopsis or with all known sequences within a
family, indicating that the clusters have been created
by extensive recent local duplications. To date, this
feature has been encountered only in plants.

Although this explains the multiplicity of glycosidase
and glycosyltransferase-related genes in plants, another
factor is becoming apparent: the recent emergence of novel
protein functions, based on glycosidase scaffolds. Several
such cases have been identified recently:

† The chrk1 gene of tobacco encodes a modular protein
with an N-terminal domain displaying similarities to
chitinases, followed by a transmembrane segment and a
C-terminus resembling serine/threonine kinase [6].
Examination of the chitinase-like domain shows that
the Chrk1 protein is likely to be devoid of enzymatic
activity because it lacks the catalytic amino acid of the
related chitinases. Such a protein could, upon recog-
nition of a signal yet to be identified, trigger a cascade of
events within the cell, starting with a protein
phosphorylation.

† A protein capable of selective inhibition of fungal
xylanases has been isolated from wheat [7]. Sequence
similarity places it also in the chitinase family and its
3-D structure, recently determined, confirms the struc-
tural resemblance to chitinases [8]. Interestingly, the
structure shows that the active site cleft of the related
chitinases is partially filled by bulky residues resulting
in a mis-orientation of the catalytic machinery. The
xylanase inhibitor and its chitinase ancestors are
believed to be produced by the plant as part of their
defence system against fungi. It is tempting to speculate
that the novel function emerged based on a class of
proteins that was already overexpressed upon fungal
attack, and that evolution initially kept the existing
signal recognition and expression-regulation pathways.

† The most recently identified example of novel protein
function is the soybean hydroxyisourate hydrolase. This
enzyme shows extensive sequence similarity to a family
of b-glucosidases, including conservation of the known
catalytic residues. A recent study elegantly demon-
strates that the catalytic residues of hydroxyisourate
hydrolase have kept their original roles (acid–base and
nucleophile) and yet catalyse a different reaction on a
non-carbohydrate substrate [9].

Because the novel proteins are not isofunctional to their
glycosidase ancestors, they are hard to characterize and
are only now being discovered. Therefore, it is likely that
the number of functional plant glycosidases, albeit large, is
less than previously thought. The novel proteins that have
recently evolved from carbohydrate-active enzymes, not
only provide an additional reason for the apparently large
number of glycosidase-related genes in plants, but also
point toward the immense weaknesses of genomic annota-
tions. Even outside of purely automatic annotations,
experts in a particular subfield might notice the absence
of catalytic residues, but the example of hydroxyisourate
hydrolase shows that the novel function not only has
recruited the scaffold, but also the original catalytic
machinery. Without functional characterization this
protein would have been annotated as a putative
b-glycosidase.

The recent acquisition of novel functions based on
common scaffolds that is beginning to emerge is general

Figure 1. Correlation between the number of glycosidase- (GH) and glycosyltrans-

ferase- (GT) related genes and the total number of genes in 86 bacterial and nine

eukaryotic genomes. Bacteria are indicated by open diamonds and eukaryotes are

indicated by red diamonds. Owing to massive gene loss, parasites tend to appear

below the average, for instance, Plasmodium falciparum (a), whereas ‘excess’ is

found in Arabidopsis (b) and in Bacteroides thetaiotamicron (c). Analysis of the

complete repertoire of Bacteroides thetaiotamicron indicates that it is probably

involved in the degradation of otherwise indigestible dietary plant polysaccharides

in the human gut. Humans (d) show a deficit, reflecting reliance on gut microor-

ganisms for the digestion of plant polysaccharides. Further details can be obtained

from the authors or from the Carbohydrate-Active enZymes database (http://afmb.

cnrs-mrs.fr/CAZY/).

TRENDS in Plant Science 

R2 = 0.7327

0 5000 10000 15000 20000 25000 30000 35000

Number of genes

N
um

be
r 

of
 G

H
- 

an
d 

G
T-

re
la

te
d 

ge
ne

s

(b)

(d)

(a)

(c)

0

100

200

300

400

500

600

700

800

900

Update TRENDS in Plant Science Vol.8 No.12 December 2003564

http://plants.trends.com

http://afmb.cnrs-mrs.fr/CAZY/
http://afmb.cnrs-mrs.fr/CAZY/
http://www.trends.com


and not restricted to glycosidases. For instance plant endo-
b-1,3-glucanase inhibitors, produced in response to certain
fungal pathogens, display remarkable similarity to serine
proteases [10]. The acquisition of novel functions based on
common scaffolds is not restricted to plants, and might be
found in all genomes, including mammalian genomes. An
example is klotho, a gene first isolated in mouse and whose
defect produces a syndrome related to ageing [11]. The
protein encoded by klotho shows similarities to b-glucosi-
dases (i.e. the same family that also contains the soybean
hydroxyisourate hydrolase). Interestingly, the catalytic
acid–base residue of b-glycosidases is absent in the klotho-
encoded protein. Because there is no obvious relationship
between the acquired novel function(s) and the pre-
existing folds, the recent evolutionary events discussed
here make predicting the function of klotho (and of many
other genes from a variety of organisms including plants)
impossible and illustrate the serious limitations of auto-
mated computer-based function predictions in genomes.
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Unraveling the functions of glycosyltransferase family
47 in plants
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The function of glycosyltransferases (GTs) from

family GT47 was first identified in animal exostosins as

b-glucuronyltransferase involved in the synthesis of

heparan sulfate. Two recent papers report the func-

tions of two plant members in this family as a pectin

b-glucuronyltransferase and a xyloglucan b-galactosyl-

transferase. These findings greatly extend our under-

standing of the biological functions of family GT47 and

also represent an important leap toward the molecular

dissection of cell wall biosynthesis.

Glycosyltransferases (GTs) (EC 2.4.x.y) are enzymes that
catalyze the transfer of sugar moieties from donor
molecules (usually nucleoside diphospho-sugars) to
specific acceptor molecules, thus forming glycosidic
bonds. Based on amino acid sequence similarities, GTs
have been classified into at least 65 families [1,2]. Of these,
35 families representing 408 putative GT genes have
been identified in the genome of Arabidopsis thaliana

(http://afmb.cnrs-mrs.fr/CAZY/). The biochemical activi-
ties and biological functions of most of the Arabidopsis GTs
have not been characterized yet [3–5]. GTs catalyze the
biosynthesis of disaccharides, oligosaccharides and poly-
saccharides, and the glycosylation of many proteins and a
diverse array of small molecules such as plant hormones,
secondary metabolites and herbicides. Plant cell walls are
composed of complex polysaccharides including cellulose,
hemicelluloses and pectins, which require many GTs for
their synthesis. Assigning biochemical activities and
biological functions to hundreds of GTs identified in
Arabidopsis alone will be a huge challenge to plant bio-
logists. The recent identification of two plant members in
family GT47 as a pectin b-glucuronyltransferase and a
xyloglucan b-galactosyltransferase by Hiroaki Iwai et al. [6]
and Michael Madson et al. [7], respectively, has opened new
avenues for investigating the functions of GTs in plants.

Exostosins and family GT47

The family GT47 grouping is based on the b-glucuronyl-
transferase domain of animal exostosins. In addition to theCorresponding author: Zheng-Hua Ye (zhye@plantbio.uga.edu).
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