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MINIREVIEW

The Family-3 Glycoside Hydrolases: from Housekeeping Functions to
Host-Microbe Interactions

Denis Faure*
Institut des Sciences du Végétal, UPR2235, Centre National de la Recherche Scientifique, 91 198 Gif-sur-Yvette, France

Glucose, xylose, and N-acetylglucosamine are elementary
building blocks for disaccharides, oligomers, and polymers, as
well as key molecules allowing fine modifications of many kinds
of biological compounds. The highly diverse molecules con-
taining these three sugars are ubiquitous components of the
architecture of eukaryotic and prokaryotic cells and may also
be involved in signaling between cells or organisms (all of these
roles are illustrated in this minireview). Any enzymes modify-
ing the structure of these molecules, such as glycosylhydrolases
(GHs) or glycosyltransferases, are essential to modulate the
biological properties of these glycosides and therefore are
likely to modify their functions in vivo. Based on the compar-
ison of their amino acid sequences, GHs are presently classi-
fied in more than eighty families (20). Among them, family-3
encompasses more than one hundred enzymes, including eu-
bacterial and eukaryotic �-glucosidases, �-xylosidases, and
�-N-acetylhexosaminidases.

Most of the cloned and sequenced genes encoding family-3
GHs, as well as the purified family-3 GHs, were investigated as
encoding �-glucosidases and therefore characterized as such in
cellulolytic and xylanolytic microorganisms. This bias led sci-
entists to think, originally, that these enzymes were involved
mainly in the degradation of macromolecules by microbes.
Recent data on their functions in vivo (Table 1) and their
distribution among sequenced genomes (Fig. 1) suggest that
family-3 GHs play roles in addition to the assimilation of plant
polymer products. This prompted me to select several well-
studied family-3 GHs to investigate their functions in vivo.
These functions range from the assimilation of exogenous sac-
charides by bacteria and fungi to the turnover of cell architec-
ture components such as cell wall polymers and from the mod-
ification of biologically active molecules such as antibiotics and
antifungal compounds to interactions between pathogens and
the immune systems of their hosts.

THE FAMILY-3 GHS

The �-glucosidases (EC 3.2.1.21), �-xylosidases (EC
3.2.1.37), and �-N-acetylhexosaminidases (EC 3.2.1.52) re-
move successive �-D-glucose, �-D-xylose, and �-N-acetylglu-
cosamine residues, respectively, from the nonreducing termini.

These GHs do more than cleave simple homodisaccharides
(13), -oligomers (13, 61), and -polymers (23). Indeed, several
enzymes can also remove glycosidic units from heterogeneous
molecules such as xyloglucans (9), arylglycosides (7, 12), a
glucosylated antibiotic (49), or saponins (3). The substrates of
these enzymes are described in Table 2 and Fig. 2. Many
family-3 GHs exhibit a combination of different activities, ex-
emplified by the frequent association of �-glucosidase and
�-xylosidase activities (4, 12, 63, 64). Such a feature compli-
cates the identification of their natural substrates as well as
their denomination since the latter is based on the hydrolytic
capacities of these enzymes. However, in an attempt to facili-
tate the predictive analysis of the open reading frames of the
sequenced genomes, a collection of clusters of orthologous
genes (COGs) was constructed (57). Because the classifica-
tion of GHs (http://afmb.cnrs-mrs.fr/�pedro/CAZY/db.html)
and that of COGs (http://www.ncbi.nlm.nih.gov/COG) are based
on sequence comparisons, it is not surprising that a COG
matches a GH family, as is the case for COG1472 and family-3
GHs. Both databases provide efficient analytical and molecular
tools to clearly identify a new member of this phylogenetic
cluster. It is noteworthy that the three-dimensional structure of
one representative member of this family, a �-glucan hydrolase
from barley, was recently elucidated (62) and used as a refer-
ence to predict the three-dimensional structure of other fam-
ily-3 GHs (19).

DEGRADATION AND ASSIMILATION OF
EXOGENOUS GLYCOSIDES

Historically, the first function that was proposed for bacte-
rial and fungal family-3 �-glucosidases was their involvement
in the last steps of the cellulose degradation pathway (2), a
feature further extended to the assimilation of xylan and chitin
derivatives. The assimilative family-3 GHs may be extracellu-
lar, periplasmic, or cytoplasmic and take part in the assimila-
tion of cellobiose and cellodextrins (13), �-1,4-xylosides (61),
and acetylchitooligomers (59, 60), as well as that of aryl-�-
glucosides (12) and �-1,3-glucosides (69). The direct contribu-
tion of family-3 GHs to the assimilation of glycosides is often
difficult to demonstrate because of the presence of several
enzymes exhibiting a similar activity in the same organism. The
family-1 �-glucosidases, the family-39, -43, and -52 �-xylosi-
dases, and the family-20 N-acetylglucosaminidases may also
contribute to the assimilation of these glycosides by microbes.
In this respect, the use of fine molecular tools, such as site-
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specific mutagenesis and analysis of gene expression, seems to
be an obligatory approach to investigate the involvement of
family-3 GHs in assimilative functions. In the particular case of
the hydrolysis of heterogeneous glycosides, the fate of the
aglycones, which can exhibit cell toxicity properties—as exem-
plified by cyanogenic glucosides (65)—remains to be clarified.

These assimilative pathways are often controlled by a cata-
bolic repression exerted by glucose (47, 60). Such a negative
control is not observed in the case of the salCAB operon of
Azospirillum irakense (56). In this bacterium, the pathway of
assimilation of salicin encodes enzymes defining a novel path-
way for the assimilation of aryl-�-glucosides in bacteria (14).
This original system lacks inner membrane transporters of
aryl-�-glucosides that are usually present in the assimilative
pathways containing family-1 GH (5, 11, 32, 55) but contains a
salC gene encoding an outer membrane transporter exhibiting
dual functions. Such a protein may act as (i) a highly sensitive
receptor to detect and transport aryl-�-glucosides present at

low concentrations in the environment but also as (ii) a sensor
to further positively activate gene expression through a cascade
of specific proteins. In addition to its assimilative function, this
pathway may be implied in chemotaxis of Azospirillum through
plant-derived aryl-�-glucosides.

RECYCLING AND REMODELING OF
CELLULAR COMPONENTS

Cell wall recycling by family-3 GHs was recently demon-
strated in the case of an N-acetylglucosaminidase of Esche-
richia coli. During each generation, about 40% of the cell wall
murein is broken down to anhydro-muropeptides. These mol-
ecules are transported into the cytoplasm via the AmpG per-
mease and rapidly degraded by the combined action of several
enzymes, including the family-3 �-N-acetylglucosaminidase
NagZ (27, 46). NagZ hydrolyzes the �-1,4 glycosidic bond
between N-acetylglucosamine and anhydro-N-acetylmuramic
acid (8). From amino acid sequence comparisons, proteins

FIG. 1. Occurrence of family-3 GHs in eubacterial genomes. Of the
27 eubacterial genomes of the COG database (57), 21 contain at least
one putative open reading frame belonging to COG1472, i.e., family-3
GHs. A brief phylogenetic analysis of this COG (http://www.ncbi.nlm
.nih.gov/COG) revealed two clusters: cluster 1 includes �-glucosidases
and �-xylosidases, whereas N-acetylglucaminidases are in cluster 2.
Surprisingly, the occurrence of cluster 1 is lower than that of cluster 2.
Moreover, all genomes harboring family-3 GHs contain at least one
GH of cluster 2, suggesting that a selective constraint preferentially
maintained the N-acetylglucaminidase cluster among eubacterial ge-
nomes.

TABLE 1. Main functions of the family-3 GHs

Functions Enzyme(s) Organism Reference

Assimilation of glycosides
Cellobiose and cellodextrins CelA Azospirillum irakense 13
Laminaribiose and laminarins BglB Thermotoga neapolitana 69
Salicin (aryl-�-glucoside) SalA, SalB Azospirillum irakense 12
Xylooligosaccharides XlnD Aspergillus niger 61
Chitooligomers NagA, Streptomyces thermoviolaceus 60

Cht60 Alteromonas sp. 59
Recycling of cell components

Muropeptides from peptidoglycan NagZ Escherichia coli 8
�-1,3-Glucans from cell wall Bgl2 Coccidioides immitis 25
�-1,3- and �-1,4-glucans from cell wall Exg1 Zea mays 29
Xyloglucans from seedlings TMA7501 Tropaeolum majus 9

Modifications of free glycosides
Transglycosylation to produce cellulase inducer, sophorose Bgl1 Trichoderma reesei 34
Deglycosylation

To activate antibiotic, oleandomycin OleR Streptomyces antibioticus 51
To detoxify saponins Avenacinase Gaeumannomyces graminis 3

B2Tom Septoria lycopersici 53
Sap1 Botrytis cinerea 48

TABLE 2. Standard substrates of family-3 GHs

Released residue Substratesa

�-D-Glucose..........................Cellobiose {[Glc (134)]2}, gentiobiose
{[Glc (136)]2}, sophorose {[Glc
(132)]2}, laminaribiose {[Glc
(133)]2}, aryl-�-glucosides (such as
salicin,� arbutin,� pNPG,� MUG,�
etc.), 1,4-�-glucans {[Glc (134)]n},
1,3-�-glucans {[Glc (133)]n}

�-D-Xylose............................Xylobiose {[Xyl (134)]2}, 1,4-�-xylans
{[Xyl (134)]n}, pNPX, MUX

�-N-Acetylglucosamine.......N,N�-Diacetylchitobiose {[Xyl (134)]2},
chitosaccharides {[Xyl (134)]n},
pNPGNac, MUGNac

a Other substrates, as well as the chemical structure of the glycosides with an
asterisk, are shown in Fig. 2. pNPG, p-nitrophenyl-�-D-glucopyranoside; pNPX,
p-nitrophenyl-�-D-xylopyranoside; pNPGNac, p-nitrophenyl-N-acetyl-�-D-glu-
cosaminide; MUG, methylumbelliferyl-�-D-glucopyranoside; MUX, methylum-
belliferyl-�-D-xylopyranoside; MUGNac, methylumbelliferyl-N-acetyl-�-D-glu-
cosaminide (these six are chromogenic substrates).
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homologous to NagZ appear to be conserved in several gram-
negative bacteria in which they would be expected to exhibit a
similar housekeeping function. Such a conserved function may
explain why the distribution of N-acetylglucosaminidases
among bacterial genomes may be biased when compared with
that of �-glucosidases and �-xylosidases (Fig. 1). In addition,
NagZ can cleave p-nitrophenyl-N-acetyl-�-D-glucosaminide
but does not hydrolyze N,N�-diacetylchitobiose. This feature is
consistent with the presence of a specific catalytic pathway for
the hydrolysis and assimilation of N,N�-diacetylchitobiose in E.
coli, in which the phospho-chitobiase, ChbF, belongs to the
family-4 GHs (28).

Two other remarkable works reported the stage-specific ex-
pression of family-3 �-glucosidases in the filamentous fungus
Coccidioides immitis (25) and in the amoeba Dictyostelium dis-
coideum during a cell differentiation process (6). Convergent
evidence about the hydrolytic properties of Bgl2 of C. immitis,
such as its cell wall localization, its stage-specific expression
during the parasitic cycle, and the use of a �-glucosidase-
specific inhibitor to block cell growth (25, 33), suggests that this
family-3 �-glucosidase plays a crucial role in the cell wall mor-
phogenesis and/or recycling of cell wall �-1,3-glucans. In the
case of the �-glucosidase of D. discoideum, fewer data on its
hydrolytic capacities are available but its lysosomal compart-
mentalization and its time-specific expression during the star-

vation-induced differentiation of D. discoideum into a multi-
cellular aggregate suggest that this enzyme may be a putative
recycling function of cell components (6). It should be empha-
sized that the Bgl2 protein of C. immitis exhibits highly anti-
genic properties. Therefore, the detection of Bgl2 antibodies
appears to be a useful immunodiagnostic test for coccidioid-
omycosis (33). A glycosylated family-3 �-glucosidase, named
antigen H, is also one of the major antigens present in the
culture filtrate of the pathogenic fungus Histoplasma capsula-
tum (15, 16).

In plants, the implication of family-3 enzymes in cell wall
turnover has also been investigated. A �-glucosidase, Exg1,
was purified and immunolocalized in the shoots of maize seed-
lings (29). Exg1 hydrolyzes different disaccharides (�-1,3-,
�-1,4-, �-1,2-, and �-1,6-), and exhibits an exo-�-D-glucanase
activity towards �-1,3- and �-1,4-oligosaccharides. This devel-
opmentally regulated enzyme seems to be involved in the turn-
over of �-1,3- and �-1,4-glucans. Exg1 could also take part,
together with endoglucanase (40), in the assembly of cellulose-
hemicellulose during cell growth. Interestingly, a gene encod-
ing a family-3 �-glucosidase was discovered downstream of the
cellulose synthase operon of the cellulose-producing pro-
teobacterium Acetobacter xylinus (58). While the role of a se-
creted �-1,4-endoglucanase in cellulose fiber formation was
already demonstrated in this bacterium (31), the part that the

FIG. 2. Examples of substituted glycosides as substrates of family-3 GHs. The diversity of the substituted glycosides that are hydrolyzed by
family-3 GHs is illustrated. Plant-derived compounds such as salicin, arbutin, coniferin, and avenacin-1, as well as the glucosylated antibiotic
oleandomycin, are cleaved by fungal or bacterial enzymes (3, 7, 12, 49). The fungal elicitors shown are putative substrates of family-3 GHs, as
discussed in the text.
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family-3 �-glucosidase plays in this process is still unknown and
should be regarded with attention.

Finally, in addition to their role in turnover and assembly of
cell wall components, the family-3 enzymes may be involved, in
concert with a set of different hydrolases, in the postgermina-
tion mobilization of the xyloglucan stored in grains of many
dicotyledonous seeds. Purified from the cotyledons of germi-
nated Tropaeolum majus seedlings, the �-glucosidase TMA7501
hydrolyzes �-1,3-, �-1,4-, �-1,2- and �-1,6-diglucosides and cel-
looligosaccharides and in vitro contributes to the total degra-
dation of xyloglucan oligosaccharides, in conjunction with �-D-
galactosidase and �-xylosidase (9). A similar function is also
hypothesized for two family-3 exo-�-D-glucanases from barley.
These two enzymes, ExoI and ExoII, were purified from 8-day-
old plants and were extensively characterized (23, 24, 62), but
their precise location in cell tissue remains unknown.

MODIFYING THE BIOLOGICAL ACTIVITY OF
FREE GLYCOSIDES

Three well-studied models describe the role of family-3 en-
zymes in the interaction between the organisms and their en-
vironment via the modification of the biological activity of
self-produced or exogenous glycosides. The first model is re-
lated to the production of antibiotic by bacteria of the genus
Streptomyces. During the biosynthesis of the macrolide olean-
domycin by Streptomyces antibioticus, an intracellar glycosyl-
transferase, OleI, inactivates the newly synthetized oleando-
mycin by the addition of a single glucose unit. Thereafter, the
glycosylated oleandomycin is excreted, and an extracellular
family-3 �-glucosidase, OleR, releases the active form of the
antibiotic (49, 50, 51). These glycosylation and hydrolysis steps
are therefore involved in the self-resistance mechanism of S.
antibioticus during oleandomycin biosynthesis. A similar func-
tion has been proposed for the family-3 �-glucosidase DesR in
Streptomyces venezuelae (66). Surprisingly, in Saccharopolys-
pora erythraea, the eryBI gene, encoding a family-3 �-glucosi-
dase, is not involved in the biosynthesis of erythromycin A
despite its position within the biosynthesis gene cluster (18).
An alternative mechanism of self-resistance may therefore ex-
ist.

In the second system, the fungus Trichoderma reesei modifies
the structure of cellulose-derived glucosides to generate so-
phorose, an inducer of the expression of cellulolytic enzymes.
The cellulolytic system of T. reesei is complex. In addition to
two cellobiohydrolases and four endoglucanases, a cell-associ-
ated �-glucosidase and an extracellular �-glucosidase are ex-
pressed in T. reesei. The excreted �-glucosidase Bgl1 belongs to
the family-3 enzymes. A Bgl1-deficient strain is still able to
grow on several carbon sources, such as cellulose and cellobi-
ose; nevertheless, a significant lag is observed for the cellulase
induction (17, 34), suggesting that the enzyme is involved in a
regulatory function rather than in an assimilative function. The
cellulase inducer, sophorose, is supposed to be formed from
cellooligosaccharides by the transglycosylation activity of
�-glucosidase. The transglycosylation activity has also been
reported in other family-3 GHs (9, 64). Besides Bgl1, T. reesei
excretes another family-3 enzyme, a �-D-xylosidase/�-L-ara-
binofuranosidase (21, 35).

In the last example, the substrates of the family-3 GHs are

plant-derived saponins. Saponins are glycosylated triterpe-
noids, steroids, or steroidal alkaloids that are present consti-
tutively in many plant species and have potent antifungal ac-
tivity (44, 45). Several phytopathogenic fungi are resistant to
saponins because they inactivate them by deglycosylation. The
first gene encoding a saponin-detoxifying enzyme, termed ave-
nacinase, was cloned from Gaeumannomyces graminis. This
avenacinase is a family-3 �-glucosidase that hydrolyzes the
saponin avenacin A-1 (Fig. 2). A fungal mutant lacking ave-
nacinase is not able to infect the saponin-producing host oat
(3). A tomato leaf-infecting fungus, Septoria lycopersici, also
excretes a family-3 �-glucosidase, B2Tom, which specifically
acts on saponin �-tomatine produced by tomato, and therefore
was named tomatinase (43, 53). Tomatinase-defective mutants
are more sensitive to �-tomatine than the wild-type Septoria
lycopersici, but no obvious consequence of the disruption of the
tomatinase-encoding gene was observed upon analysis of the
macroscopic symptoms of Septoria lycopersici infection in to-
mato leaves (36). Nevertheless, the expression of tomatinase in
Nectria haematococca resulted in its ability to detoxify �-toma-
tine and to parasitize green tomato fruit, an ability not shared
by the wild-type N. haematococca (54). A third pathogen, Bot-
rytis cinerea, contains at least three distinct saponin-detoxifying
glycosidase activities, one of which is characterized as the fam-
ily-3 �-glucosidase Sap1. A sap1 mutant, which has lost the
ability to deglycosylate avenacin, is still able to hydrolyze to-
matin, digitonin, and avenacosides (48). It should be empha-
sized that not all of the saponin-detoxifying enzymes belong to
family-3. The saponin-hydrolyzing enzyme excreted by Fusar-
ium oxysporum f. sp. lycopersici belongs to the family-10 GHs,
in which are clustered many fungal xylanases (52). Another
enzyme, an �-rhamnosidase that is secreted by Stagonospora
avenae, suffices to inactivate the saponin 26-desglucoavenaco-
sides. This fungus also produces a family-3 �-glucosidase that
releases glucose units from the �-rhamnosidase-inactivated
form of saponin (39). In this case, participation of this GH in
glucose assimilation was suggested but its involvement in the
hydrolysis of other, unknown, compounds should not be ex-
cluded.

In addition to these models, the role of family-3 GHs as
signal-modifying enzymes has been suggested, but still not
demonstrated, in the case of the phytopathogen Agrobacterium
tumefaciens for the modification of virulence inducers (7, 38),
such as coniferin (Fig. 2). Biotechnologically oriented research
also investigates the modifying activity of �-glucosidase to pro-
duce economically relevant aglycones or to modify the charac-
teristics of flavor molecules (22, 26, 30, 70).

EMERGING FIELDS FOR STUDY OF THE FAMILY-3
GHS IN HOST-MICROBE INTERACTIONS

The interest in the family-3 enzymes may be illustrated by
recent publications in the fast-moving field of host-microbe
interactions. In the case of animal models, a purified protein,
STI, from Salmonella enterica serovar Typhimurium that
causes systemic infection in mice has been identified as an
inhibitor of T-cell responsiveness to interleukin-2 (1). The pro-
tein STI is a family-3 GH and shows high homologies to BglX
from E. coli (37), the function of which is still unknown (68).
The mechanism of this puzzling link between a family-3 GH
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and the suppression of T-cell proliferation remains to be clar-
ified and should also be investigated in the case of BglX in E.
coli. Interestingly, another recent publication reported that
one of the most antigenic proteins of Histoplasma capsulatum
may be used to immunize mice and protect them from intra-
nasal infection with this pathogenic fungus (10). This protein is
a family-3 �-glucosidase, the amino acid sequence of which is
closely related to that of the immunoreactive �-glucosidase
Bgl2 of Coccidioides immitis. This feature suggests that Bgl2 or
other family-3 GHs, which are implicated in the morphogen-
esis of pathogenic fungi, should be assayed during immuniza-
tion procedures. On the other hand, in the field of plant-
microbe interactions, fungal elicitors, such as �-1,3-glucosides
(67) and N-acetylchitooligomers (41), are potential substrates
for family-3 enzymes (Fig. 2). These cell wall-derived com-
pounds activate the plant defenses at a nanomolar level, but
their length is crucial in retaining this biological activity. The
family-3 enzymes may play a key role in the modulation of the
plant elicitor response by modifying the structure and the con-
centration of these signals. Recently, a family-3 GH was iden-
tified as one of the six major proteins secreted from cultured
tobacco cells (42), and the degradation of fungal elicitors by
plant �-glucosidases was observed in suspension cultures of
rice plant cells (67). The impact of these plant enzymes on the
elicitor response remains to be investigated.

CONCLUSIONS

By modifying the structure of essential glycosides, the fam-
ily-3 GHs take part in the housekeeping functions of eukary-
otic and prokaryotic organisms, as well as in their interactions
with the environment. These functions are highly diverse, and
more sound information is required in some instances, espe-
cially in the case of cell wall remodeling and host-microbe
interactions. Still, the functions of these GHs cannot be pre-
dicted by the simple elucidation of a substrate range in vitro or
by the comparison of amino acid sequences. It is noteworthy
that many organisms contain more than one family-3 GH, as
exemplified by the thirteen putative family-3 GHs that were
discovered in the genome of Arabidopsis thaliana. In this re-
spect, increased knowledge of the physiological roles of repre-
sentative members of the GH family-3 in model organisms, as
well as of the relationships between the three-dimensional
structure and catalytic properties, is still required before there
can be any predictive analysis of the role of family-3 GHs
emerging from genomic databases.
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