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Abstract Members of the (1->3)-f-glucan glucanohy-
drolase (EC 3.2.1.39) gene family have been mapped on
the barley genome using three doubled haploid populations
and seven wheat-barley addition lines. Specific probes or
polymerase chain reaction (PCR) primers were generated
for the seven barley (1—3)-S-glucanase genes for which
cDNA or genomic clones are currently available. The
seven genes are all located on the long arm of chromosome
3 (BHL), and genes encoding isoenzymes GI, GII, GIII,
GIV, GV and GVII (ABG2) are clustered in a region less
than 20 cM in length. The region is flanked by the RFLP
marker MWG2099 on the proximal side and the Barley
Yellow Mosaic Virus (BYMV) resistance gene ym4 at the
distal end. The gene encoding isoenzyme G VI lies approx-
imately 50 ¢cM outside this cluster, towards the centromere.
With the exception of the gene encoding isoenzyme GIV,
all of the (1—3)-B-glucanase genes are represented by sin-
gle copies on the barley genome. The probe for the isoen-
zyme GIV gene hybridized with four DNA bands during
Southern blot analysis, only one of which could be incor-
porated into the consensus linkage map.
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Introduction

(1—3)-B-Glucanases are widely distributed in higher
plants, where they function in normal developmental pro-
cesses such as microsporogenesis, pollen-tube growth, se-
nescence and in the removal of dormancy or wound cal-
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lose (Bucciaglia and Smith 1994; Hird et al. 1993; Stone
and Clarke 1993). However, most attention has been fo-
cussed on their role in plant-pathogen interactions. The
(1—-3)-B-glucanases are classified with the pathogenesis-
related (PR) group of proteins that are expressed when
higher plants are challenged by a broad range of fungi, bac-
teria, viruses or viroids (Boller 1987; Stintzi et al. 1993).
There is no evidence to suggest that (1-3)-f-glucanase
genes represent plant resistance genes of the type envis-
aged by the gene-for-gene model of plant-pathogen inter-
actions (Staskawicz et al. 1995; Godiard et al. 1994; Jones
1994). It is more likely that the enzymes participate in a
general, non-specific response to pathogen attack through
their ability to hydrolyse the substituted or branched
(1—-3)-B-glucans that are common constituents of fungal
cell walls (Wessels 1993).

In barley, (1—3)-f-glucanase isoenzymes are encoded
by at least seven genes (Hgj et al. 1989; Xu et al. 1992,
Wang et al. 1992; Malehorn et al. 1993; Xu et al. 1994).
The products of these genes have been designated isoen-
zymes GI-GVI (Xu et al. 1992) and ABG2 (Malehorn
et al. 1993). Here, the ABG?2 isoform is referred to as iso-
enzyme GVIL In the work presented here we have used
DNA probes that are specific for genes encoding isoen-
zymes GI-GVI1and polymerase chain reaction (PCR) prim-
ers designed to specifically amplify a fragment of the iso-
enzyme GVII gene to map the barley (1—3)-3-glucanase
gene family. All of the genes map to the long arm of chro-
mosome 3 (3HL).

Materials and methods
Plant material

Wheat-barley addition lines described by Islam et al. (1981) were
provided by Drs K. W. Shepherd and A. K.R. M. Islam, and the bar-
ley chromosome 5 (1H*) addition line, which is a double monosom-
ic addition containing one copy each of chromosomes 5 (1H) and
6 (6H) (Islam and Shepherd 1990), was made available by Dr.
A.K.R.M.Islam. The wheat (Triticum aestivum cv ‘Chinese Spring’)
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Table 1 Probes used to map (1—3)-f-glucanase genes

Isoenzyme  Type Position of probe® Length
of clone of probe
GI cDNA 3’-Untranslated region 121 bp
GII cDNA 3’-Untranslated region 215 bp
GIII Genomic 810 1236 bp 1229 bp
GIV Genomic 1684-2218 bp 535 bp
GV cDNA 3’-Untranslated region 216 bp
GVI Genomic Entire clone 1948 bp

# The base pair numbering system follows Xu et al. (1992)

and barley (Hordeum vulgare cv. ‘Betzes’) parents of the addition
lines were provided by Dr. K. W. Shepherd. Throughout this paper
the numbers of the equivalent wheat homoeologous group of chro-
mosomes are placed in parentheses after the traditional barley chro-
mosome number.

Three doubled haploid (DH) populations were used for mapping
the barley (1—3)--glucanase genes. One population consisted of
60 DH lines generated using the Hordeum bulbosum method (Hayes
and Chen 1989) from the cross ‘Clipper’x‘Sahara’ and was gener-
ously provided by Dr. A. K. R. M. Islam. Two other populations, con-
sisting of 114 DH lines from a ‘Haruna Nijo’x‘Galleon’ cross and
120 DH lines from a ‘Chebec’x‘Harrington’ cross, were very kind-
ly provided by Dr. S. Logue.

DNA isolation and Southern blot analysis

Large-scale DNA isolations were made from approximately 5 g fresh
barley leaves using the procedure of Guidet et al. (1991). Gel elec-
trophoresis, blotting and hybridization were performed as described
by Reed and Mann (1985). Gene-specific probes for isoenzymes GI-
GVI were as described in Table 1. The shorter DNA fragments for
the genes encoding isoenzymes GI, GII and GV were labelled with
a-[**P]dCTP using specific oligonucleotide primers, while the long-
er probes for genes encoding isoenzymes GIII, GIV and GVI were
labelled using random primers (Table 1). To identify polymorphism
amongst the six parental varieties, DNA preparations from those va-
rieties were digested with restriction endonucleases EcoRI, EcoRV,
Dral, BamHI or HindIIL If no polymorphisms were detected, the
DNA samples were subsequently digested with Sall, Sacl, Xbal,
Haelll, Ddel or Alul. Linkage analyses were conducted with Map-
maker (Lander et al. 1987) and JoinMap software (Stam 1993).
Crossover units were converted into map distances (centiMorgan,
cM) using the Kosambi function (Kosambi 1944).

PCR analysis

A DNA clone encoding barley (1->3)-5-glucanase isoenzyme GVII
was not available, although the sequence of the gene has been pub-
lished (Malehorn et al. 1993). As an alternative to restriction frag-
ment length polymorphism (RFLP) mapping, PCR was used to map
the isoenzyme GVII gene. Primers corresponding to the flanking re-
gions of the single intron of the gene were used to amplify the intron
(Fig. 1), which was likely to represent that portion of the gene most
divergent from other (1—3)-f-glucanase gene sequences (Weining
and Langridge 1991). The PCR reaction was carried out in a total re-
action volume of 25 ul, which contained 0.2 ug genomic DNA tem-
plate, 0.2 pM each primer, 200 uM each of dATP, dCTP, dGTP and
dTTP, 1.5 mM MgCl, and 0.5 units 7ag polymerase. After 4 min at
94°C, 35 cycles of 1 min at 94°C, 2 min at 50°C and 2 min at 72°C
were performed and the reaction terminated at 72°C for 5 min fol-
lowed by 5 min at 25°C. The PCR products were separated on 1.5%
agarose gels and DNA bands were examined under UV light after
ethidium bromide staining.
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Fig. 1 Schematic representation of the locations of oligonucleotide
primers for PCR amplification of the 3-glucanase isoenzyme GVII
gene. The numbering system is based on that of Malehorn et al. (1993)

Results
Specificity of probes

Overall positional identities of amino acid sequences in
mature (1—3)-5-glucanases from barley range from 44%
to 78%, and the enzymes are characterized by regions of
up to ten identical amino acids that are interspersed with
variable regions (Xu et al. 1992). To ensure that the DNA
probes (Table 1) used to map individual (1-—3)-83-gluca-
nase genes were specific, we tested each probe against
c¢DNA or genomic DNA dot blots under the same strin-
gency conditions used in the Southern blot hybridizations.
Probes for genes encoding isoenzymes GI, GII, GIV, GV
and GVI exhibited no cross-hybridization with any other
genes (Fig. 2). In the case of the probe used to detect the
gene for isoenzyme GIII, some hybridization with other
barley (1—3)--glucanase genes or cDNAs was evident
(Fig. 2). Nevertheless, the hybridization signal with this
probe was very much stronger against the isoenzyme GIII
gene than against the other cDNAs or genes (Fig. 2), and
the probe could therefore be used in Southern blot analy-
ses to locate the isoenzyme GIII gene.
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Fig. 2 Specificity of probes for mapping the barley (1—3)-B-glu-
canase genes encoding isoenzymes GI to GVI. DNA from ¢cDNAs
or genes (Xu et al. 1992) was spotted on nitrocellulose paper strips,
and individual strips were probed with “gene-specific” oligonucleo-
tides or DNA fragments shown in Table 1



RFLP mapping of genes encoding isoenzymes GI to GVI

The genes encoding isoenzymes GI and GVI were found
to be highly polymorphic, with at least two of the six pa-
rental varieties from the mapping populations showing
polymorphism with each restriction enzyme used (data not
shown). The genes for isoenzymes GII and GIII showed
polymorphisms when DNA from vars ‘Clipper’ and
‘Sahara” were digested with Xbal or Sall, the gene for iso-
enzyme GIV showed polymorphism between ‘Chebec’ and
‘Harrington’ digested with Dral and the isoenzyme GV
gene showed polymorphism between ‘Galleon” and
‘Haruna Nijo” digested with Xbal (data not shown).

All genes except the gene encoding isoenzyme GIV
were detected as single DNA bands after hybridization
with the specific DNA probes. This indicated that the genes
for isoenzymes GI, GII, GIII, GV and GVI are represented
by single copies on the barley genome. In contrast, South-
ern blots probed with the isoenzyme GIV DNA revealed a
relatively complex banding pattern; the probe hybridized
with four genomic DNA fragments, only one of which was
polymorphic and could be mapped. When the alternative
procedure of PCR mapping was used to amplify the 5’-un-
translated region of the isoenzyme GIV gene, several PCR
products were again detected (data not shown).

Linkage analysis of the RFLP banding patterns showed
that the genes for barley (1—3)-f-glucanase isoenzymes
GI to GVI are all located on the long arm of chromosome
3 (3HL). The positions of the genes in a consensus linkage
map are shown in Fig. 3. The five genes encoding isoen-
zymes Gl to GV lie clustered in aregion of less than 20 ¢cM,
between the RFLP marker MWG2099 and the ym4 gene
for Barley Yellow Mosaic Virus (BYMV) resistance
(Fig. 3). The distance between the genes for isoenzymes
GII and GIII is only 0.5 cM. Of the genes within this clus-
ter the isoenzyme GI gene is closest to the centromere
(76 cM), and the most distal gene is isoenzyme GV. The
isoenzyme GV gene is closely linked with both the ym4
gene (6.6 cM) and the alcohol dehydrogenase Adhl0 gene
(3.0 cM). The RFLP markers most closely linked with the
genes encoding barley (1—3)--glucanase isoenzymes GI
to GVI are cMWG693 (0.1 cM), BCD131 (0.2 cM),
BCD131 (0.7 cM), MWG41 (0.5 ¢cM), MWG838 (0.8 ¢cM)
and CDO178 (1.8 cM), respectively. The gene encoding
isoenzyme GVl is located outside the cluster, in a position
between the centromere and the isoenzyme GI gene
(Fig. 3). The isoenzyme GVI gene is 26 cM from the cen-
tromere region and 50 cM from the isoenzyme GI gene.

PCR mapping of the gene for isoenzyme GVII

The primers shown in Fig. 1 were used in PCRs to amplify
DNA fragments from the intron of the gene for isoenzyme
GVII, with the templates being genomic DNA preparations
from wheat, barley and the wheat-barley addition lines.
The isoenzyme GVII gene corresponds to the ABG2 gene
isolated and characterized by Malehorn et al.. (1993), and
a fragment of 310 bp would be predicted from their se-
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Fig. 3 Consensus linkage map of the seven barley (1—3)-f-gluca-
nase genes, encoding isoenzymes GI to GVII, on the long arm of
chromosome 3 (3H), in which GI, GII, GIII, GVI and GVII were
mapped in the ‘Clipper’x‘Sahara’ DH population, and GIV and GV
were mapped in the ‘Chebec’x‘Harrington’ and ‘Haruna Nijo’x
‘Galleon’ DH populations, respectively
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Fig. 4 PCR products of wheat, barley and wheat-barley addition
lines using isoenzyme GVII primers (Fig. 1). Lane I Wheat (cv ‘Chi-
nese Spring’), lane 2 barley (cv ‘Betzes’), lanes 3—-9 wheat-barley
addition lines 1H-7H. lanes 10-15 barley cvs ‘Clipper’, ‘Sahara’,
‘Galleon’, ‘Haruna Nijo’, ‘Chebec’ and ‘Harrington’, respectively.
DNA size markers are shown in lanes M

quence data. A PCR product of approximately 310 bp was
amplified from barley DNA and from DNA of the wheat-
barley addition line 3H; this product was not detected in
DNA from wheat or the other wheat-barley addition lines.
These results indicated that the isoenzyme GVII gene is
located on barley chromosome 3 (3H). However, the
PCR-amplified product from the ‘Sahara’ parent of the
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‘Clipper’x‘Sahara’ DH lines was approximately 600 bp in
length (Fig. 4), and this polymorphism allowed the isoen-
zyme GVII gene to be mapped. Linkage analysis confirmed
that the isoenzyme GVII gene is located on chromosome
3 (3H). It is found in the region of the (1—3)-f3-glucanase
gene cluster, 7.7 cM from the isoenzyme GIIT gene and
4.2 cM from the isoenzyme GIV gene (Fig. 3). The RFLP
marker nearest the isoenzyme GVII gene is CDO105
(0.6 cM).

Discussion

Using RFLP and PCR mapping procedures we have been
able to incorporate the genes encoding seven individual
(1—-3)-B-glucanase genes into a high-density consensus
linkage map for barley (Fig. 3). The genes are all located
on the long arm of chromosome 3 (3HL), and six of the
genes are grouped within 18.2 cM of each other. The gene
encoding isoenzyme GV1is found between the major group
of (1—-3)-B-glucanase genes and the centromere (Fig. 3).
Each of the genes is represented on the barley genome by
a single copy, with the possible exception of the isoenzyme
GIV gene, for which multiple DNA fragments were de-
tected during both RFLP and PCR mapping experiments.
It is not clear whether this result indicates the presence of
additional (1—3)-f-glucanase genes which share a high
degree of sequence identity with the isoenzyme GIV probe
or whether the isoenzyme GIV gene is a representative of
a subfamily. Polymorphisms were detected on only one of
the DNA fragments that hybridized with the isoenzyme
GIV probe. This precluded the mapping of the other three
genes, if they indeed exist, and until these effects are in-
vestigated in more detail, we are unable to make firm con-
clusions about the number of (1—3)-f-glucanase isoen-
zyme GIV genes in barley.

In an earlier study, Kleinhofs et al. (1993) used a near
full-length ¢cDNA encoding isoenzyme GII (Hgj et al.
1989) to map barley (1—3)-B-glucanase genes. Two loci
were mapped to the long arm of barley chromosome 3 (3H),
and the genes were designated GIb3 and GIb4 (Kleinhofs
et al. 1993), but the lack of specificity of the probe pre-
vented the assignment of the two loci to individual (1—3)-
[B-glucanase genes. However, on the basis of the relative
map positions (Fig. 3 cf. Kleinhofs et al. 1993) and the high
degree of sequence identity between isoenzymes Gl and
GII (Xuetal. 1992), itis likely that GIb3 and Gib4 of Klein-
hofs et al. (1993) correspond to the genes encoding (1—3)-
B-glucanase isoenzymes GII and GI, respectively.

The use of the designations G/b3 and Glb4 by Klein-
hofs et al. (1993) raises a general problem with the nomen-
clature for B-glucanase genes. Cereal f3-glucan endohydro-
lases can be divided into three major classes: the (1—3)-
B-glucanases (EC 3.2.1.39), the (1—3,1—4)-B-glucanases
(EC 3.2.1.73) and the (1—4)--glucanases (EC 3.2.1.4) or
endo-cellulases (Hgj and Fincher 1995). Given that two
(1-3,1-4)-B-glucanase isoenzymes, designated isoen-
zymes EI and EII (Woodward and Fincher 1982; Slakeski

et al. 1990), and seven (1—3)-f-glucanase isoenzymes,
designated isoenzymes GI to GVII (or in the case of iso-
enzyme GVII, ABG2) (Xu et al. 1992; Malehorn et al.
1993), have so far been characterized and that there is every
possibility that barley cellulases will be described in the
future, any systematic nomenclature for the genes encod-
ing these related polysaccharide hydrolases must not only
take account of their different specificities but must also
allow for the identification of multiple isoforms within
each enzyme class. We therefore propose that the (1—3)-
B-glucanase genes be designated GIb31 to Glb3x, where 3
indicates that the (1—3)-linkage is cleaved and x is the
number of the individual isoenzyme. In this system the
gene for (1—3)-fB-glucanase isoenzyme GV would there-
fore be GIb35; for isoenzyme GVII, GIb37, etc. Similarly,
the genes for (1—4)-fB-glucanases, or cellulases, could be
designated GIb41 to Glb4x, where the 4 indicates that the
(1-»4)-linkage is hydrolysed and x represents the individ-
ual isoform. In the case of the (1—3, 1-—4)-f-glucanases,
of which there are only two isoforms in wheat and barley
(Slakeski et al. 1990), the simplest designations for isoen-
zymes EI and EII would be GIb1 and Gib2, respectively.
This nomenclature has been adopted in earlier work
(Segaard and von Wettstein-Knowles 1987; von Wettstein-
Knowles 1992).

Comparative studies on barley (1->3)-S-glucanases
and (1—-3,1—4)-B-glucanases suggest that these enzymes
are members of a single “super-gene” family and that, in
all likelihood, the (1—3,1—4)-f-glucanases diverged
from the (1—3)-f-glucanases during the appearance of the
graminaceous monocotyledons (Hgj and Fincher 1995).
The evidence is based on similarities in their three-dimen-
sional structures (Varghese et al. 1994), in the topology of
their substrate binding domains (Hrmova et al. 1995), in
their catalytic mechanisms (Chen et al. 1993 1995) and in
the structure of their corresponding genes (Hgj et al. 1989;
Slakeski et al. 1990; Xu et al. 1992; Wang et al. 1992). In
considering possible evolutionary pathways of the barley
B-glucanases, Hgj and Fincher (1995) used the algorithms
of Hein (1990) to reconstruct a phylogenetic tree, of which
a modified version is shown in Fig. 5. The question arises
as to whether the position of individual (1—3)-S-gluca-
nase genes on the phylogenetic tree can be reconciled with
their positions on the linkage map shown in Fig. 3. Com-
parisons of the tree generated by sequence similarity and
the linkage distances revealed many similarities (Figs. 5
and 3), in particular the close relatedness of isoenzymes
GI and GII, isoenzymes GIII and GVII, and isoenzymes
GIV and GV. Furthermore, isoenzyme GVI is placed fur-
thest from the other isoenzymes in both cases (Figs. 3 and
5). The major difference is the relative proximity of the
isoenzyme GII/GIII pair in the linkage map analysis (Fig. 3
cf. Fig. 5).

The two barley (1—3,1—4)--glucanases have been
classified with the (1—3)-f-glucanases in a single gene
family (Hgj and Fincher 1995), but the genes encoding the
(1-3,1—4)-B-glucanase isoenzymes EI and EII are lo-
cated on the long arms of chromosome 5 (1H) and chro-
mosome 1 (7H), respectively (Loi et al. 1988; MaclLeod
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Fig. 5 Possible phylogeny of the barley (1—3)- and (13,1 —4)-
B-glucanase genes, based on alignments of amino acid sequences
and the algorithm of Hein (1990). (1—3)-3-Glucanase genes are des-

. ignated GI to GVII and (1-3,1—4)-f-glucanase genes are desig-
nated EI and EII, in accordance with the corresponding isoenzymes
they encode (Xu et al. 1992; Hgj and Fincher 1995; Malehorn et al.
1993)

et al. 1991). If the genes encoding (1-53,1—4)-f-gluca-
nases are indeed derived from (1—3)-f-glucanase genes
(Hgj and Fincher 1995), all of which are located on chro-
mosome 3L (3HL) (Fig. 3), it is clear that multiple chro-
mosomal translocations accompanied (1—3,1—4)--glu-
canase evolution.

The distribution of (1—3)-3-glucanase genes along a
single barley chromosome arm implies that duplication of
the ancestral gene occurred via a type of illegitimate re-
combination rather than by an excision, duplication and re-
insertion mechanism. It is possible that gene duplication
occurred initially by tandem duplication of the ancestral
gene. Subsequent dispersal along the chromosome could
have been affected by chromosome rearrangements. It is
noteworthy that the organization of the barley (1-3)-3-
glucanase genes on chromosome 3 (3H) is similar to that
of the barley hordein genes on chromosome 5 (1H) (Shewry
and Miflin 1982; Bunce et al. 1986; Shewry et al. 1990)
and the clustering of a-amylase genes (Amy/) on chromo-
some 6 (6H) (Khursheed and Rogers 1988; Takano and Ta-
keda 1987). The -amylase genes may represent an early
stage in the evolutionary process, where the duplicated
genes are still closely linked.

The final point for consideration in the evolution of the
barley (1—3)-f-glucanase gene family is the apparent
need for multiple isoforms of the enzyme. There are at least
seven (1—3)-fB-glucanase genes in batley (Xu et al. 1992;
Malehorn et al. 1993). Apart from the isoenzymes that are
involved in normal plant (1—3)- 8-glucan metabolism dur-
ing wounding, senescence, microsporogenesis and pollen-
tube growth (Stone and Clarke 1993), “pathogenesis-re-
lated” (1—3)-B-glucanases might be expressed either con-
stitutively or only after pathogen attack, and there may be
requirements for different responses in different tissues.
Furthermore, the enzymes might be transported either to
the extracellular space or to different internal compart-
ments of the cell. In barley, (1—>3)-3-glucanase isoen-

795

zymes GII and GIII are extracellular (Hgj et al. 1989; Wang
et al. 1992), isoenzyme GIV is vacuolar (Xu et al. 1992)
and isoenzymes Gl and GV may be cytosolic (Xu et al.
1994). The multiplicity of (1—3)-fB-glucanase functions,
together with the apparent advantages afforded to the plant
by having several lines of defence against invading micro-
organisms at the cellular level (Mauch and Staehelin 1989;
Van den Bulcke et al. 1989), presumably explains the need
for multiple genes with independent controlling mecha-
nisms.

In the context of (1—3)-B-glucanase expression during
plant-microbe interactions, there is increasing evidence
from analyses of infection of barley with the leaf scald fun-
gus Rhynchosporium secalis (Roulin, Brown and Fincher,
unpublished) and the powdery mildew fungus Erysiphe
graminis (Xu et al. 1992; Malehorn et al. 1993), and from
the induction of (1—3)-B-glucanases with N-acetylchito-
oligosaccharides of fungal cell-wall origin (Kaku, Shi-
buya, Aryan and Fincher, unpublished), that the gene en-
coding isoenzyme GII is particularly important in the
plant’s response to pathogen attack. It is noteworthy that
the scald resistance genes Rrs] and Rrs2 are also located
on the long arm of chromosome 3 (3HL) together with re-
sistance genes for leaf rust and net blotch (Sggaard and
von-Wettstein-Knowles 1987). However, at this stage we
are unable to conclude whether or not any relationship ex-
ists between the disease resistant genes and the (1-3)-f-
glucanase genes that have been mapped in the present
work.
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