
VOL. 110, NO. 4, 2004   303 

The (1-3,1-4)-�-Glucanases in Malting Barley: 
Enzyme Survival and Genetic and 

Environmental Effects 

J.E. Georg-Kraemer1,6, E. Caierão2, E. Minella3, 

J.F. Barbosa-Neto5 and S.S. Cavalli 1,4,6 

ABSTRACT 
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Eighteen barley genotypes used in Brazilian malting barley 
breeding programs were characterized in relation to (1-3,1-4)-�-
glucanase activity in green and kilned malt. They were tested to 
determine the loss of enzyme activity during kilning in the malt-
ing process and the environmental effects on enzyme activity 
were measured. The genotypes analyzed showed great variation 
regarding the enzyme activity in both kinds of malt, in a range 
from 531.94 to 934.31 U/kg in green malt, and from 187.02 to 
518.40 U/kg in dry malt. The mean enzyme activity loss during 
kilning was close to 60%, very similar to the results obtained in 
other studies. The loss among genotypes varied from 8.04% to 
71.54%. The enzyme activity varied significantly under the dif-
ferent environments tested, showing existence of environmental 
effects on the genotypes analyzed. Embrapa 127 was the geno-
type that exhibited the highest enzyme activity in finished malt 
although it had shown a low activity in green malt, reflecting a 
negligible loss of activity during kilning. The data indicate prom-
ising results to malting barley breeding due to the wide variabil-
ity exhibited by genotypes as to enzyme activity and levels of 
isoenzyme with high thermostability. 

Key words: Barley, (1-3,1-4)-�-glucanases, environmental, en-
zyme activity, kilning, malting. 

INTRODUCTION 
During the germination of barley (Hordeum vulgare 

ssp. vulgare L.) grains, hydrolytic enzymes secreted from 
the aleurone layer and scutellum depolymerise the starch 
and the reserve proteins stored in the cells of the starchy 

endosperm. An important preliminary event in this process 
is the removal of the walls of the endosperm cells because 
they act as a physical barrier that restricts access of hydro-
lytic enzymes to their substrates within the cell. Cell walls 
of the starchy endosperm of barley consist of approxi-
mately 70% (1-3,1-4)-�-D-glucans and 20% arabinoxylan, 
together with smaller amounts of mannose-containing 
polysaccharides and cellulose4. 

During the first stage in the cell wall breakdown, �-glu-
cans are brought into solution. As revised by Palmer and 
Agu19, in general, it has been proposed that enzymes such 
as (1,3)-endo-�-glucanases, carboxypeptidases, phospho-
lipases, �-glucan solubilases, or (1-4)-endo-�-glucanases 
may be involved in the release of �-glucan into solution. 
Although the principles of this release are not understood, 
it is accepted that the �-glucans so dissolved are then at-
tacked by the (1-3,1-4)-�-glucan endohydrolases (EC 
3.2.1.73), also named (1-3,1-4)-�-glucanases. 

Two isoenzymes of (1-3,1-4)-�-glucanases, EI and EII, 
have been purified from extracts of germinating barley. 
These isoenzymes exhibit almost identical substrate speci-
ficities and kinetic properties27, and act specifically on 
�-(1,4) linkages but only if there is an adjacent (1,3)-�-
glucosyl residue toward the non-reducing end of the sub-
strate27. However, EI and EII can be readily distinguished 
by their apparent molecular weight, isoelectric point, 
carbohydrate content, and thermal stability. Enzyme I, 
codified by the gene Glb1 3, has Mr 28000, an isoelectric 
point of 8.5, and contains approximately 0.7% associated 
carbohydrate26. Enzyme II, codified by the gene Glb2 21, 
has Mr 33000, an isoelectric point > 10, and contains ap-
proximately 4% carbohydrate26. Isoenzyme EI is far less 
stable at elevated temperatures than the more heavily gly-
cosylated isoenzyme EII. It has been suggested that the 
differences in carbohydrate content of the isoenzymes are 
responsible for dramatic differences in their respective 
thermostabilities12. 

Based on the high degree of amino acid sequence ho-
mology (approximately 90%), Woodward et al.28 sug-
gested that the enzymes are derived from different genes, 
which originated by duplication of a common ancestral 
gene. Molecular analyses have shown that the isoenzyme 
EI gene is located on barley chromosome 5, while the 
isoenzyme EII gene is carried by chromosome 113,21. Litts 
et al.11 suggested the existence of several other sequences 
related to the gene family encoding (1-3,1-4)-�-glucanase 
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enzymes in barley that could be identified by Southern 
blot analyses, apart from genes for isoenzymes EI and EII. 
Genes encoding two barley (1-3,1-4)-�-glucanase iso-
enzymes have been cloned and sequenced11,21,25. 

Endosperm cell wall degradation during germination is 
considered important in malt production for the brewing 
industry, where barley is germinated under conditions 
designed to maximize endosperm modifications while 
limiting seedling growth24. Insufficient degradation of cell 
walls reduces malt extract because it limits the diffusion 
of germination enzymes and the mobilization of kernel re-
serves. Moreover, the presence of residual �-glucans may 
lead to highly viscous wort and beer, giving rise to diffi-
culties in filtration in the brewery. Residual �-glucans may 
also play a role in beer maturation, promoting the forma-
tion of undesirable precipitate and hazes16. Problems asso-
ciated with residual �-glucans depend not only on initial 
�-glucan levels but also on the amount of (1-3,1-4)-�-glu-
canases produced during malting. Consequently, a major 
aim of most barley breeding programs is the identification 
and development of varieties that produce and maintain 
high levels of the (1-3,1-4)-�-glucanases. 

Since (1) the (1-3,1-4)-�-glucanases play a key role in 
the depolymerization of barley �-glucans during malting, 
(2) the activity of these enzymes is partially lost during 
kilning in the malting process, and (3) environmental con-
ditions affect their activity, 18 barley genotypes used in 
Brazilian breeding programs of malting barley were char-
acterized in relation to (1-3,1-4)-�-glucanase activity in 
green and kilned malt, tested to determine the loss of en-
zyme activity during kilning in the malting process, and 
environmental effects on the activity of these enzymes 
were measured. 

MATERIALS AND METHODS 
Plant material 

Seed samples of 18 barley genotypes, comprising com-
mercial cultivars and experimental lines (F6 generation), 
used in Brazilian malting barley breeding programs (Table 
I) were supplied by AmBev Brewery (Brazil). Each geno-

type was grown at Encruzilhada do Sul, Brazil, in 1999, in 
blocks without replications. Two genotypes with contrast-
ing levels of (1-3,1-4)-�-glucanase activity in green malt 
and two others in dry malt were grown, in 2002, in three 
sites in South Brazil. In two locations (Passo Fundo and 
Victor Graeff, RS) the plants were arranged in a random-
ized block design with two replications and an unrepli-
cated randomized block in the third location (Guarapuava, 
PR). Data regarding these sites are shown in Table II. 

Malting procedure 

Barley grain samples of 18 genotypes were harvested 
in 1999 and an amount equivalent to 340 g dry weight per 
genotype was malted in a micromalting unit at AmBev 
Brewery, Navegantes Malting Subsidiary. Extraneous mat-
ter and small grains (< 2.2 mm) were removed. The 
malting conditions, allowing an average degree of steeping 

Table I. Barley genotypes (cultivars and F6 lines) analyzed with data of 
their genealogies. 

Genotypes Genealogies 

Cultivars  
BR 2 FM 424 /NORBERT 
Robust Morex /Manker 
MN 698 MN 599 /MN 635 
Simona — 
Morex CREE /Bonanza 
Embrapa 127 Alexis /BR 2 
Menuet L 92 /Minerva /Emir /3 /Zephyr 

F6 lines  
CEV 97004 — 
CEV 96025 Stirling/MN 599 
CEV 97068 Embrapa 43 /PFC 9114 
CEV 97047 (Alexis /Embrapa 43) /BRS Borema 
Ana /B-99-90 no 9089 Uruguay 1980  
MN 662 /Triumph Antártica 5 /(FM 437/Villa); 

Hadmersieben24566 / /Diamant / 
ST140264 /3 /ALSA /ABYSSINIAN / / 
UNION 

MN 677/Alexis Antártica 5 /(FM 424 /FM429); 
Proctor /Carlsberg II /Heine 480 /St. vLP 

BR 2x2 /MN 610 FM 424 /NORBERT; FM 434 /Duvekot 
BR 2 /MN 682 FM 424 /NORBERT; MN 635 /MN 599 
MN 691/Guimpel (Bonita /MN 377) /MN 599; Gerlinde /Karat 
MN 657/Guimpel FM 519 /Antártica 5; Gerlinde /Karat 

Table II. Soil type, average monthly temperatures (T °C) and rainfall, latitude, longitude and altitude of each site where seeds were harvested in 1999 
(Encruzilhada do Sul) and 2002 (Passo Fundo, Victor Graeff, Guarapuava). 

   Growing season 

Site Soil Climate May Jun Jul Aug Sep Oct Nov Dec 

Encruzilhada do Sul Typical dystrophic Tmin 10.5 8.7 8.7 9.0 10.8 12.0 13.5 16.3 
Rio Grande do Sul red yellow clay Tmax 18.6 16.6 16.1 19.2 20.4 21.0 25.1 27.4 
30°33�S; 52°33�W “Camaquã” group Rainfall 211.7 144.4 126.9 53.3 112.4 137.1 41.3 134.2 
Altitude 432 m           

Passo Fundo Typical dystrophic Tmin 12.9 9.3 8.6 11.3 9.1 14.8 15.1 16.8 
Rio Grande do Sul red Latsol Tmax 22.4 18.6 18.2 20.4 20.0 24.1 26.5 27.3 
28°15�S; 52°24�W  Rainfall 192.4 241.9 146.3 233.8 253.6 372.3 205.0 329.5 
Altitude 687 m           

Victor Graeff Dystrophic with clay Tmin 12.9 9.3 8.6 11.3 9.1 14.8 15.1 16.8 
Rio Grande do Sul deep dark red Latsol Tmax 22.4 18.6 18.2 20.4 20.0 24.1 26.5 27.3 
28°55�S; 52°74�W  Rainfall 192.4 241.9 146.3 233.8 253.6 372.3 205.0 329.5 
Altitude 455 m           

Guarapuava Typical Bruno Latsol Tmin 12.1 11.7 8.0 10.9 8.8 14.9 14.2 15.9 
Paraná with aluminum Tmax 21.1 21.8 19.1 21.4 21.2 25.2 25.3 26.3 
25°23�S; 51°27�W  Rainfall 245.4 22.8 75.2 144.2 194.4 197.4 239.6 157.4 
Altitude 1.100 m           
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of 44%, are given in Table III. Green malt samples were 
taken just before raising the temperature for kilning. The 
grains were frozen by contact with dry ice and freeze-
dried. The remaining material gave finished malt after 
kilning. The malt, green and kilned, was ground with a 
roller mill (Buhler-Miag, Braunschweig, West Germany) 
with a roller separation of 0.2 mm. For the four genotypes 
grown and harvested in 2002, samples of malt were devel-
oped separately, one for each replication per site, in the 
same conditions described above. 

�-Glucanase activity assay 

�-Glucanase activity in green malt (before kilning) and 
finished malt (after kilning) was measured according to 
McCleary and Shameer15 with the commercial kit of 
‘Azo-barley glucan method’ (Megazyme Ltd., Ireland), 
but using half of the recommended quantity for the flour 
and all reagents of the kit and following the protocol of 
Zwickert-Menteur et al.30 Preliminary tests indicated no 
differences between the recommendation of the manufac-
turer and this condition. For green malt, a further dilution 
was made due to higher levels of �-glucanase activity 
when the kilning step was omitted. The two replications 
of material from 2002, which were malted independently, 

were analyzed for �-glucanase activity separately. The �-
glucanase activity was expressed in U/kg of dry malt, 
where U is the International Unit of enzyme activity. One 
unit (U) of activity is the amount of enzyme that releases 
one micromole of reducing sugar equivalent per minute 
under defined conditions of temperature and pH (30°C and 
pH 4.6 in this assay). All assays were performed in tripli-
cate or, in few cases, in duplicate, and the mean activity 
was calculated. 

Statistical analysis 

The data were analyzed by One Way ANOVA using the 
SAS program (SAS Institute). 

RESULTS 
Genetic effect 

Levels of (1-3,1-4)-�-glucanase activity analyzed in 
the green and finished malt from the 18 genotypes grown 
in Encruzilhada do Sul, in 1999, are shown in Table IV. 
The varieties analyzed showed great variation with regard 
to the enzyme activity in both kinds of malt. For green 
malt, the highest value of activity was 934.31 U/kg ob-
served in the line obtained by the cross BR 2x2 /MN 610, 
while the lowest value was 531.94 U/kg in line CEV 
97047. For dry malt, values ranged from 187.02 U/kg to 
518.40 U/kg observed in the line CEV 96025 and in the 
cultivar Embrapa 127, respectively. 

Survival of (1-3,1-4)-�-glucanases  
during kilning 

Although (1-3,1-4)-�-glucanase activity decreased dur-
ing drying, part of the initial activity in the green malt (mean 
of 41.38%) was retained in the finished malt (Table IV). 

The varieties also showed a wide range of (1-3,1-4)-�-
glucanase activity survival during kilning (Table IV). 
Thus, the variety that exhibited the highest activity level 
in green malt was not the same that had the highest level 

Table III. The malting process used. 

 Step Time Temperature 

Steeping Steep 1 4 h  
 Air step 1 5 h  
 Steep 2 2 h 19°C ± 1°C 
 Air step 2 5 h  
 Steep 3 2 h  

Germination Air step 3 96 h 16–18°C 

Kilning Kiln 1 20 min Room T to 55°C 
 Kiln 2 5 h 55°C 
 Kiln 3 5 h 55°C to 65°C 
 Kiln 4 5 h 65°C 
 Kiln 5 3 h 65°C to 82°C 
 Kiln 6 3 h 82°C 

Table IV. The (1-3, 1-4)-�-glucanase activity before and after the kilning process of genotypes grown at En-
cruzilhada do Sul in 1999. U equals one micromole of glucose reducing sugar equivalent released per min-
ute at 30°C and pH 4.6. Mean activities were obtained from triplicate or, in few cases, from duplicate assays. 

 Mean (1-3, 1-4)-�-glucanase activity and limit values  

Genotypes Green malt (U /kg) Dry malt (U /kg) Loss (%) 

CEV 97004 803.43 (557.77–1049.08) 308.29 (293.80–322.78) 61.62 
ANA /B-99-90 764.25 (733.75–815.23) 292.96 (276.16–307.66) 61.67 
CEV 96025 559.66 (548.95–570.35) 187.02 (174.73–199.30) 66.58 
MN 662 /Triumph 748.37 (643.50–827.76) 235.84 (228.28–249.70) 68.49 
MN 677/Alexis 820.66 (793.92–860.36) 284.56 (273.01–296.32) 65.33 
BR 2 651.94 (553.99–749.89) 366.41 (273.01–503.59) 43.80 
Robust 746.62 (712.92–780.32) 268.60 (259.15–278.05) 64.02 
MN 698 817.73 (726.24–909.22) 398.38 (376.33–420.43) 51.28 
BR 2x2 /MN 610 934.31 (825.26–1043.37) 329.29 (318.37–347.35) 64.76 
Simona 710.77 (664.81–782.64) 314.80 (303.25–320.89) 55.71 
BR 2 /MN 682 818.15 (780.13–862.86) 317.11 (301.99–331.60) 61.24 
Morex 899.00 (809.47–988.53) 266.71 (247.18–286.24) 70.33 
MN 691/Guimpel 777.63 (753.81–790.16) 221.35 (205.60–237.10) 71.54 
Embrapa 127 563.70 (506.74–614.23) 518.40 (447.52–560.29) 8.04 
CEV 97068 725.37 (718.13–732.60) 262.93 (248.44–277.42) 63.75 
MN 657/Guimpel 864.95 (756.31–988.22) 356.17 (329.71–405.31) 58.82 
CEV 97047 531.94 (521.86–542.02) 244.98 (236.47–253.48) 53.95 
Menuet 750.04 (698.65–798.93) 267.97 (254.74–264.82) 64.27 

Mean 749.36 302.32 58.62 
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in the dry malt. The highest loss of enzyme activity due to 
drying was 71.54% observed in the line derived from 
cross MN 691/Guimpel. The lowest loss of activity was 
8.04%, in the cultivar Embrapa 127. 

Environmental effects 

Levels of (1-3,1-4)-�-glucanases generated during 
micromalting were tested for the four varieties grown in 
2002 in three different sites to verify the environmental 
effects on the activity of these enzymes. For the varieties 
analyzed in relation to green malt, the activity levels were 
highest in Guarapuava, PR, in relation to Passo Fundo and 
Victor Graeff, RS. These differences were statistically 
significant (Table V). For kilned malt, the results were 
less clear because each variety generated higher values in 
different sites: line CEV 96025 in Victor Graeff, RS, and 
Embrapa 127 in Guarapuava, but the local mean too 
showed activity levels significantly higher in Guarapuava 
than in the other two places (Table V). 

When Encruzilhada do Sul, where the plants were cul-
tivated in 1999, is compared to the other sites, the activity 
levels observed in that local were significantly lower than 
the levels obtained for the other three sites analyzed in 
2002 (Table V). In fact Encruzilhada do Sul presents char-
acteristics of soil type and average monthly temperatures 
(T °C) and rainfall very different from the other three lo-
cations analyzed (Table II), which could explain the dif-
ferences observed in the enzyme activity, although the 
year effect cannot be discarded. As the plants were not 
grown in Encruzilhada do Sul in 2002, it was not possible 
to verify whether these differences were due to local dif-
ferences or year effect. 

DISCUSSION 
The mean loss of 60% of (1-3,1-4)-�-glucanase activ-

ity observed in this study is similar to the results obtained 
by others authors that used temperatures between 45–
65°C at the beginning of the kilning step1,30. Changes in 
the kilning temperatures and/or duration alter these re-
sults. Brunswick et al.3 kilned the malt at 60°C for 16 h, 
with resulting losses from 80 to 90% in (1-3,1-4)-�-glu-
canase activity. Barber et al.2, using a malting schedule 
with a more progressive temperature increase (from 30 to 
65°C), observed a better survival of the (1-3,1-4)-�-glu-
canase activity with losses from 16 to 26%. 

The difference in the loss of enzyme activity between 
genotypes reflects dissimilarities in the content of the two 
kinds of isoenzymes of (1-3,1-4)-�-glucanases since one 

is more thermolabile than the other. Loi et al.12 showed 
that the activity in finished malt is attributable entirely to 
isoenzyme II and that isoenzyme I disappears totally dur-
ing initial drying at 60 to 65°C. Similar results were re-
ported by other authors1,3,6. 

Several reports on the (1-3,1-4)-�-glucanase activity 
during germination have been published. These studies 
have shown that the initial activity of these enzymes is 
very low, but increases rapidly from the 2nd to the 4th day 
of the malting process. Nevertheless, the maximum values 
of enzyme activity ranged from the 4th, or 5th and 6th 
days, or even to the 11th day, in different experi-
ments1,3,14,20. McFadden et al.17 verified that no mRNA en-
coding (1-3,1-4)-�-glucanase is detected in ungerminated 
grain. Expression of these genes is first detected in the 
scutellum after one day and only at the epithelial layer. At 
this stage, no expression is apparent in the aleurone. After 
the second day, levels of mRNA decrease in the scutellar 
epithelium but increase in the aleurone. 

The role of each (1-3,1-4)-�-glucanase isoenzyme and 
their tissular and temporal control on germination and 
malting quality have also been investigated. Studies have 
shown that the isoenzymes are differentially synthesized 
by action from gibberellic acid and auxins22,23. Isoenzyme 
EI is synthesized predominantly in the scutellum, while 
isoenzyme EII exclusively in the aleurone18,23. Høj et al.7 
verified that isoenzyme EI consistently appears somewhat 
earlier than isoenzyme EII. The mRNA for isoenzyme EII 
accumulates preferentially (70%) when compared to the 
mRNA for isoenzyme EI (30%) in the three days follow-
ing imbibition11, but isoenzyme EI was the major compo-
nent (63 to 82% of the total activity) after steeping and 
48 h of germination6. Thus, as mentioned by Henry6, iso-
enzyme EI is quantitatively important in the early stages 
of malt but isoenzyme EII is equally important in deter-
mining (1-3,1-4)-�-glucanase levels in malt due to its 
greater heat resistance, being therefore the only isoenzyme 
detectable in kilned malt. 

In the present analyses, the genotype that exhibited the 
highest enzyme activity in finished malt was Embrapa 
127, which, nevertheless, had low activity in green malt. 
The negligible loss of activity during kilning was the rea-
son for the high final enzyme activity in this cultivar, and 
this fact must be due to differences in the proportion of 
isoenzymes EI and EII 30. Since isoenzyme EI is the pre-
dominant form in the early stages of malting, and as it is a 
thermolabile molecule, cultivar Embrapa 127 may be con-
sidered to have very little expression of this isoenzyme. 
Consequently, very little activity was lost during kilning 

Table V. Variance analysis of (1-3, 1-4)-�-glucanase activity in green and kilned malts in relation to the 
four sites where the plants were grown: GUA (Guarapuava, 2002), PF (Passo Fundo, 2002), VG (Victor 
Graeff, 2002), and ENC (Encruzilhada do Sul, 1999). 

 
Malt type 

 
Genotype 

 
GUA 

 
PF 

 
VG 

 
ENC 

Genotype
mean 

Green MN-698 1222.7 886.9 1014.9 817.7 985.6a 
 CEV-97047 882.4 741.5 741.4 531.9 724.3b 
 Local mean 1052.6A 814.2B 878.2B 674.8C  

Kilned Embrapa-127 1064.1 779.1 694.4 518.4 720.9a 
 CEV-96025 485.6 402.5 492.2 187.1 410.1b 
 Local mean 773.9A 590.7B 593.3B 352.7C  

Means followed by the same letter are not significantly different by Tukey test at � = 0.05. 
 



VOL. 110, NO. 4, 2004   307 

and the activity detected in green and finished malt is very 
similar because it is ascribed mainly to isoenzyme EII. 

Although low levels of (1-3,1-4)-�-glucanase during 
germination can lead to a lower rate of grain modification 
at the end of the malting process, this fact does not affect 
the malting performance of Embrapa 127, which is con-
sidered a top malting quality cultivar. Certainly, the high 
enzyme activity that remained after kilning was enough to 
ensure an effective role of these enzymes in the final deg-
radation of the �-glucans in the wort. 

Like other malt quality characteristics, the (1-3,1-4)-�-
glucanase present in malted barley depends on both vari-
etal and environmental effects. Stuart et al.24 reported that 
the activity of �-glucanases was influenced more strongly 
by environmental than the genotype conditions and cite 
other authors who suggest that environmental influence is 
very important, and this results in a lower heritability for 
(1-3,1-4)-�-glucanase activity when compared with other 
malt characteristics. 

The present study confirms these previous results be-
cause statistically significant differences were also found 
among different environments. Guarapuava differed from 
Passo Fundo and Victor Graeff, but these two last sites 
were similar. In fact, the environmental conditions of 
Passo Fundo and Victor Graeff were acceptably similar in 
the year 2002, differing only in the soil type. The environ-
mental influence can also be verified when the results are 
compared with previously published data. An example of 
this is Morex, a North American malting cultivar. Zwick-
ert-Menteur et al.30 observed an enzyme activity of 480.80 
U/kg in finished malt, while in the growing conditions of 
Encruzilhada do Sul, Morex exhibited an enzyme activity 
of only 266.71 U/kg. It is also important to emphasize 
that cultivar Embrapa 127 showed an enzyme activity of 
518.40 U/kg, a value two times superior to that of Morex, 
which is considered a good malting type barley, in the 
same environment conditions of Encruzilhada do Sul. 

Alternative strategies to increase the thermostability of 
the (1-3,1-4)-�-glucanases during malting are being de-
veloped to improve malt quality. Transgenic barley plants 
that express a transgene encoding heat stable (1-3,1-4)-
�-glucanase are being produced8,10 and the use of com-
mercial enzymes with high thermostability during malting 
is being considered, but these procedures can be very ex-
pensive and not practical5,9. Moreover, the results obtained 
in this and in other studies indicate a wide variability in 
barley concerning activity levels of this enzyme and en-
zyme survival during kilning, which suggests this vari-
ability should be explored before attempting more sophis-
ticated technologies. The most important aspect may be 
that, as already cited by Zhang et al.29, each barley breed-
ing program should contemplate estimates about the ability 
and stability of malting barley grain to synthesize (1-3,  
1-4)-�-glucanases rapidly under a wide range of environ-
mental conditions, side by side with a cultivar fit to par-
ticular locations. 

ACKNOWLEDGEMENTS 

The authors acknowledge the CNPq and AmBev Brewery for 
supporting this research, and Navegantes Malting Subsidiary 
(AmBev Brewery) for malting the samples. 

REFERENCES 

1. Bamforth, C.W. and Martin, H., The degradation of �-glucan 
during malting and mashing: the role of �-glucanase. J. Inst. 
Brew., 1983, 89, 303–307. 

2. Barber, M.G., Jackson, E.A. and Smith, D.B., Total and individ-
ual (1-3),(1-4)-�-D-glucanase activities in some green and 
kilned malts. J. Inst. Brew., 1994, 100, 91–97. 

3. Brunswick, P., Manners, D.J. and Stark, J.R., The development 
of �-D-glucanases during the germination of barley and the ef-
fect of kilning on individual isoenzymes. J. Inst. Brew., 1987, 
93, 181–186. 

4. Fincher, G.B., Morphology and chemical composition of barley 
endosperm cell-walls. J. Inst. Brew., 1975, 81, 116–122. 

5. Grujić, O., Application of a commercial enzyme preparation in 
the barley malting process. J. Inst. Brew., 1998, 104, 249–253. 

6. Henry, R.J., Quantitative analysis of barley (1→3), (1→4)-�-glu-
canase isoenzymes by high-performance liquid chromatography. 
J. Cer. Sci., 1990, 12, 187–192. 

7. Høj, P.B., Hoogenraad, N.J., Hartman, D.J., Yannakena, H. and 
Fincher, G.B., Identification of individual (1→3,1→4)-�-D-
glucanase isoenzymes in extracts of germinated barley using 
specific monoclonal antibodies. J. Cer. Sci., 1990, 11, 261–268. 

8. Horvath, H., Huang, J., Wong, O., Kohl, E., Okita, T., Kannan-
gara, C.G. and von Wettstein, D., The production of recombi-
nant proteins in transgenic barley grains. PNAS., 2000, 97(4), 
1914–1919. 

9. Illanes, A., Stability of biocatalysts. EJB, 1999, 2(1), 1–9. 
10. Jensen, L.G., Politz, O., Olsen, O., Thomsen, K.K. and von Wett-

stein, D., Inheritance of a codon-optimized transgene expressing 
heat stable (1,3-1,4)-�-glucanase in scutellum and aleurone of 
germinating barley. Hereditas, 1998, 129, 215–225. 

11. Litts, J.C., Simmons, C.R., Karrer, E.E., Huang, N. and Rodri-
guez, R.L., The isolation and characterization of a barley 1,3-
1,4-�-glucanase gene. Eur. J. Biochem., 1990, 194, 831–838. 

12. Loi, L., Ahluwalia, B. and Fincher, G.B., Chromosomal location 
of genes encoding barley (1→3,1→4)-�-glucan 4-glucano-
hydrolases. Plant Physiol., 1988, 87, 300–302. 

13. Loi, L., Barton, P.A. and Fincher, G.B., Survival of barley 
(1→3,1→4)-�-glucanase isoenzymes during kilning and mash-
ing. J. Cer. Sci., 1987, 5, 45–50. 

14. Manners, D.J. and Marshall, J.J., Studies on carbohydrate me-
tabolizing enzymes. Part XXII. The �-glucanase system of 
malted barley. J. Inst. Brew., 1969, 75, 550–561. 

15. McCleary, B.V. and Shameer, I., Assay of malt �-glucanase 
using azo-barley glucan: an improved precipitant. J. Inst. Brew., 
1987, 93, 87–90. 

16. McElroy, D. and Jacobsen, J., What’s brewing in barley biotech-
nology? Bio /Technology, 1995, 13, 245–249. 

17. McFadden, G.I., Ahluwalia, B., Clarke, A.E. and Fincher, G.B., 
Expression sites and developmental regulation of genes encod-
ing (1→3,1→4)-�-glucanases in germinated barley. Planta, 
1988, 173, 500–508. 

18. Mundy, J., Brandt, A. and Fincher, G.B., Messenger RNAs from 
the scutellum and aleurone of germinating barley encore (1→3,  
1→4)-�-D-glucanase, �-amylase and carboxypeptidase. Plant 
Physiol., 1985, 79, 867–871. 

19. Palmer, G.H. and Agu, R.C., Effect of mashing temperatures 
and endo-�-glucanase on �-glucan content of malt worts. J. 
Inst. Brew., 1999, 105(4), 233–235. 

20. Preece, I.A. and Hoggan J., J. Inst. Brew., 1956, 62, 486. Cited by 
Manners, D.J., Marshall, J.J., Studies on carbohydrate metabo-
lizing enzymes. Part XXII. The �-glucanase system of malted 
barley. J. Inst. Brew., 1969, 75, 550–561. 

21. Slakeski, N., Baulcombe, D.C., Devos, K.M., Ahluwalia, B., 
Doan, D.N.P. and Fincher, G.B., Structure and tissue-specific 
regulation of genes encoding barley (1→3,1→4)-�-glucan 
endohydrolases. Mol. Gen. Genet., 1990, 224, 437–449. 

22. Slakesky, N. and Fincher, G.B., Developmental regulation of 
(1→3,1→4)-�-glucanase gene expression in barley. Plant 
Physiol., 1992, 99, 1226–1231. 



308   JOURNAL OF THE INSTITUTE OF BREWING 

23. Stuart, I.M., Løi, L. and Fincher, G.B., Development of (1→3,  
1→4)-�-D-glucan endohydrolase isoenzymes in isolated scu-
tella and aleurone layers of barley (Hordeum vulgare). Plant 
Physiol., 1986, 80, 310–314. 

24. Stuart, I.M., Løi, L. and Fincher, G.B., Varietal and environ-
mental variations in (1→3,1→4)-�-glucan levels and (1→3,  
1→4)-�-glucanase potential in barley: relationships to malting 
quality. J. Cer. Sci., 1988, 7, 61–71. 

25. Wolf, N., Complete nucleotide sequence of a Hordeum vulgare 
gene encoding (1→3,1→4)-�-glucanase isoenzyme II. Plant 
Physiol., 1991, 96, 1382–1384. 

26. Woodward, J.R. and Fincher, G.B., Purification and chemical 
properties of two (1→3,1→4)-�-glucan endohydrolases from 
germinating barley. Eur. J. Biochem., 1982, 121, 663–669. 

27. Woodward, J.R. and Fincher, G.B., Substrate specificities and 
kinetic properties of two (1→3),(1→4)-�-D-glucan endohydro-

lases from germinating barley (Hordeum vulgare). Carboh. Res., 
1982, 106, 111–122. 

28. Woodward, J.R., Morgan, J.F. and Fincher, G.B., Amino acid se-
quence homology in two (1→3,1→4)-�-glucan endohydrolases 
from germinating barley (Hordeum vulgare). FEBS Letters, 
1982, 138(2), 198–200. 

29. Zhang, G., Chen, J., Wang, J., Ding, S., Cultivar and environ-
mental effects on (1→3,1→4)-�-D-glucan and protein content 
in malting barley. J. Cer. Sci., 2001, 34, 295–301. 

30. Zwickert-Menteur, S., Jestin, L. and Branlard, G., Amy2 poly-
morphism as a possible marker of �-glucanase activity in barley 
(Hordeum vulgare L.). J. Cer. Sci., 1996, 24, 55–63. 

(Manuscript accepted for publication November 2004) 

 


