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Summary

Seed of seven cultivars of two-rowed barley (Hordeum Vulgare L.) and F, seed from a half-diallel set of crosses
among the cultivars were malted in two years to obtain data on diastatic power (DP), alpha-amylase activity
(¢AA), beta-amylase activity (BAA) and malt nitrogen (N) content. Embryo and endosperm genetic effects on
the traits were studied by using a genetic model including genotype x environment interaction for malting quality
characters. Variation of the four malting quality traits was affected by gentic effects and environmental interaction.
Performance of DP and SAA was mainly controlled not only by endosperm dominance effects but also by embryo
genotype x environment interaction and endosperm dominance x environment interaction. Variation of « AA and
malt N content was controlled by both embryo and endosperm genetic effects, but the embryo dominance and
endosperm additive effects contributed a major part to the total genetic effects. Significant interaction variances
(embryo additive x environment and dominance x environment and endosperm dominance x environment) were
also observed for ¢ AA and malt N content. Diastatic power was related positively to BAA. Malt N content was
associated positively with DP, largely because of the relationship between malt N and BAA. No obvious phenotype
association between DP and ¢« AA was found. General narrow-sense heritabilities of  AA and malt N content were
26.1% and 27.8%, respectively.

Abbreviations: DP, diastatic power; «AA, alpha-amylase activity; BAA, beta-amylase activity

Introduction beer quality and yield in malting and brewing process
(Cook, 1962; Guan, 1985; Zhu et al., 1991). Accord-
ingly, improvement in DP and associated malting traits
is a critical goal of barley quality breeding programs.
Up to now, only a few studies on the inheritance of
malting quality in barley have been reported. DP has
been reported to be determined by a complex inter-
action of genetic and environmental factors (Arends
et al., 1995; Foster et al., 1967; Hayter & Riggs,
1973). Hayter & Riggs (1978) found that an additive-

Barley malt, the main raw ingredient for production of
beer, contains many starch-degrading enzymes (Cook,
1962). Activity of the enzymes is considered to be an
important quality characteristic for malting and brew-
ing (Arends et al., 1995). To a large extent, diastatic
power (DP) is a measure of activity of the several amy-
lolytic enzymes (Enari et al. 1969; Hayter & Riggs,
1973) and has a close correlation with alpha-amylase

activity (OlAA), beta-amlyse activity (,BAA) and malt dominance model could be used to analyze the DP
nitrogen (N) content (Arends et al., 1995; Baker et al., and ¢AA, but Zhu et al. (1991) observed the pres-
1968; Den Hartog & Lambert, 1953; His & Lambert, ence of non-allelic interactions for DP. Some studies
1954; Rasmusson & Glass, 1965, 1967; Rutger et al. have shown that on most of malting quality traits in

1967). Barley cultivars with a high DP have a superior barley, there were no significant cytoplasmic effects



28

(Kaeppler & Rasmusson, 1991; Lee et al., 1987) and
maternal effects (Greenberg, 1977; Hayter & Riggs,
1978), but there was a certain environmental influ-
ence (Arends et al., 1995; Greenberg, 1977; Rutger et
al., 1966). Most of these studies, however, were con-
ducted on the base of the standard diploid model and
generally have not taken into consideration the differ-
ent actions of embryo and endosperm genes on malt
traits during seed development, malting and brewing
processes. One of the principal problems in the ge-
netic study of barley malting quality is the difficulty in
separating the embryo effects and endosperm effects
from the total genetic variation in the various malt
traits concerned. In recent years, some authors have
proposed several diploid seed models and triploid en-
dosperm models (Bogyo et al., 1988; Foolad & Jones,
1992; Mo, 1988; Zhu, 1992; Zhu & Xu, 1994; Zhu
& Weir, 1994a,b) and related statistical methods (Zhu,
1992; Zhu & Weir, 1994a; Zhu & Weir, 1996). These
techniques and procedures have made it possible for
genetic study of complex malting quality characters.

The maternal and endosperm effects on variation
of grain nutritional quality in barley were analyzed in
the previous papers using a diallel cross of seven bar-
ley varieties (Xu et al., 1996; Yan et al., 1997). In this
study, the same entries were further studied on some
malting quality traits in barley. A modified genetic
model including embryo effects, endosperm effects
and GE interaction effects was used to investigate the
genetic control of DP, ¢ AA, SAA and malt nitrogen
content and to determine the relationship among the
traits.

Materials and methods

Materials

A 7 x 7 half-diallel cross, not including reciprocals,
was made using two-rowed barley cultivars which
were a typical sample from malting barley popula-
tion. These parents were ‘Ganmu 2’ (P1); ‘Supi 1’
(P2); ‘Qianzhe 1 (P3); ‘Zhenong 3 (P4); ‘Zhipi’ (Ps);
‘S-096’ (Pg) and ‘Ris®1508’ (P7).

Experiments in the field

The crosses were made in the spring of 1992. Parents
and the Fi’s were grown at the experimental farm of
Zhejiang Agricultural University during the winter of
1992/1993. A randomized comple-block design with
three replications was used. Experimental plots were

four rows for parents but one row for F; progenies.
A plot was 120 cm long, spaced 30 cm apart with 40
seeds in each row. These cultivars were crossed again
in the spring of 1995 in the same way as in 1992. The
design and cultivation were the same in 1995/1996 as
in 1992/1993, with the exception of two rows for par-
ents and 50 seeds in each row. Seeds of each parent
or F> seeds on F; plants of each cross from all three
blocks in each year were bulked to obtain sufficient
samples for malting.

Malting quality determination

Malting quality analysis was conducted at the Labo-
ratory of Malting Barley Quality, Chinese Academy
of Agricultural Sciences. The analytical procedures
used for DP, ¢ AA, and BAA were those of the Eu-
ropean Brewery Convention (EBC methods) (Quan,
1985). Malt nitrogen content (%) was determined by
the Kjeldahl method. All the results were on a dry-
weight base. Three samples were sampled at random
and independently from each malt mixture of 3 ex-
perimental replicates in the field for malting quality
determination in both 1993 and 1996. In the statistical
analysis, 1) data from two years were put together for
joint analyses; 2) data of these three samples of each
entry were treated as replications for each cross or par-
ent to estimate sampling errors; and 3) the genotype x
year interaction was considered as the genotype x en-
vironment interaction. The averaged values of these
malt traits for each of the seven cultivars and their Fps
in two years are shown in Table 1.

Statistical methods

A genetic model for malting quality traits (Yan et al.,
1998) was modified to include genotype x environ-
ment (i.e. year) interaction. The genetic model can
be written as a mixed linear model. The phenotypic
mean of genetic entry from parent i x parentj (i = j
for inbred line and i # j for F>) in the k-th replicate
within the A-th environment is expressed as:

For inbred line P;,

Ypiik =+ Ep + 2A0; + Do;; + 3Ae; +3De;j;
+ 2A0Ey; + DoEy;; + 3AeEp; + 3DeEy;;
+ Ehiik



For F»;; obtained from F;;’s self-pollinating,

Yinijk = 1 + En + Aoj + Aoj + 0.25Do;;
-+ 0~25D0jj + 0.5D0,’j + 1.5A¢; + 1.5Aej
+ Dej; + Dej; + Dejj + AoEy; + AoEy;
+0.25D0oEp;; +0.25D0Ey;; + 0.5DoEy,;;
+ 1.5AeEy; + ].SAeEhj + DeEy;;
+ DeEpjj + DeEpij + enijk

Where o is the constant population mean; Ej, is the
environmental effect, i.e. year effect; epiix or epiji
is the residual error. If the inbred parents are ran-
domly sampled from a reference population, each of
the above genetic effects is a random effect. Ao; (or
Aoj) ~ (0, aj()) is the cumulative additive effect of
embryo genes from line i (or line j); Do;; (or Dojj; or
Dojj) ~ (0, 03,) is the cumulative dominance effect
of embryo genes from line i x line j (i < j); Ae;
(or Aej) ~ (0, 03,) is the cumulative additive effect
of endosperm genes; De;; (or Dej; or De;;) ~ (0,
012)6) is the cumulative dominance effect of endosperm
genes from i x line j (i < j); AoEp; (or AeEyj)
~ (0, 0305) is the Ao; (or Aoj) x Ey interaction
effect; DoEp;; (or DoEyjj or DoEy;;) ~ (0, ‘712)0E)
is the Do;; (or Doj; or Do;j) x Ej interaction effect;
AeEp; (or AeEyj) ~ (0, 03,) is the Ae; (or Aej)
x Ep interaction effect; and DeEy;; (or DeEy;; or
DeEyij) ~ (0,03, ) is the De;; (or Dejj or Dej;) x
E}, interaction effect.

Minimum norm quadratic unbiased estimation
(MINQUE(1)) method (Rao, 1971; Zhu & Weir, 1996)
was used for estimating variance components and co-
variance components between traits. Phenotypic vari-
ance (Vp) is composed of several genetic components,

Vp=Vs+ Ve + Ve
= Viao + Vo + Vae + Vpe + VaoE
+ Voo + Vace + Vper + Ve

where Vg = genetic main variance, Vg g = GE interac-
tion variance, V4, = embryo additive variance, Vp, =
embryo dominance variance, V4, = endosperm addi-
tive variance, Vp, = endosperm dominance variance,
VaoE = embryo additive interaction variance, Vp,r =
embryo dominance interaction variance, V4.g = en-
dosperm additive interaction variance, Vp.g = en-
dosperm dominance interaction variance, and V, =
residual variance. Phenotypic covariance can be par-
titioned in the same way as variance.

According to the theory of genetic model construc-
tion, the heritability can be partitioned into several
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components (Zhu, 1997):

2 2 2
W= i+ i ) i
= (hGo + hGe) + (llb(lb + hGeE)

The total narrow-sense heritability (4%) consists of
general heritability (k7 = Vg /Vp) and interaction
heritability (hl(’;E = VgEe/Vp). The general heri-
tability has components of embryo general heritability
(th0 = VGo/ Vp) and endosperm general heritability
(h, = Vge/Vp). The interaction heritability (12 )
has components of embryo interaction heritability
(héo £ = VGoe/Vp) and endosperm interaction her-
itability (h2,,, = VGer/ Vp).

A Jackknife procedure is used for estimating the
sampling variances of estimated variances, heritabil-
ities and covariances (Miller, 1974; Zhu & Weir,
1994a, b). Thus, a r-test with 55 degree of free-
dom following the Jackknifing was employed to detect
the significance of estimated parameters when genetic
entries served as re-sampling units (Zhu, 1992).

Results

Phenotypic means of the parent varieties

The phenotypic values of all the malt traits differed
considerably among the seven cultivars over years (Ta-
ble 1). Range in 1995 was smaller than that in 1995.
For example, the range for DP was from 108 WK to
367 WK in 1995 and from 166 WK to 324 WK in
1992, for BAA from 71 WK to 337 WK in 1995 and
from 91 WK to 266 WK in 1992. Performance of a
cultivar in two years was different for the malt traits
and the order of cultivars varied greatly in phenotypic
values. For instance, ‘Supi 1’ among the seven vari-
eties ranked first for the DP value in 1995, but fifth in
1992. Across the cultivars, DP was 232 WK in 1992,
but 281 WK in 1995. This revealed that the variation
of the four malting traits might be influenced by geno-
typic and environmental effects as well as genotype x
environment interaction.

Performance of most F»s generations showed that
for DP, ®AA and SAA, mean of all F, generations
involving a common parent was higher than that of
their parent. For example, ‘Ganmu 2’ was 224 WK for
DP in 1992, while mean of all its Fys was 285 WK.
However, for malt N content, means of Fas was lower
than that of their common parent in most cases. This
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Table 1. Phenotypic means of malting traits of 7 cultivars and F; generations in two years

Entry DP (WK) aAA (WK)

BAA (WK) Malt N content (%)

1992 1995 1992

1995 1992 1995 1992 1995

Parent
Ganmu 2 (Py) 224 345 72
Supi 1 (P3) 209 367 69

Qianzhe 1 (P3) 249 267 58
Zhenong 3 (P4) 258 348 59

Zhipi (Ps) 324 339 57
S-096 (Pg) 198 196 66
Ris® 1508 (P7) 166 108 80
Parent Mean 232 281 66
F, generation ¢

Fy (P1) 285 275 83
Fy (Py) 253 285 82
Fy (P3) 264 289 66
Fz (Py4) 235 299 62
Fy (Ps) 286 287 61
F» (Pg.) 252 258 66
Fy (P7) 208 230 74
F» mean 255 275 70

61
30
41
61
48
50
81
53

66
68
58
64
50
67
69
63

152 284 1.50 1.87
146 337 1.75 1.92
190 227 1.69  2.09
199 286 1.58 1.96
266 291 1.88 225
133 146 1.75 1.90

91 27 1.57 1.65
168 228 1.67 1.95

201 208 1.53 1.84
171 215 1.52 1.79
199 229 1.52 1.81
175 241 1.47 1.78
224 237 1.65 1.82
184 196 1.45 1.64
135 161 1.45 1.63
184 212 1.51 1.76

4 F, (P;.) represents the mean of all the F» generations derived from the combination involving

parent i.

suggested that there would be a certain heterosis in Fas
seeds for the four malting quality traits.

Variance components

The estimation of genetic variance components
showed that the contribution of endosperm and em-
bryo genetic effects to the variation of four malting
quality traits varied greatly (Table 2). The endosperm
dominance variance (Vp,), embryo genetic x envi-
ronment interaction variance (Vg and Vpog) and
endosperm additive x environment interaction vari-
ance (Va.£g) were significantly greater than zero for
DP and BAA. The contribution of the Vp, and Vp,k
to the phenotypic variation was quite larger than that
of others. Although no embryo genetic variance com-
ponents (V4, and Vp,) were detected, embryo x
environment interaction effects on the DP and BAA
would not be negligible because of the presence of
the significance of V4,g. That is, embryo genetic ef-
fects would express differently across environments or
years.

Genetic variation of ®AA and malt N content was
due to both embryo and endosperm genetic effects.
Variance of embryo dominance effects and endosperm
additive effects (Vp, + Va.) made up 92.32% and

Table 2. Estimation of variance components of four malting quality
traits

Parameter DP aAA BAA Malt N (x 1073)
Vo 0.0 132.7** 0.0 12.6%*
VDo 0.0 914.2%* 0.0 87.8**
Ve 0.0 672.2%* 0.0 63.7
VDe 17424.3%* 0.0 163585 0.0
VAo 19025  109.0**  1461.4**  8.9**
VDoE 14433.8%  690.3** 11616.4**  56.2**
VAcE 9645.1%*  550.7 7408.1%%  45.1%*
VDeE 0.0 0.0 0.0 0.0
Ve 25.8%%  13.2% 87.0* 0.2
Vp 43431.5%% 30823 36932.5%% 274.6*

*p <0.05 ™ p <0.01.

Vo = embryo additive variance, Vp, = embryo dominance variance,
V4. = endosperm additive variance, Vp, = endosperm dominance
variance, V4,r = embryo additive interaction variance, Vpog =
embryo dominance interaction variance, V4.r = endosperm addi-
tive interaction variance, Vp.r = endosperm dominance interaction
variance, V; = residual variance, and Vp = phenotype variance.

92.28% of the total genetic variances (Vao + Vp, +
Vae + Vpe) for «AA and malt N, respectively. It was
shown that inheritance of ® AA and malt N was mainly
determined by embryo dominance and endosperm ad-
ditive effects. Variances of the embryo Do x E in-



Table 3. Heritabilitics of four malting quality traits

Parameter DP aAA BAA Mait N (x 10’3)
hZG” 0.000 0.043**  0.000 0.046™**
hée 0.000 0.218**  0.000 0.232%*

thOE 0.044**  0.035**  0.040** 0.033**

Kl 0222%% 0.179%  0.201%  0.164*

*p <0.05* p <0.01.

hg, = embryo general heritability; h%e = endosperm general
hcritabi]ity;.hzco E .:embr)./o irllt.craction heritability; and hZGe E=
endosperm interaction heritability.

teraction and endosperm Ae x E interaction (Vaop
and Vp,g) also were significant, but no variance
of endosperm dominance X environment interaction
(Vper) was observed. It was implied that effects of en-
vironmental factors on the two traits acted through the
complex interaction with embryo dominance effects
and endosperm additive effects. However, it seems that
the environments would not affect the expression of
endosperm dominance effects.

Although the error variance (V;) was significantly
greater than zero for all the traits studied, the ratio of
Ve to the phenotypic variance was very small (<2%).
It was suggested that the genetic model used in this
study was effective for analyzing the malting quality
traits because the items of genetic effects and envi-
ronmental interaction effects included in the model
could account for more than 98% of the phenotypic
variation.

Heritability

The estimation of heritability components for the four
traits indicated that the general heritabilities (h, =
hén + hZ) of ®AA and malt N content were about
26.1% and 27.8% respectively (Table 3), while the
interaction heritabilities (hg, = h%, p + h%,;) of
DP and BAA were around 26.6% and 24.1%, re-
spectively. For the «AA and malt N content, the
general heritability (hZG), which is applicable to mul-
tiply environments, was higher than the interaction
heritability (hZG £)> which is only applicable to spe-
cific environments. The interaction heritability would
bring a (positive or negative) bias to the general heri-
tability in a special environment. Therefore, selection
for «AA and malt N in different environments (or
years) was effective to some extent, but this effec-
tiveness would be different in different environments.
On the other hand, the endosperm general heritability
(h%e) and endosperm interaction heritability (h%;e E)
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were much larger than the embryo general heritability
(h%; ,) and embryo interaction heritability (h%} o) for
aAA and malt N content. This suggested that contri-
bution of the endosperm to effectiveness of selection
for AA and malt N content was more important than
that of the embryo. Since the dominance effects were
predominant over the inheritance for DP and BAA,
the two traits tended to be very low general heri-
tabilities. Thus, the improvement in DP and BAA for
the entries in this study would not be effective in all
environments, but it would be effective in special en-
vironments because the existence of the endosperm
interaction heritability (h%,,.).

Covariance components

The estimation of phenotype covariance (Cp) indi-
cated that malt N content was positively correlated
with DP and BAA but negatively with ¢ AA (Table 4).
BAA also exhibited a significant positive relation-
ship with DP but negative with «AA. A significant
covariance failed to be detected between DP and a AA.

Although the phenotype covariances between malt
N content and other traits and between a AA and BAA
were significant, none of the genetic covariance com-
ponents was significantly observed (Table 4). It was
revealed that for those paired traits, the association of
each kind of the genetic effect was not very strong,
but the accumulation of all the genetic effects could
make strong association between traits. As a result,
it would lead to a significant phenotypic covariance.
The phenotypic covariance or the genetic covariance
components was not significant between DP and ¢ AA.
However, a significant poistive covariance of the em-
bryo dominance x environment interaction was found
between DP and BAA. It was implied that the action
of environments on embryo dominance effects of one
trait was the same direction as on that of the other.
That is, if embryo dominance x environmental inter-
action effects for DP were significantly positive for
most of cross combinations in one environment, such
effects for BAA were significantly positive in the same
environment. The reverse was also true.

Discussion

With the increasing need for high quality beer, bar-
ley breeders need to develop cultivars with superior
malting quality and have a better understanding of
the inheritance of the malting traits. However, ge-
netic control of malt traits is complex. In malting,
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Table 4. Covariance components among malting quality traits
in barley

Parameter «AA BAA Malt N (x 10'2)
DP

Cp -134.9 2844.1** 502.8**
Cao -123.8 —454.3 121.8
Cpo —505.6 —4716.2 229.1
Che 6251  —2289.1 616.3
Cpe 1105.3 94187  —690.5
CavE 217.8 7205 925
CpoE 1325.8 7663.9* —609.1
CacE 1116.8 37325 —470.3
CpeE 26473 112385 1397.2
aAA

Cp -318.7** -117.6**
Cao -211.3 19.7
Cpo -1141.4 145.7
Cae -1067.2 99.5
Cpe 2139.1 34822
CAoE 186.0 7.7
CpoE 1110.7 89.2
CAeE 956.5 38.5
Cpek 22929 ~169.6
BAA

Cp 601.9**
Cao 85.4
Cpo -17.0
Che 4324
Cpe ~129.9
CavE -93.4
CpoE -656.3
CAeE —474.4
CpeE 1456.0

*p <0.05,** p <0.01.

C a0 = embryo additive covariance; Cp, = embryo dominance
covariance; C4, = endosperm additive covariance; Cp, =
endosperm dominance covariance; Ca,p = embryo addi-
tive x environment covariance; Cp, g = embryo dominance x
environment covariance; C4.p = endosperm additive x en-
vironment covariance; Cp.p = endosperm dominance x
environment covariance; and C p = phenotype covariance.

barley grains are germinated for a limited period of
time and then dried. The germinated kernel is called
malt. During germination, the diploid germinating-
embryo secretes gibberellin (GA3) into triploid cells
of the aleurone layers. GAj3 induces the synthesis of
hydrolytic enzymes that catalyze breakdown of the
cell walls and reserves of endosperm tissues and make
them available for the developing embryo, or solu-
ble for malt extracts (Cook, 1962; MacGregor et al.,

1972). Therefore, the performance of malt traits may
be controlled not only by endosperm genes but also by
embryo genes. Thus the standard diploid model (Zhu
& Weir, 1994a) or triploid endosperm model (Zhu &
Weir, 1994b) can not be applied to study the special
genetic control of malt traits. The genetic effects of
embryo as well as endosperm should be considered
in one model. It was shown in this study that the
malt traits were controlled by both the embryo and
endosperm genes and also affected by the environment
interactions.

Diastatic power, alpha-amylase, beta-amylase ac-
tivities and malt N content are four important quality
attributes in malting barley. Malting barley cultivars
with acceptable quality are requested to have an ade-
quate level of DP,  AA and BAA, and a moderate level
of malt N content (Cook, 1962; Guan, 1985; Zhu et al.,
1991). Of the cultivars investigated here, ‘Ganmu 2°,
‘Zhipi’, ‘Zhenong 3’ and ‘Supi 1’ could be used as
preferable parents for improving malting quality in
barley breeding because of their high diastatic power.

Variation of DP and BAA was mainly determined
by endosperm genetic effects, while variation of ¢ AA
and malt N content was controlled by both embryo and
endosperm genetic effects. This discrepancy in genetic
control may be explained by the different stages of
development at which the enzymes are produced and
by the interrelationships among the three traits. On the
one hand, the DP is mainly composed of «AA and
BAA. Beta-amylase, the most abundant barley enzyme
(Enari & Linko, 1969), is produced in the endosperm
during grain filling as an inactive bound form. Beta-
amylase is not synthesized during germination, but
there is a release of a free beta-amylase from a bound
form during germination (Lagerge & Meredith, 1971).
Thus, the beta-amylase may not be largely impacted
by embryo genes. Unlike beta-amylase, alpha-amylase
is produced in triploid cells of the aleurone in response
to GAj3 secreted by the embryo (MacGregor, et al.,
1972). « AA shows a linear relation with the concen-
tration of the gibberellins within a certain extent (Zhu
et al., 1991). Therefore, *AA may be considerably
controlled by embryo genetic effects.

In this study, the genetic effects for the four malt
traits was significantly affected by environments, be-
ing consistent with earlier studies (Kneen & Hads,
1945; Kaeppler & Rasmusson, 1991; Rutger et al.,
1966). A significant embryo genotype x environment
interaction for the malt quality traits (see Table 2) may
be due to the susceptibility of the germinating-embryo
to environmental factors. For DP and BAA, it is re-



ported that genotype was the main source of variation
(Arends et al., 1995; Hayter & Riggs, 1973; Kneen
& Hads, 1945). Our study confirmed previous reports
that variation of DP and SAA was larger among cul-
tivars than between years. Moreover, Xu et al. (1991)
and Kaeppler et al. (1991) observed a high heterosis
over the high-parent for DP, AA and SAA. They at-
tributed the heterosis to dominance effects. Like their
fundings, our study also found that DP and SAA
were mainly controlled by endosperm dominance ef-
fects, while « AA and malt N content were determined
by embryo dominance effects and endosperm additive
effects.

Diastatic power is a measure for the potential of
amylolytic enzymes in malt to decompose the starch
in the endosperm and cereal adjuncts during mash-
ing (Cook, 1962; Hayter & Riggs, 1973; Enari &
Linko, 1969). A number of previous studies reported
that beta-amylase was the main contributor to total
diastatic power (Arends et al., 1995; Hayter & Alli-
son, 1975; Hayter & Riggs, 1973; Kneen & Meredith,
1971; Lee et al.,, 1987). Our study also obtained a
significant positive correlation between SAA and DP.
Although «AA is a contributor to DP, both were lack
of an apparent correlation between them. This agreed
with the finding obtained by Rutger et al. (1967).

Rutger et al. (1967) reported that alpha- and beta-
amylase activities were not correlated and seem to be
independently inherited. Our results also showed that
the correlation between ¢ AA and BAA was relatively
weak in comparison with that between BAA and DP. It
is suggested that development of barley cultivars with
high levels of diastase activity may need a separate
selection for the ¢ AA and BAA.

Previous studies (Arends et al., 1995; Den Hartog
& Lambert, 1953; Enari & Linko, 1969; Hayter & Al-
lison, 1975; Rasmusson & Glass, 1965; Rutger et al.,
1966) and our studies all found that DP and BAA were
closely correlated with malt N content. The positive
correlation between DP and malt N could be largely
explained by the close relationship of both characters
with BAA. The association between BAA and malt N
content and between high DP and BAA are impor-
tant for selection of quality characteristics in barley.
Improvement of DP in barley can be obtained by in-
direct selection for the grain N content, because the
malt N content is determined easier than DP and has
a close correlation with grain N content with a high
heritability.

For the heritability of the malt traits, there are dif-
ferent results obtained by various researchers. Rutger
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et al. (1966) and Foster et al. (1967) reported that her-
itabilities for DP, ¢ AA, BAA and Malt N were over
0.75. In many other studies, heritabilities. were not
very high. For example, the range of heritability esti-
mated by regression of offspring on parents was from
37% to 65% in F3 seeds, and 39% to 74% in F4 seeds
for ¢AA (Kaeppler & Rasmusson, 1991). The range,
when estimated by analysis of variance, was from 29%
to 48% of the narrow sense heritability for DP (Zhu et
al.,, 1991) and from 31% to 34% of the broad sense
heritability (Day et al., 1955). The heritabilities were
not very high for four malting quality traits concerned
in our study. The unlikeness may be due to different
materials and statistical methods used in the different
studies.
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