Proc. Nat. Acad. Sci. USA
Vol. 72, No. 3, pp. 892-895, March 1975

Genetic Control of Endosperm Amylase Activity and Gibberellic Acid
Responses in Standard-Height and Short-Statured Wheats

(a-amylase/enzyme induction/wheat grain/Triticum aestivum L.)

GERHARDT N. FICK* AND CALVIN O. QUALSET{

* Agncultm-al Research Service, U.S. Department of Agriculture, Fargo, North Dakota 58102; and { Department of Agronomy and

Range Science, University of California, Davis, Calif 95616
Communicated by Charles M. Rick, December 12, 1974 .

ABSTRACT In contrast to standard-height wheat
genotypes, short-statured wheats having major genes for
dwarfness do not show increased seedling growth after
treatment with gibberellic acid. Endogenous gibberellic
acid induces synthesis of amylase in the endosperm of
germinating seeds, but the amount of amylase synthesized
is g'reatly increased by exogenous gibberellic acid treat-
ment in standard-height and in short-statured wheats
that have dwarfing genes from the variety “Norin 10.”
“D6899,” which has the “Tom Thumb” gene for height
reduction, had about one-fourth of the amylase activity
of standard-height and Norin 10-derived, short-statured
wheats. This genotype showed little or no increased amy-
lase activity after gibberellic acid treatment. Genetic
analyses showed that the amount of amylase synthesized
was controlled by a single gene and was dependent on the
nuymber of copies of the structural gene present in the
endosperm. Dwarfism in wheat may be related to a block-
age in gibberellic acid utilization because other workers
have found that the amount of endogenc)us amylase syn-
thesized in Norin 10-derived, short-statured wheats is not
growth-limiting, but it is not known if low amylase syn-
thesis is related to dwarfism in the Tom Thumb deriva-
tive. No recombinants were recovered in a small popula-
tion, suggesting that the Tom Thumb gene may pleio-
tropically affect plant height and the lack of response to
gibberellic acid in amylase synthesis and seedling growth.

Gibberellic acid (GA) plays an important role in determining
the differential growth patterns of plants with dwarf and
normal phenotypes. Dwarfs of several species have been in-
duced to grow normally in response to GA (1), although cer-
tain dwarfs show only a low response (1, 2). The ability of
wheat plants to respond to GA differs greatly among tall and
short-statured wheats. Tall genotypes show marked increases
in growth, whereas short-statured or dwarf types show very
limited response (3-5). Wheats showing little GA response are
termed GA-insensitive.

Hydrolytic enzymes, such as a-amylase (EC 3.2.1.1) in
cereal endosperm, are induced by endogenous GA, which
occurs in the scutellum of the embryo. Many factors influence
the level of amylase activity attained in response to GA (6),
including little-known genetic effects (4, 7), and it is not
known if plant height and GA response are controlled by
pleiotropic genes or if the two characteristics are controlled by
independent or linked genes. Varieties or genotypes have not
been identified that have specific alleles that condition
amylase activity or the gibberellin response. We report here
the GA effects on seedling growth and amylase activity for 6

Abbreviation: GA, gibberellic acid.
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genotypes of wheat, Triticum gestivum L., that differ widely in
mature plant height and the identification of a single gene that
has a very large effect on amylase synthesis in germinating
grains.

MATERIALS AND METHODS

The six genotypes studied have been described and the genes
affecting plant height were identified (8). The genotypes can
be placed in three groups on the basis of mature plant height
(Table 1). “Ramona 50" and ‘“Nainari 60” have standard
height; “D6301” and “Norin 10” are short-statured; and
“Olesen” and “D6899” are also called short-statured, but are
significantly shorter than the previous two genotypes. Norin
10 is a Japanese variety that was used to develop short-
statured cultivated wheat varieties. Genetic tests showed it to
have two genes for dwarfness (8). D6301 has the two Norin 10
dwarfing genes. Olesen is a Rhodesian variety that has the two
Norin 10 genes and a third gene of uncertain origin. D6899 has
the Tom Thumb gene on chromosome 4A (9) and neither of
the Norin 10 dwarfing genes. Norin 10 has semi-winter growth
habit, while the rest of the genotypes have spring growth habit.

Coleoptile and first leaf length and endosperm amylase
activity of the germinating seeds were compared for the six
genotypes. The seeds were germinated in a darkened growth
chamber at 21°, using the slant-board techniques described by
Jones and Cobb (10), with 0 or 1 mg/liter of GA (potassium
salt, 20%, inert ingredients, Calbiochem, Los Angeles) added
to the water reservoir. Coleoptile lengths were measured after
7 days. Lengths of the first seedling leaves were determined
after growth for an additional 10 days under a 16-hr day-
length in a nutrient solution with or without the GA. Amylase
activity in the endosperm of germinating seeds was determined
after germination in the dark at 21° for 5 days in petri dishes
containing filter paper and distilled water. Seeds treated with
GA were allowed to germinate the initial 24 hr in distilled
water containing 100 ppm of GA, a concentration previously
determined as being more effective than 1, 10, or 1000 ppm in
affecting germination and amylase activity. The endosperm
was removed from five uniform seedlings of each variety per
treatment and ground in a mortar containing 5 ml of 0.2%
CaCl, solution. The homogenate was filtered through What-
man no. 1 filter paper, and the filtrate obtained was used as the
amylase source. Heating the filtrate at 70° for 10 min, which
differentially inactivates 8-amylase and leaves at least 93%, of
the a-amylase activity (11), indicated that approximately 75%,
of the total activity was due to a-amylase and that this pro-
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TaBLE 1. Mature plant height and comparisons of coleoptile length, first seedling leaf length, and amylase activity in endosperm of
germinating seeds of siz wheat varieties untreated and treated with gibberellic acid (GA)

First seedling leaf Amylase activity
lf; l:;':; Coleoptile length (mm) length (mm) (AA-T)/t-v
Variety (cm) Untreated GA effect Untreated GA effect Untreated GA effect

Ramona 50 108 83.6 15.9% 1 125.8 19.0* 214 561
Nainari 60 107 67.0 14.5% 124.5 28.3% 224 671
D6301% 80 51.8 2.5 100.8 6.7 194 18
Norin 10 71 38.2 -1.1 78.5 —6.0 176 29*
Olesen 50 38.8 0.6 81.6 4.8 196 22*
D6899§ 49 38.0 0.7 72.0 —4.5 48 7
Standard error 1 1.7 5.0 12

Height data were obtained from a field experiment. Measurements of coleoptile length and first seedling leaf length are means of 10
seedlings in each of two replicates per treatment. Amylase measurements are means of duplicate determinations of the activity in two

samples of three seeds each.

*1 GA effects significantly different from the untreated controls at the 0.05 and 0.01 probability levels, respectively.

1 Selection from the hybrid Mayo 54 X Norin 10-Brevor.

§ Selection from the hybrid Tom Thumb-Sonora 64 X Tacuari.

portion did not vary significantly among the genotypes
studied. Amylase activity (a- and B-amylase combined) was
assayed by the starch iodine method (12). Activities are ex-
pressed as (AA-T,)/t-v, where A is the absorbance of zero
time control minus the absorbance of sample, T, is the total
volume of filtrate, ¢ is the time (min) of incubation with starch,
and v is the volume of filtrate taken for incubation.

RESULTS AND DISCUSSION

The two standard-height genotypes, Ramona 50 and Nainari
60, had long coleoptiles and first leaves and high amylase
activity when compared to the four short-statured genotypes.
D6301, Norin 10, Olesen, and D6899 had coleoptiles and first
leaves reduced in length to about the same degree as mature
height in comparison with the standard-height varieties.
Endosperm amylase activity was lower for D6301, Norin 10,
and Olesen than for Ramona 50 and Nainari 60, but the dif-
ferences were not all significant (P > 0.05). Most striking,
however, was the approximately 4-fold lower amylase activity
of D6899 when compared to the short-statured and standard
height genotypes. Thus, in this group of genotypes, there is
not a direct relationship of plant height to endosperm amylase
activity during seed germination.

Table 1 also shows the mean differences between GA-
treated and untreated wheat genotypes. Coleoptile and first
leaf lengths showed a positive GA effect for the standard
height varieties and no significant effects for the short-statured
varieties. The results for amylase activity show a positive
response for all genotypes, being significant for the standard
height varieties and for two of the four short-statured vari-
eties. The enhancement of enzyme activity for the short
wheats was lower than for tall wheats, in contrast to results of
Radley (4), where the short wheats behaved the same as tall
wheats. The increases in amylase activity due to GA were
about the same for the three short wheats that have dwarfing
genes from Norin 10, but D6899 showed a small and non-
significant response to GA. Thus, these short-statured wheats
differ in their sensitivity to GA during enzyme induction as the
germination process starts, but are similar in terms of early
seedling growth. Norin 10-derived short wheats and Tom
Thumb have very high levels of endogenous GA-like activity
(4, 13), and sihce they fail to show a growth response to GA, it

is suggested that normal growth is inhibited in the short-
statured wheats because of a blockage in the use of GA rather
than because of inadequate biosynthesis.

Because of the extremely low amount of amylase synthe-
sized during germination of D6899 and because a single major
gene controls the dwarfing effect (8), it was believed that
genetic control of the amount of aymlase produced might also
be simply inherited. The inheritance of amylase activity was
examined in segregating and nonsegregating generations of
Ramona 50 (R) X D6899 (D). Ten seeds of each parent; 10
seeds each of the reciprocal Fis, R X D and D X R; 50 seeds
of the backerosses D? X R and R? X D; and 100 seeds of the
F. (R X D) were prepared individually for determination of
amylase activity in the manner described previously. Although
the absolute values are lower because the analyses were made
on single seeds, the 4-fold difference in amylase activity
between the parents (Table 1) was confirmed (Table 2). The
mean values of amylase activity in F; seeds indicated partial
dominance for low activity of D6899 over the high activity of
Ramona 50. The F; distribution appeared bimodal and with a
suggested break between 20 and 24 units of amylase activity.
With the hypothesis that amylase activity is governed by a
single gene with partial dominance for low activity, the F.
is expected to segregate in a ratio of three seeds with low
activity to one seed with high activity. Some deviation from a
3 to 1 ratio was found (x? = 4.32; 0.02 < P < 0.05), with an
excess of seeds in the range of the high-amylase parent. The
segregation in the backcross to Ramona 50 separates nicely
into two groups in a 1:1 ratio, as expected for a single gene.
The distribution for the backcross to D6899 was inclusive of
the ranges in activity for D6899 and the F; D6899 X Ramona
50. There is a suggestion of bimodality in this distribution,
which is expected with the segregation of a single incompletely
dominant gene, but the number of seeds analyzed was too
small to determine if the 1:1 segregation was realized.

A difference was found for amylase activity of the Fj,
depending on whether Ramona 50 or D6899 was used as the
maternal parent. This result would be expected if the enzy-
matic activity depends on the number of copies of a structural
gene present in the endosperm, as Carlson (14) demonstrated
in trisomic barley. Because the endosperm is triploid tissue,
endosperm genotypes were postulated as a;a:a; for Ramona 50,
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TABLE 2. Frequency distributions and mean amylase activity in germinating seeds of parent, F, Fs, and
backcross populations of Ramona 50 X D6899 (maternal parent listed first)

Amylase activity, (A4 -T.)/t-v (upper class limit)

No. of

Parent or population 4 8 12 16 20 24 28 32 36 40 seeds Mean
Ramona 50 1 4 3 2 10 30.4
D6899 2 8 10 7.1
Ramona 50 X D6899, F, 1 1 5 2 1 10 15.4
D6899 X Ramona 50, F, 4 4 1 1 10 11.8
Ramona 50 X D6899, F, 1 10 20 19 7 9 12 11 10 1 100 17.7
D68992 X Ramona 50, BC 17 10 14 7 2 50 9.2
Ramona 502 X D6899, BC 2 12 9 1 1 3 5 12 5 50 20.5

@250, for D6899, a,a,a, for the F; when Ramona 50 was the ma-
ternal parent, and aia,a; when D6899 was the maternal parent.
The mean amylase activities observed for these four genotypes
were: @i, 30.4; aima,, 15.4; a1a:a,, 11.8; and axa.a,, 7.1.
From these values, the mean activities of the backeross and
F: populations were predicted and compared with the observed
generation means (in parentheses): Fs, 16.2 (17.7); backcross
to Ramona 50, 21.1 (20.5); and backeross to D6899, 11.2 (9.2).
The observed and predicted values agree reasonably well.
Thus, the results from analyses of frequency distributions and
generation means both support the single-gene hypothesis.

Each F, seedling, from which the endosperm had been re-
moved for amylase determinations, was measured for coleop-
tile length, transplanted to soil, and grown to maturity in the
greenhouse for determination of mature plant height. Correla-
tions of amylase activity with coleoptile length and plant
height for the F, generation were r = 0.82 and 0.75 (P < 0.01),
respectively.

Amylase activity and seedling response to GA treatment
were studied in the F; generation using seeds from 21 random
F, plants. Table 3 shows the data for the parents and 21
random F; lines, grouped according to their genotype as
assumed from F. plant heights. Levels of amylase activity for
the seven F; lines assumed to have the Ramona 50 genotype
and for the four F; lines assumed to have the D6899 genotype
are similar to the parental values. Mean amylase activity of
the ten F; lines derived from heterozygous F. plants was inter-

TaBLE 3. Amylase activity, coleoptile length, response in
coleoptile length from treatment with gibberellic acid (GA),
and plant height for parents and F; lines from
the cross Ramona 50 X D6899

No. Amy- Coleol()I:l; )length F,
F, of lase — —  °  plant
geno- F; activ-  Un- GA height
Identity type lines* ity treated effect (cm)
Ramona 50 o 275 96.1 8.1t 102
F, tall ma 7 262 87.0 10.2t 101
F, interme-
diate amas 10 165 67.7 5.3t 53
F, short Q202 4 54 48.0 1.3 32
D6899 a0, 40 41.6 1.2 30

* Amylase activity of each F; line was determined from dupli-
cate determinations using 10 seeds per assay.

t GA effect significantly different from the untreated popula-
tions at the 0.01 probability level.

mediate to the activities of the high- and low-amylase lines.
Similar patterns can be noted for the three groups of genotypes
with respect to response to GA; that is, the tall genotypes
characterized by high amylase activity responded to GA,
whereas the short, low-amylase genotypes did not. Although
the populations were small, these results show close associa-
tions of GA response, amylase activity, seedling growth, and
plant height in this cross. Further studies are necessary on this
point, but it is clear that not all wheats have the same physi-
ological bases for dwarfism. Hu et al. (15) indicated that GA
insensitivity and plant height were controlled by separate, but
linked, genes in Norin 10-derived materials, and Gale and
Marshall (i3) stated that possibly only one of the Norin 10
genes is associated with GA insensitivity.

The limited GA response shown by D6899, predominantly
controlled by a single gene, offers a genetic approach to study
biosynthetic pathways and gene action of growth processes in
higher plants. Except for its short stature, D6899 grows and
reproduces well in the field or growth chamber. This genotype
should be useful for further investigations involving the induc-
tion of hydrolytic enzymes in response to GA.

Mention of a trade name, proprietary products, or specific
equipment does not constitute a guarantee or warranty of the
product by the U.S. Department of Agriculture, and does not
imply its approval to the exclusion of other products that may
also be suitable. G.N.F. was supported by National Institutes of
Health Training Grant GM701.

1. Phinney, B. O. & West, C. A. (1961) “Gibberellins and plant
growth,” Encyl. Plant Physiol. 16, 1185-1227.

2. Harada, J. & Vergara, B.S. (1971) “Response of different
rice varieties to gibberellin,”” Crop Sci. 11, 373-374.

3. Allan, R. E, Vogel, O. A. & Craddock, J. C., Jr. (1959)
“Comparative response to gibberellic acid of dwarf, semi-
dwarf, and standard short and tall winter wheat varieties,”
Agron. J. 51, 737-740.

4. Radley, M. (1970) “Comparison of endogenous gibberellins
and response to applied gibberellin of some dwarf and tall
wheat cultivars,” Planta 92, 292-300.

5. Gale, M. D. & Marshall, G. A. (1973) “Insensitivity to
gibberellin in dwarf wheats,”” Ann. Bot. 37, 729-735.

6. Filner, P., Wray, J. L. & Varner, J. E. (1969) “Enzyme in-
duction in higher plants,” Science 165, 358-367.

7. Moro, M. S., Pomeranz, Y. & Schellenberger, J. A. (1963)
“The effects of gibberellic acid on alpha-amylase in wheat
endosperm,”’ Phyton 20, 59-64.

8. Fick, G. N. & Qualset, C. O. (1973) “Genes for dwarfness in
wheat, Triticum aestivum L.,” Genetics 75, 531-539.

9. Morris, R., Schmidt, J. W. & Johnson, V. A. (1972) “Chro-
mosomal location of a dwarfing gene in “Tom Thumb’ wheat
derivative by monosomic analysis,” Crop Sci. 12, 247-249.

10. Jones, L. G. & Cobb, R. D. (1963) “A technique for increas-



Proc. Nat. Acad. Sci. USA 72 (1976)

11.

12
13.

ing the speed of laboratory germination testing,” Proc.
Ass. Offic. Seed Anal. N. Amer. 53, 144-160.

Paleg, L. G. (1960) “Physiological effects of gibberellic acid.
II. On starch hydrolyzing enzymes of barley endosperm,”
Plant Physiol. 35, 902-906. )
Jones, R. L. & Varner, J. E. (1967) “The bioassay of gib-
berellins,”’ Planta 72, 155-157.

Gale, M. D. & Marshall, G. A. (1973) “Dwarf wheats and

Endosperm Amylase and Gibberellic Acid Response 895

14.

15.

gibberellins,”” Proc. 4th International Wheat Genetics Symp.
Missouri Agric. Exp. Station, pp. 513-519.

Carlson, P. S. (1972) “Notes on the mechanism of action of
gibberellic acid,” Nature 237, 39-41.

Hu, M. L., Favret, G., Favret, E. A., Donaldson, E. &
Allan, R. E. (1972) “Inheritance of insensitivity to gibberel-
lic acid GA; in derivatives of oriental semidwarf wheats,”
Amer. Soc. Agron. Abstr., 25.



