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Effects of Vegetative Source on Zein Synthesis in Maize
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ABSTRACT : Efforts were made to study whether zein accumulation in maize endosperms was
controlled by the source activity or by endosperm genotypes. Analysis of F7 and F3 individual
kemnels from segregating ears derived from crosses between maize cultivars ILP and THP that differ
in zein concentrations showed no quantitative segregation in zein. When the kernels of these
cultivars were cultured in vitro, zein accumulation was greatly influenced by amino acid
concentrations in the medium. /n vitro labelling of developing kemnels with radioactive amino acid
indicated that the movement of glutamine into kernels followed a non-saturated kinctics. These
results suggest that accumulation of zein in maize endosperms is determined by the source supply of
nutrients rather than by the endosperm genotype.
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INTRODUCTION

Kernel is the primary sink for carbon (C) and nitrogen (N) assimilates in maize. Sucrose
and amino acids provided by the maize vegetative tissues are the main carbon (C) and
nitrogen (N) sources, respectively. for the synthesis of starch and storage protein in
developing kernels. Zein is a major storage protein and may account for as much as 60% of
total protein in the maize endosperm. Previous studies have shown that zein is important for
increasing grain yield because it functions as a major N sink to regulate the movement of
nutrients into kernels, thus facilitating starch accumulation in the kernel (Tsai ef al., 1980
Tsai, 1983).

Although zein is a major storage protein, regulation of the synthesis is still not clear.
Genetic studies have shown that synthesis of zein polypeptides is controlled by several
endosperm genes such as 02 and f12 (Tsai ef al., 1978; Nelson, 1979: Tsai, 1983). However,
other studies have illustrated that zein accumulation may be affected by the source supply
(Tsai, 1983; Reggiani er al., 1985; Lyznik and Tsai. 1989; Singletary and Below, 1989; Tsai
et al., 1990). In an effort to determine whether zein synthesis is regulated by the source
supply or by genetic composition of the endosperm, Fy, F5, and F3 kernels derived from
crosses between maize cultivars differing in zein concentrations were analyzed to evaluate
the sink effect. Developing kernels cultured in vifro or incubated with reaction mixtures

containing 14C-sucrose and 3H-glutamine of varying ratios were conducted to determine the
source effect.
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MATERIALS AND METHODS

Plant Materials

Maize (Zea mays L.) cultivars ILP and IHP, which differ in zein concentrations, were
used as parents to study the sink effect on accumulation of zein in endosperms. The zein
concentrations of ILP and IHP were approximately 2% and 13%, respectively. Homozygous
kernels of parents, F kernels obtained from reciprocal crosses between ILP and IHP, and
their F» kernels were planted at the Purdue Agronomy Farm. Anhydrous ammonia (270 kg N
ha-1) was applied prior to planting. All plants were hand-pollinated to obtain homozygous
kernels, F; heterozygous kernels, and F> and F3 segregating kernels on an ear. Also,
backcrosses of F; plants were made to their respective parents.

In a separate experiment to determine the effect of N levels on zein accumulation in
endosperms, maize hybrid B73 x LH51 was grown with different levels of N fertilizer (0, 90,
180, and 270 kg N ha-l) at the Purdue University Agronomy Farm. All plants were self-
pollinated and kernels were harvested at maturity.

Zein and Total Protein Determinations

At maturity, 20 kernels from randomly collected ears of the selfings or crosses were
sampled and analyzed for endosperm dry weight and zein concentration on a single
endosperm basis. Pericarp and embryo were removed from the kernel because zein is
localized primarily in the endosperm (Tsai, 1979; Lee and Tsai, 1984). Ground endosperm
samples were further powdered in a miniature ball-mill (Wig-L-Bug, Crescent Dental Mfg.
Co., Chicago, IL) for 5 min and defatted for 48 h with n-hexane in a Soxhlet apparatus. Total
zein was extracted with hot 70% ethanol containing 2% 2-mercaptoethanol (Tsai, 1980) and
measured colorimetrically (Bradford, 1976). Total N was determined by a micro-Kjeldahl
method (Assoc. Off. Anal. Chem., 1984). N concentration was multiplied by a factor of 6.25
to calculate total protein concentration.

Determination of Amino Acid Concentration

At mid-silk, leaf and stalk tissues of ILP and THP self-pollinated plants were harvested,
frozen immediately in liquid N, and stored at -20°C before amino acid extraction with 70%
ethanol (Tsai ef al., 1970) and determination with ninhydrin (Mertz ef al., 1975).

Kernel Cultures

ILP and IHP kernels were cultured in vifro (Cully et al., 1984) to evaluate the source
effect on zein accumulation. Kernels collected from field-grown plants 5 days post-
pollination (DPP) were placed on agar plates containing 175 or 350 mM sucrose and 0, 22.
44, 88, or 176 mM of amino acids. Kernel cultures were incubated in the dark at 30°C for 40

days. After harvest, kernels were lyophilized before zein extraction and determination as
mentioned above.

Movement of 14C-sucrose and 3H-glutamine into Maize Kernels
Developing kernels of B73 x LH51 grown under 270 kg N ha-! were collected at 14, 21
and 28 days DPP. Movement of radioactivity into endosperm was determined according to
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the method of Lyznik er al. (1989). After removal of the tip cap region, kernels were
preincubated in 5 mM sodium phosphate buffer, pH 6.5, for 30 min.. Subsequently, five
kernels were incubated in 2 ml of reaction mixture. The C/N ratios in the reaction mixtures
were varied by using a pair combination of one sucrose (C) concentrations (100 mM) and
three amino acid (N) concentrations (5, 20 and 80 mM). Reaction mixtures were prepared
according to Cully er al., (1984). To monitor the uptake of sucrose and amino acids by the
endosperm, 2 4Ci of radioactive 14C-sucrose (350 mCi/mmole) and 1 4Ci of 3H-glutamine
(43.8 Ci/mmole) were added to each of the reaction mixture.

After incubation for four hours, kernels were removed from the reaction mixture, washed
with distilled water, and dissected to remove the pericarp and embryo. The endosperm was
crushed in a scintillation vial containing 1 ml of 70% ethanol before adding 100 ul of a
mixture of 70% perchloric acid and hydrogen peroxide (1:1, v/v). The mixture was incubated
overnight at room temperature to decoloring the solution. After incubation, 10 ml of
counting cocktail (Budget-Solve) containing 5% (V/V) protosol (New England Nuclear.
USA) was added. At least 48 hours later, the radioactivity of 14C and 3H was determined in a
liquid scintillation counter (Beckman Model LS 3801).

RESULTS AND DISCUSSION

Zein Accumulation in ILP and IHP Endosperms

As shown in Table 1, zein concentration in ILP selfed endosperms was 1.8%, while the
concentration of zein in IHP was 13.0%. When reciprocal crosses were made between ILP
and THP, zein concentration in ILP x THP endosperms and IHP x ILP endosperms were 1.7%
and 14.1%, respectively, with values similar to their female parents indicating a maternal
effect. These results were similar to previous studies involving crosses with various maize
inbreds (Reggiani ef al., 1985: Singletary and Below, 1989; Tsai ef al., 1990). When the F
kernels resulting from the reciprocal crosses between ILP and IHP were planted and selfed or
backcrossed (BC), zein concentration in F» and BC endosperms from ears of these crosses
ranged from 8.3% to 10.7%. indicating an intermediate value between the ILP and IHP
parents. Zein concentration in individual endosperm from each ear was similar as indicated
by the small values of standard deviation.

Although there was little variation in zein concentration among the F» endosperms in a
segregating ear, genetic segregation of zein polypeptides unique to ILP and THP was obvious
on IEF gels (data not shown). Segregation of zein polypeptides in the I'> endosperms were
expected due to the segregation of zein structural genes. The lack of quantitative segregation
in zein concentration of individual endosperms within the I segregating ear clearly indicates
that the quantitative accumulation of zein in kernels is determined by vegetative source
activity rather than by the genetic constitute of endosperms. When kernels from the F,
"segregating” ear were subsequently planted and selfed, the total protein concentration of F3
endosperms from each of the 14 different ears varied from 10.3% to 18.6%., a segregation
toward the parents ILP and IHP; however, protein concentration of individual endosperms
from each ear was similar (Table 2). Although zein concentration was not determined for the
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F3 kemnels, the results obtained for total protein also showed little variation in concentration
(a reflection for changes in zein concentration) among segregating endosperms. These results
obtained for F» and F3 support the hypothesis that zein or protein accumulation is not
determine by endosperm genotypes.

Table 1. Zein concentration in the endosperm of ILP and IHP parents, their reciprocal crosses, backcrosses and
F2 progenies. Each value represents the mean of 20 determinations = s. d.

Endosperm Generation Dry weight Zein
mg/endo mg/endo % dry weight

ILP (x) 240 = 11 43=0.2 1.8=0.1
THP (x) 134%5 174=1.0 13.0£ 0.7
ILP x IHP Fi 230=5 3.9+0.2 1.7+ 0.1
IHP x ILP Fq 1287 18.0=0.3 14.1=0.6
(ILP x IHP) (x) F2 260 £ 14 27814 10.7=04
(IHP x ILP) (x) F2 298+ 12 298%24 10.0=0.5
(ILP x IHP) x ILP BC 349% 13 32118 92+0.2
(ILP x IHP) x THP BC 298 £ 12 247+ 1.0 83+03
(IHP x ILP) x ILP BC 324 11 330%22 102+ 04
(THP x ILP) x THP BC 191 =7 17.8£ 1.0 93=03

Table 2. Dry weight and protein concentration of the endosperms in ears of F3 progenies of the ILP and THP
Crosses.

Ear Endosperm weight Protein concentration
[(IHP x ILP) (x)] (x) mg/kernel %
1 190 £ 16 16.8x 1.3
2 1809 135 £07
3 22110 13407
4 271 =15 13307
5 28517 132+09
6 18110 12407
7 259 =26 12312
8 198 =9 11.4+0.6

[(ILP x [HP) ()] (x)

1 195+ 15 18.6 =13
2 202 =21 16.1=1.5
3 207 =11 15709
4 212+ 15 15009
5 173 £ 11 148 +0.1
6 194=6 10.3=0.3




328 TAIWANIA Vol. 42, No. 4

Zein Synthesis in Cultured Kernels

ILP kernels had a larger endosperm weight and higher starch/protein (C/N) ratio than the
IHP kernels (Table 1); therefore, ILP cultured kernels responded to a high sucrose
concentration (350 mM) for maximum kernel development and zein accumulation. Under
the high sucrose condition, ILP kernels produced about 6% zein with 88 mM amino acids
(Fig. 1) which was at least three times higher than that of the field-grown kernels (1.8%)
IHP kernels, on the other hand, were small in kernel weight and had a low C/N ratio (Table
1); therefore, sucrose was not a limiting factor in this experiment for maximum kernel
‘development. Zein concentration in the IHP cultured kernels increased from about 1% to a
maximum of about 14% when amino acid concentration increased from 0 to 44 mM (Fig. 2)
The small amount of zein produced with zero supplemental amino acids presumably resulted
from the endogenous amino acids accumulated during the first 5 DPP grown in the field.
These results suggest that the extremely low and high concentrations of zein, 1.8% and
13.0%, produced in the field-grown ILP and IHP plants, respectively. are not controlled
exclusively by the endosperm genotypes: in stead., they are attributable, in large part, to the
concentration of amino acids provided by vegetative tissues. The concentration of amino
acids measured at the mid-silk stage in the leaf and stalk tissues of ILP was 2.6% and 1.6%.
respectively, as compared with 3.7% and 3.7% in the leaf and stalk tissues of IHP (Table 3).
The vegetative tissues in ILP apparently produced much less amino acids than that of the IHP.
Accordingly, ILP accumulated only a small amount of zein in the kernel. indicating the
importance of source activity in affecting zein synthesis.

5]
=N
o 4
=
=
= 2 ----g---  Sucrose-175 mM
:\5; i LA ——  Sucrose-350 mM

0 i 1 5 1 M 1 L

0 50 100 150 200

Amino acids (mM)

Fig. 1. Effect of amino acid concentrations on zein accumulation in cultured kernels of ILP.

Our previous studies indicate that cultured cells of maize endosperms preserve their
ability to synthesize zein proteins (Lyznik and Tsai 1989). Translation of polysomal RNA
isolated from cultured cells showed that the pattern of zein polypeptides synthesized in vitro
was similar to the zein polypeptide composition translated from RNA isolated from the 15
days old kernels. Furthermore, studies with suspension cell cultures indicated that synthesis
of zein was regulated by amino acids with glutamine being a major factor in enhancing zein
synthesis (Lyznik and Tsai 1989). Thus, although endosperm genes such as 02 and 12 may
suppress zein synthesis, under normal conditions, zein synthesis in maize endosperm 1is
regulated by the source supply.
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Fig. 2. Effect of amino acid concentrations on zein accumulation in cultured kernels of IHP.

Table 3. Amino acid concentration in leaf and stalk tissues of ILP and IHP harvested at mid-silk stage.

Amino acid concentration
Genotype Leaf Stalk

--— % dry weight --—

ILP 2.6 1.6
IHP 3 3.7

Effects of Exogenous N Levels on Zein and Protein Accumulation in endosperms

As shown in Table 4, total protein accumulation in B73 x LH51 endosperms increased in
response to N fertility, and the increases in protein were primarily in the form of zein. This
observation is consistent with previous studies indicating that unlike other endosperm
proteins, zein accumulation responds dynamically to N fertilizer, which makes zein a
functional storage house for organic nitrogen (Tsai, 1983). This effect of vegetative source
on zein synthesis could be further demonstrated by measuring the accumulation of
radioactive amino acid into endosperms incubated with different levels of 3H-glutamine.

Table 4. Zein, non-zein, and total protein concentrations in the endosperm of B73 x LH51 fertilized with
different levels of N. Values are mean of 3 replicates = s. d.

N level Zein Non-zein protein Total protein
kg ha"l % dry weight
0 1.20 = 0.09 4.8 6.0
90 2.50+0.10 5.0 7.5
180 2.80x0.10 5.1 7.9
1

8.7

h

240 3.60+£0.12




330 TAIWANIA Vol. 42, No. 4

When the movement of 3H-glutamine was conducted with kernels of active stage of zein
synthesis, e.g., 14, 21, and 28 DPP. the glutamine movement into endosperms increased as
the concentration of amino acids in the reaction mixtures increased and showed a non-
saturation kinetics (Table 5). This result indicates a clear source effect in movement of 3H-
glutamine into kernels throughout the period of active zein synthesis and hence the
accumulation of a large quantity of zein. Our previous studies have shown that zein synthesis
in the endosperm is preferentially stimulated by glutamine (Lyznik and Tsai, 1989).
Although the movement of amino acids into endosperm was linearly proportional to the
source concentration, the movement of sucrose was stimulated as the concentration of
glutamine in the reaction mixture increased from 5 to 80 mM (Table 5), indicating the
importance of zein synthesis in affecting starch accumulation in the endosperm.

These studies clearly indicate that accumulation of zein in the kernel is regulated
primarily by amino acid substrates provided by the source tissues.

Table 5. Movement of 14C-sucrose and 3H-glutamine into developing endosperms of maize hybrid B73 x LH

51 incubated in vitro in reaction mixtures containing 100 mM of 4C-sucrose and varying concentrations of 3H-
glutamine. Values are the mean of 5 replicates = s. d.

Substrates Nutrient taken up by endosperms

DPP Amino acid Sucrose Amino acid
Day mM nmoles/endo/hr

14 80 11.4=0.5 235+09
14 20 11.3+0.3 57+0.2
14 5 9.1+1.0 1.6+0.2
21 80 . 25 e 5 28.0+29
21 20 194=%1.7 82=+009
21 5 106=2.0 1.8+04
28 80 238+26 214+22
28 20 123+29 4509
28 5 6.5=0.8 09=0.1
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