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Abstract—In an attempt to investigate starch biosynthesis of amylomaize, the endosperm starches from four genotypes
with different doses of amylose-extender (ae) between 0 and 3 were isolated at 14, 18,22, 28, and 36 days after pollination,
and Ther properies were examned. Gene efiects 0l 22 on Yoe endosperm siaténes were jound 1o The apparen: annhose
content from measurements of iodine binding capacity and in the elution pattern from fractionation of starches
debranched by isoamylase on Sephadex G-75. With increasing doses of ae, the lengths of two side-chain fractions of
amylopectin in the original starch granule and the carbohydrate content of shorter side-chain fraction both increased.
Hcwever, the leagth af each side chiain fraction varied little between 14 aud 34 days ia all genatyges. {u additiaq, the
amylose content in ge homozygous at the 14-day stage was ca 24 % lower than the value of amylose and intermediate

fractions in the original starch granule.

INTRODUCTION

Among well-known endosperm marker genes of maize

(Zea mays), amylose-extender (ae) is characterized by an

inCieamd ANIOR CUmPYIRES T UIR Sandh syntireimd

[1]. Recently, the ae starch has been investigated by

maxy Rorras (220 WAk e ab (2 mporhed doat av
amylopectin, which was non-complexing with BuOH, had

longer inner and outer branches than those of normal

amylopectin. They proposed that the ae amylopectin was

intermediate in structure between normar amyiose and
amylopectin. Greenwood et al. [3] reported that ae starch

contained amylose of a lower degree of polymerization

than normal amylose and an unusually high proportion of
intermediate material fitting neither the definition of
anmiase aat arpvigoectn. ‘Aroadn brey sondteely wornrin
amylopectin from the intermediate material, they were

umddie ‘o sgpardte lne rear natwertdh om 'vrarhiech
ccmganent af the atermediate matecial. While Bavyer et

al. [4] found either that amylopectin of ae wx (amylose-

extender waxy) was a loosely branched amylopectin with

an inner chain length of 52 glucose units, or that its outer

chain was longer in length and fewer in number per mg of
starch than that of wx. They proposed that the ae wx

starch was similar to the anomalous amylopectin of ae

starch. Although there are many reports on the ae starch,

enzymatic or physiological reports on the ae starch

biasyathesis nave been few [11-15]. Therefore, 1t has not
been well explained how the gene effects of ae relate to the

mechanism of the ae starch biosynthesis enzymatically or

physiologically.

Manners and Rowe [16] reported that extracts of sweet
corn coniaiped 2 mixjvre of debranching enzymes; R-
enzyme (EC 32.1.41) and isoamyiase (EC 32.1.68). On
the basis of their report, Ayers and Creech [17] suggested
that ae might function by allowing increased activity of a
debranching enzyme, and short-chain amylose might be
accumulated as the result. They further suggested [18]
either that the dominant Ae codes for the production of a

suppressor, or that ae codes for an activator of a
debranching enzyme. However, no direct evidence for the
debranching theory for ae gene has been reported yet.

In this paper. in order so educidate eSects of we in starch
biosynthesis, we have used four endosperm starches with
difsxent doses of a2 betwesn O and 3 35 expruimesnsal
material, and have examined some properties of the whole
starches and the debranched starches at various stages of
endosperm development. The purpose of the present
investigation was (o clarify {he mechanism of the oe-
specific starch biosynthesis during endosperm develop-
ment.

RESULTS

TErtrosperm stardires wihn iffrerar troses Gt vévecen
0 and 3 were isolated at various stages of endosperm
Tevdanmeat., urh winas ¥ ‘adinge ‘unding, wmpdeose
cantent, and Ay, of the starches is shown in Table 1. As a
general tendency in all four genotypes, the iodine binding
value was low at the 14-day stage, and increased rapidly
between 14 and 18 days, and then the rate of increase
slowed down up to the 36-day stage. Likewise, the
amylose content and 4,,,, showed the same tendency. The
amylose content at a certain stage increased with
increasing doses of ae, and the maximum values obtained
at 36-day stage with increasing doses of ae from O to 3 were
25.4, 28.3, 37.9, and 65.3 %, respectively.

Fig. 1 illustrates elution patterns of endosperm starches
with different doses of ae at the 14-day stage after
debranching. With increasing doses of ae, the elution
patterns of Frs. I1 and III became broader, and the peaks
of the fractions shiffied (o the higher MW side. The same
wendency of the ehation patiern was also observed at other
stages of endosperm development. Results of fractio-
nations of debranched starches between 14 and 36 days
after pollination are shown in Table 2. Percentages of Fr.1
in 0, 1, and 2 doses of ae at the 14-day stage were lower
than those at other stages, and increased rapidly between
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Table 1. Iodine binding, amylose content, and 4, of endosperm starches with different

T. BABA et al.

doses of ae

Iodine binding

DAP* (mg iodine/100 Amylose content Amax
(days) Dosage of ae mg sample) (%) (nm)
0 2.1 12.7 565

14 1 24 14.1 570
2 2.8 16.7 575

3 5.9 350 580

0 3.8 22,5 568

18 1 44 26.1 575
2 52 30.8 578

3 10.0 59.6 582

0 40 235 570

22 1 4.6 27.3 578
2 6.0 358 580

3 10.7 63.3 585

0 4.2 24.9 570

28 1 4.6 276 578
2 6.1 36.3 583

3 10.8 63.9 585

0 43 25.4 570

36 1 5.0 29.8 580
2 6.4 379 588

3 11.1 65.9 592

*Days after pollination.

14 and 18 days, and then the increase slowed down up to
36-day stage. In case of 3 doses of ae, the percentage
remained almost constant throughout endosperm
development. The percentage of Fr. I increased with
increasing doses of ae at any stages, and these values
agreed with those of the amylose contents except for 14-
day stage (Tables 1 and 2). Percentages of Fr. II in all
genotypes were similar throughout endosperm develop-
ment, although average chain length of the peak became
longer with increasing doses of ae. As to Fr. III, the
percentage showed quite the reverse tendency against that
of Fr. T by increase of ae and endosperm development.
Average chain length of the peak of Fr. TII became
somewhat longer with increasing doses of ae.

The percentage value of each fraction was converted to
mgstarch per endosperm, and the result is shown in Fig, 2.
The content of each fraction was low at the 14-day stage in
all genotypes, and increased up to the 36-day stage.
Dosage of ae showed significant effects on endosperm
starches of Frs. I and I during endosperm development,
while there was no noticeable effect on the starch of Fr. I1
by dosage of ae.

DISCUSSION

Mechanism of starch biosynthesis in ae endosperm
became somewhat distinct by using endosperm starches
with different doses of ae and different ages of
development. Recently, Tkawa et al. [5] reported on
fractionations on Sephadex G-75 of debranched starches
from various maize mutants including amylomaize. They
separated the elution pattern to three fractions, and
showed the percentage content of each fraction. As
pointed out by them [5, 6], Fr. I in our examination
corresponded to the amylose and ae-specific intermediate

fractions, and Frs. 1I and III corresponded to side-chain
fractions of amylopectin in the original starch granule.
Therefore, there were three remarkable effects on the
endosperm starch by the ae allele during endosperm
development; amylose content, lengths of two side-chain
fractions, and content of shorter side-chain fraction.

Ikawa et al. [5] reported that in normal and wx maize
starch, the content of Fr. I agreed with the amylose
percentage measured by potentiometric iodine titration.
However, in the case of ae starch, the value of Fr. I was
10-15%, lower than the amylose percentage. They
suggested that this reduction was due to the fact that
amylomaize starch contained an intermediate fraction
different from typical amylose and amylopectin. In our
results, the value of Fr. I agreed with the amylose content
measured by amperometric iodine titration except for 1,2,
and 3 doses of ae at the 14-day stage (Table I and 2). This
may be due to the fact that the range of Fr. I was
Amax > 600nm, and the Fr. I contained ae-specific
intermediate fraction. The values of Fr. I for 1, 2, and 3
doses of ae at the 14-day stage were ca 6, §, and 249,
higher than the amylose contents, respectively. In
addition, values of f-amylolysis limits of whole
endosperm starches in normal and ae homozygous were
584 and 74.79, at the l4-day stage, respectively
(unpublished data). The value of ae was ca 7 %; higher than
other stages, while in normal 59 lower. These results
suggest that biosynthesis of ae-specific intermediate
fraction which is composed of an anomalous amylopectin
and/or an amylose of a lower degree of polymerization, as
pointed out by Greenwood et al. [3], is very vigorous at
early stage of endosperm development.

The length of longer side chain in ge amylopectin was
longer (about 13 glucose units) than that in normal, and
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Fig 1. Elution patterns on a column of Sephadex G-75 of four
endosperm starches debranched by isoamylase. Endosperm
starches with different doses of ae allele between 0 and 3 at 14-day
stage were debranched, applied on a column of Sephadex G-75
(1.6 x 75cm), and eluted with 0.02 M NaOH containing 0.029
NaN;. Amounts of carbohydrate and reducing end group ineach
tube were measured by the phenol-sulfuric acid method and the
Nelson’s reducing sugar method, respectively. Average chain
length (CL) was calculated from the ratio of the carbohydrate
and tne reducing ends. Endosperm genotypes examined were
Ae Ae Ae (A), Ae Aeae (B), Aeaeae (C), and aeae ae (D) in the
triploid endosperm.

did not change during endosperm development (Table 2).
However, the content of the side-chain fraction was not
influenced by the ae allele, which was different from
the resuit reported by [kawa et al. [5]. As to the shorter
side-chain fraction, the content was decreased by ae
during endosperm development, although the chain
letgd. 1w doonazsygys. was sytsewlan doige Jabow £
glucose units). These results indicated that the structure of
amylopectin either in normal, or in ae did not change
throughout its biosynthesis. In addition, Ayers and
Creecyr JY). 1B snggested Yhay fhe Mgh amyose
accumulation in amylomaize might be due to
chéprancmng ol ine ongind) starcn, M TN SUREESHvD TS
COTIRUL, Ti WK W wsprvad et Wr ok daEs o
amniopecin woild 'oe very tong &t ® peniod wnen (ne
LIRYRGWE COITNEET ANGRERRES Mgy, FRowerey, ditinungie ine
LXTINGEE GATNGNY AT G DOROZYECES mvreesed rephdly
between 14 and 18 days after pollination, the lengths of
two side chains of amnylopecin fraction changed very fittle
at the period of endosperm development. Therelore, the
results of the present experiments do not support tne
suggesnon of 2 LEvrancmng theory.

It is important to find starch synthetase (EC 2.4.1.1)
and branching enzyme (EC 2.4.1.18) which characteristi-
cally participated in amylomaize starch biosynthesis. The
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findings should be necessary in the final understanding of
the role of the recessive ae allele in starch biosynthesis.

EXPERIMENTAL

Materials. The inbred M-14 homozygous seeds for either ae or
its nonmutant were obtained from The Maize Genetic Co-
operation and Dr. R. W. Briggs in Brookhaven Laboratory NY,
respectively, and they have been maintained in the National
Institute of Genetics (Misima, Japan). They were grown in 1979
at The Tsukuba Agricultural Technical Center. 1 and 2 doses of
ae were obtained by crossing in either direction between the two
homozygous lines, and 0 and 3 doses of ae by self-pollination in
each of the homozygous lines. Developing kernels of each
genotype were harvested at 14, 18, 22, 28, and 36 days after
pollination. The ears were immediately placed on dry ice in the
field and stored at —20° until used. The endosperm genotypes for
0, 1, 2, and 3 doses of ae were Ae Ae Ae, Ae Aeae, Ae ae ae, and
ae ae ae, respectively. Crystalline Pseudomonas isoamylase (EC
3.2.1.68) was purchased from Hayashibara Biochemical
Laboratory (Okayama, Japan), and all other reagents were of
highest purity.

Isolation of endosperm starches. Endosperm tissues were
prepared by removing embryo and pericarp from kernels at 4°,
and their starches were isolated and purified according to the
method of Boyer et al. {4, 11]. For each genotype and for each
harvest date, at least starches from 4 ears were examined for each
analysis.

Measurement of amperometric iodine binding and amylose
content of starches. Amperometric iodine binding of starches was
measured according to the method of ref. [19]. Defatted starches
(20-60 mg wet wt basis) were dissolved in 2 ml of 5M KOH, and
then filled up to 20ml with H,O. An aliquot (10ml) was
transferred to a 200 ml of titration vessel fitting with a vigorous
stirrer, platinum electrode, and a circulation of H,O kept at 10°.
Further, 75ml of H,0, 10ml of 1 MHC], and 5ml of 0.4 M K],
chilled to 10°, were added to the vessel. After allowing to stand for
5min, the soln was titrated with 1.57mM KIQO, at the rate of
533 il per min. Amperometric variation was recorded, and the
titration value was determined from a calibration curve without
starch. The amount of starch in the soln titrated was measured by
the PhOH-H,SO, method [20], and the I, binding value of the
starch was calculated. Amylose content of the starch was
calculated from the [, binding capacity of the starch and
corresponding amylose [19].

Measurement of iodine absorption spectra. The absorption
spectra of the I, starch complex were measured by the procedure
of Krisman [21 ). Starch soln, which had been diluted to obtain a
dnatcannnas 2-Sngrppn 8ina vt rdn g orraaganssyin
said with Cald, . The spectra of the soln were recorded by Hitachi
model 100-50 spectrophotometer over the range of 400-700 nm.

Fractionation of starches debranched by isoamylase on
Sevhadex G-75. Starches were debranched by the method of
Mercier and Kainuma [22] with some modifications. Starch
rranhes PR me wer vasisy were sospenbeb in b 5 mh iSO, anh
i Fanuh SerpRIsn WS fraltird dur LS w W80°, wad s
wietavel ot VR BT R oine brateh srardn sthin, TRHTO ¢t
Srpstaihne snarerhesre and S 5ah S H 2 M 3SR vulfer jphr 25
were added e aerrnee wes xnewieied o 2 hinr b 580, Sier e
incubation, 10-fold vols of EtOH were added and allowed to
stand 5t &l room winp. Starches ppid were colleeed by
cepprifagation 21 YOO g for YO mon, and sospended n Y o5
1,0, ant then dissoved with ©.51nh of 1 ¥ NaOtL The som was
made vp 10 2 H0a) vob. of I0m) with B0 Four m) of she
debranched starch soln were applied on a column of Sephadex G-
75 (1.6 x 75cm) previously equilibrated with 0.02M NaOH
containing 0.02% of NaN; to prevent bacterial growth, and
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Table 2. Percentages of Fr. I, 11, and III, and average chain length of each peak of Fr. II and 1l

Fr. 11 Peak of Peak of
DAP* Dosage Fr.1 Fr. II Fr. 111 + 111 Fr. 11 Fr. I
(days) of ae % (%) (% (% (CLy* (CLt
0 15.5 226 61.9 84.5 41 17
14 1 20.5 20.7 572 779 42 17
2 253 23.1 51.6 74.7 45 18
3 59.3 19.6 211 40.7 51 19
0 21.3 227 56.0 787 41 17
18 1 26.8 229 50.3 732 43 17
2 30.1 22.0 479 69.9 45 18
3 61.6 21.2 17.2 384 53 19
0 21.8 23.9 543 78.2 41 17
22 1 272 233 49.5 72.8 45 18
2 323 23.1 44.6 67.7 47 18
3 60.6 21.9 17.5 394 54 19
0 233 23.5 532 76.7 42 17
28 1 28.0 229 49.1 720 44 17
2 343 20.9 448 65.7 47 18
3 61.1 209 18.0 389 54 19
0 249 229 522 75.1 41 17
36 1 28.8 21.6 49.6 71.2 44 18
2 343 21.8 439 65.7 47 18
3 61.0 20.7 18.3 39.0 54 19
*Days after pollination.
+Average chain length.
eluted with the same soln. Each fraction (1.5ml) was collected at
100} A o F B the rate of 20ml per hr at room temp, and neutralized with 1 M
o/ g—"° HCL Under these conditions, waxy starch was debranched
sol L completely, and the reovery of carbohydrates charged on a
column was more than 90°;.
" The amounts of carbohydrates and reducing end-groups in
oy / I each fraction were measured by the PhOH-H,SO, method [20]
- / O [ p—a and the Nelson’s reducing sugar method 23] respecnvely The
.E, 40+ r o/_ average chain length (CL) was calculated from the ratio of the
g" / [ /. o carbohydrate and reducing ends. Each fraction eluted was
2 20t / -'42 L /A/‘/A a further divided by /., of absorption spectra of I,-starch
> g 2 =* complex according to the method of Ikawa ef al. [6]. The ranges of
E o . g/, M ) X Fr. L, I, and III were /,,, = 600nm, 600nm > /., = 540 nm,
g and 540nm > 4,,, respectively.
2 100} b
S C ° D
he o/ o Acknowledgements—The authors thank Dr. Etsuo Amano,
E 8or i O/ Department of Induced Mutation, National Institute of Genetics
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