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This study characterized genetic interactions between the maize (Zea mays) genes dulll (dul), encoding starch synthase III
(SSIII), and isa2, encoding a noncatalytic subunit of heteromeric isoamylase-type starch-debranching enzyme (ISA1/ISA2
heteromer). Mutants lacking ISA?2 still possess the ISA1 homomeric enzyme. Eight dul” mutations were characterized, and
structural changes in amylopectin resulting from each were measured. In every instance, the same complex pattern of
alterations in discontinuous spans of chain lengths was observed, which cannot be explained solely by a discrete range of
substrates preferred by SSIII. Homozygous double mutants were constructed containing the null mutation isa2-339 and either
dul-Ref, encoding a truncated SSIII protein lacking the catalytic domain, or the null allele du1-R4059. In contrast to the single
mutant parents, double mutant endosperms affected in both SSIII and ISA2 were starch deficient and accumulated
phytoglycogen. This phenotype was previously observed only in maize sugaryl mutants impaired for the catalytic subunit
ISA1. ISA1 homomeric enzyme complexes assembled in both double mutants and were enzymatically active in vitro. Thus,
SSIII is required for normal starch crystallization and the prevention of phytoglycogen accumulation when the only
isoamylase-type debranching activity present is ISA1 homomer, but not in the wild-type condition, when both ISA1 homomer
and ISA1/ISA2 heteromer are present. Previous genetic and biochemical analyses showed that SSIII also is required for normal
glucan accumulation when the only isoamylase-type debranching enzyme activity present is ISA1/ISA heteromer. These data
indicate that isoamylase-type debranching enzyme and SSIII work in a coordinated fashion to repress phytoglycogen

accumulation.

Semicrystalline glucan polymers that form insoluble
starch granules are found in the vast majority of
organisms within the Archaeplastida lineage of pri-
mary photosynthetic eukaryotes. This group, which
comprises glaucophytes, rhodophytes (red algae), and
Chloroplastida (green algae and land plants), in gen-
eral does not contain soluble glucan polymers of
substantial size. Conversely, with a few exceptions,
essentially all other eukaryotes and prokaryotes utilize
the soluble polymer glycogen for the storage of Glc
and lack any insoluble glucans. Starch granules and
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their constituent polymers are capable of storing many
more Glc units than chemically similar but soluble
glucans, and this is likely to have provided a selective
advantage during the establishment and spread of
the photosynthetic eukaryotes. Support for this sug-
gestion comes from the facts that the primary photo-
synthetic eukaryotes are a monophyletic group
(Rodriguez-Ezpeleta et al., 2005). In light of the im-
portant role of starch metabolism in these organisms,
including the land plants, it is of interest to understand
the molecular mechanisms that generate semicrystal-
line glucans and how these processes differ from those
that generate glycogen.

Starch granules are made up of two types of glucan
polymer, amylopectin and amylose. Amylopectin and
glycogen are essentially identical in chemical nature
but vary architecturally (Ball and Morell, 2003). Both
polymers are made up of linear chains of Glc units
joined by a(1—4) glycoside bonds. Such chains are
attached to each other by «(1— 6) glycosidic linkages
to form a branched polymer. The frequency of branch
points varies from approximately 5% in amylopectin
to 10% in glycogen, so the average degree of polym-
erization (DP) of the linear chains is about 20 and 10,
respectively. Furthermore, branches in glycogen are
dispersed compared with their clustered locations in
amylopectin. In glycogen, the chain length distribu-
tion is unimodal, whereas a polymodal distribution is
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observed for amylopectin linear chains (Hizukuri,
1986). These features enable the crystallization of
unbranched chains within clusters, thus allowing con-
tinued growth of amylopectin molecules without gen-
erating osmotic stress within the cell. This packing
efficiency increases the total number of Glc units in
amylopectin compared with glycogen, which is about
107 and 10°, respectively. Amylose, the other glucan
polymer in starch granules, is branched at a very low
frequency and so can be considered as quasilinear.
Amylose is interspersed with amylopectin in insoluble
granules but is not necessary for the semicrystalline
nature of starch.

Starch biosynthetic enzymes in chloroplast-containing
organisms include five conserved classes of starch
synthase (SS), which elongate linear glucans at the
nonreducing end using ADP-Glc as the monosaccha-
ride donor, and two or three starch branching enzymes
(SBEs), which generate branch linkages by cleaving an
a(1—4) bond and transferring the released linear
segment to a 6-hydroxyl group elsewhere in the mol-
ecule (Li et al., 2003; Deschamps et al., 2008). Four «
(1—6)-glucosidases, referred to as starch debranching
enzymes (DBEs), are also conserved in the green algae
and land plants. These include the ISA1, ISA2, and
ISA3 proteins that are classified as “isoamylase-type”
DBEs based on structural and enzymatic similarities to
prokaryotic isoamylases.

DBEs are hydrolases belonging to the a-amylase
superfamily. Such enzymes typically are involved in
glucan catabolism, and this is true of ISA3 proteins
(Delatte et al., 2005; Wattebled et al., 2005). ISA1 and
ISA2, however, are not necessary for starch catabolism.
Rather, genetic analyses show them to be important in
the generation of semicrystalline amylopectin as op-
posed to soluble, glycogen-like polymers. Mutations
affecting ISA1, and in dicots ISA2 as well, typically
cause major reductions in starch content. A soluble,
glycogen-like polymer referred to as phytoglycogen
accumulates in such mutants, whereas this polymer is
not observed in wild-type plants. Residual starch
granules in ISAl-deficient mutants are abnormal in
size, shape, and number and contain structurally
altered amylopectin. These observations are remark-
ably consistent across species and tissues, including
maize (Zea mays), rice (Oryza sativa), and barley
(Hordeum vulgare) endosperm, potato (Solanum tuber-
osum) tuber, Arabidopsis (Arabidopsis thaliana) leaf,
and Chlamydomonas reinhardtii cells (James et al.,
1995; Mouille et al., 1996; Zeeman et al., 1998; Kubo
et al., 1999; Dauvillée et al., 2001a; Burton et al., 2002;
Bustos et al., 2004; Delatte et al., 2005; Wattebled et al.,
2005, 2008; Streb et al., 2008). Thus, ISA1 and ISA2
appear to have been adapted primarily for activity in
starch biosynthesis rather than degradation. The role
of these DBEs appears to be remodeling of a soluble
glucan precursor by the removal of certain branch
linkages, thus facilitating the transition to the semi-
crystalline state (Ball et al., 1996; Myers et al., 2000;
Streb et al., 2008).
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Starch decrease and phytoglycogen accumulation
have been utilized as a scorable phenotype in numer-
ous organisms in forward and reverse genetic screens,
and to date, soluble glucan polymers have been ob-
served only in mutants affected in ISA1 or ISA2
function. In Chlamydomonas, potato, or Arabidopsis,
mutations in two genes condition phytoglycogen ac-
cumulation. These encode ISA1 and ISA2, which are
components of a heteromeric complex. Both proteins
are necessary for enzymatic function, explaining why
mutation of either gene causes the same phenotype
(Dauvillée et al., 2001a, 2001b; Hussain et al., 2003;
Bustos et al., 2004; Delatte et al., 2005; Delvallé et al.,
2005). As in other species, ISA1 is necessary for normal
starch biosynthesis in cereal endosperm (James et al.,
1995; Kubo et al., 1999; Burton et al., 2002); however,
the lack of ISA2 does not cause phytoglycogen accu-
mulation (Kubo et al., 2010; Utsumi et al., 2011). The
explanation for the discrepancy between species is that
in maize and rice endosperm, a homomeric ISA1
enzyme is active in addition to the ISA1/ISA2 hetero-
mer (Utsumi and Nakamura, 2006; Kubo et al., 2010).
The reason that ISA1 can function independently in
cereal endosperm but requires ISA2 as a partner in
other plant tissues is not known.

This study sought to identify additional proteins
that are necessary to prevent phytoglycogen accumu-
lation. As noted, the only proteins thus characterized
in any Chloroplastida species are ISA1 and ISA2. The
strategy utilized ISA2 mutations that prevent the
activity of ISA1/ISA2 heteromer but do not affect
ISA1 homomer. These mutants exhibit essentially
normal starch biosynthesis and do not accumulate
phytoglycogen in mature endosperm. Second-site mu-
tations were then identified that conditioned phyto-
glycogen accumulation. The data revealed that defects
in a specific class of SS, namely SSIII, result in the
appearance of phytoglycogen and decreased starch
content, but only in the specific condition that ISA1/
ISA2 heteromer is absent.

RESULTS
Molecular Characterization of dul” Mutations

Two different alleles of the maize dulll (dul) locus,
which codes for SSIII (Gao et al., 1998), were used to
test whether this enzyme can affect storage glucan
crystallization. Mutations of dul cause the “dull”
kernel phenotype recognized by a tarnished surface
appearance, orange color at the crown, and dimpled
indentations on the abgerminal side (Fig. 1A; Cameron,
1947; Mangelsdorf, 1947). The spontaneous mutation
dul-Ref first defined the locus (Mangelsdorf, 1947),
and the allelic mutation dul-R4059 arose spontane-
ously in a genetic background with an active Mutator
(Mu) transposon system (Gao et al., 1998). Endosperm
tissue homozygous for dul-Ref was shown previously
to contain a truncated SSIII protein reduced in amount
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Figure 1. Kernel phenotypes. A, Ma-

du1-R4059 +
+ isa2-339 +

dut-Ref +
isa2-339

ture kernels. F1 plants of the indicated
parental genotype were self-pollinated
to generate segregating F2 kernel pop-
ulations. Representatives of the three
segregating kernel phenotypes are
shown. Sugary kernels are shrunken
sugary and translucent compared with the
wild type. Dull kernels have a tarnished
appearance, a deeper orange color
than the wild type particularly at the
crown, and exhibit characteristic small
indentations at the abgerminal base. B,
Mature kernels from a su7-Ref/sul-Ref
plant. C, Glucan stains. Kernels of the
indicated genotype were harvested 20
DAP, sliced longitudinally, and dipped
in 1,/KI solution. Dark blue color indi-
cates starch, and brown or tan color
indicates phytoglycogen.

Kernel
phenotype

normal

dull

W6E4A isa2-339 su1-4582 dut-Ref,

isa2-339 isa2-339

compared with the wild type (Cao et al., 1999). SSIII
was not detected in homozygous dul-R4059 endo-
sperm, indicating a null mutation (Cao et al., 1999).
These results were confirmed using an affinity-puri-
fied, specific IgG fraction in immunoblot analyses of
soluble endosperm extracts from kernels harvested 20
d after pollination (DAP; Fig. 2A).

The molecular structures of dul-Ref and dul-R4059
were determined. The wild-type allele Dul from in-
bred W64A was sequenced from PCR-amplified frag-
ments of genomic DNA, revealing a transcribed region
of 11.6 kb comprising 17 exons and 16 introns (Sup-
plemental Fig. S1A; GenBank accession no. JF273457).
This sequence is 98% identical to Dul from inbred B73
published on the maize genome database, located on
chromosome 10 beginning at nucleotide 59,506,710
(http:/ /www.plantgdb.org/ZmGDB; Ref_Gen_v2).
The locus from a homozygous dul-Ref plant was also
sequenced, revealing a C/T transversion at nucleotide
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du1-R4059, dut-Ref

du1-R4059

3,675 of the cDNA (GenBank accession no. AF023159)
that creates a stop codon after residue 1,185 of the full-
length protein. Premature termination would elimi-
nate the C-terminal 489 residues of SSIII, which
comprise the SS catalytic domain (Cao et al., 1999). The
predicted molecular mass of the mature mutant pro-
tein is 126 kD, discounting the 69-residue plastid
transit peptide predicted by the TargetP algorithm
(Nielsen et al., 1997, Emanuelsson et al., 2000). The
mutant protein migrates only slightly faster than the
250-kD marker, however, likely owing to anomalous
behavior in SDS-PAGE (Fig. 2A). Wild-type SSIII also
exhibits anomalous migration, running above the 250-
kD marker even though the predicted mass of the
mature protein is 181 kD (Fig. 2A).

The allele du1-R4059 is a null mutation that fails to
produce transcript. DUT mRNA was not detected by
reverse transcription (RT)-PCR amplification in homo-
zygous dul-R4059 endosperm (Supplemental Fig.
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Figure 2. Protein and transcript levels. A, Immunoblot analyses. Pro-
teins (40 png) from endosperm harvested 20 DAP were separated by
SDS-PAGE and then probed in immunoblot analyses with antisera
specific for the indicated protein. The top three panels show analyses of
the same total soluble extracts. The bottom panel is an independent
biological replicate analyzed for the presence of ISA1, using a short
exposure of the immunoblot. In a separate analysis, AEC fractions
containing ISAT were pooled and concentrated prior to immunoblot
analysis using «lISA1 antibodies. Protein loads and concentration
factors were identical between genotypes. B, ISA1 and ISA2 mRNA
detected by RT-PCR. Kernels of the indicated genotype were harvested
20 DAP, and RNA from endosperm tissue was amplified by PCR using
primer pairs specific for either transcript. Allele abbreviations are as
follows: isa2’, isa2-339; dul-R, dul-Ref, dui1°, du1-R4059; sul’, sul-
4582.
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S1B). The complete dul locus including 5 kb upstream
of the transcription start site was surveyed for Mu
elements by PCR amplification using gene-specific
primers and a degenerate primer from the Mu inverted
terminal repeat. No Mu elements were found, so the
molecular nature of dul-R4059 is not yet known.

Six other dul” mutations were characterized. Mu
insertions were identified in five independent alleles
by PCR amplification of genomic DNA with a gene-
specific primer and the Mu-end primer (Supplemental
Fig. S1A). Two spontaneous point mutations, dul-8501
and dul-8803, were shown to have the same molecular
defect, a deletion of 27 bp (nucleotides 4,498—4,525 of
the cDNA sequence) within exon 12 that would
remove amino acids 1,460 to 1,468 of the full-length
protein. All of these dul” alleles condition the same
kernel phenotype as the null mutation (data not
shown) and have the same effect on amylopectin
structure (see below).

Kernel Phenotype in Mutants Affected in Both ISA2
and SSIII

Mutations at the dul or isa2 locus do not condition
phytoglycogen accumulation as single gene traits
(Mangelsdorf, 1947; Gao et al., 1998; Kubo et al.,
2010). Double mutant effects were tested by generating
maize lines defective for both SSIII and ISA2, through
combination of dul-Ref, dul-R4059, or dul-M3 with
the null allele isa2-339 (Supplemental Fig. S2). Self-
pollination of dul’/+, +/isa2-339 double heterozygotes
yielded F2 ears that contained shrunken, translucent
kernels at approximately the 1/16th frequency ex-
pected for double homozygotes (Table I). These ker-
nels exhibited the typical “sugary” mutant phenotype
caused by mutations of the sugaryl (sul) gene that
eliminate ISA1 function (Fig. 1, A and B).

The genotypes of nine sugary and 10 nonsugary
progeny kernels (wild type or dull) from a dul-Ref/+,
+/isa2-339 parent were determined by PCR analysis
and sequencing of genomic DNA. In every instance,
the sugary kernels were homozygous for both dul-Ref
and isa2-339, whereas the nonsugary kernels had
segregated for the wild-type and mutant alleles at
both loci. The double homozygous mutant genotype
was not detected in any of the nonsugary progeny.
Individual progeny from the dul-R4059/+, +/isa2-339
parent were also analyzed for the isa2 genotype, and
six of six sugary kernels were homozygous for the
mutant allele, whereas 10 nonsugary kernels were
segregating for the wild-type and mutant alleles at the
isa2 locus. These data demonstrate that the sugary
kernel phenotype results from the combination of du1-
Ref and isa2-339, both in the homozygous state. By
inference, the same conclusion is highly likely for du1-
R4059, isa2-339 homozygotes. The alternative is that an
unidentified mutation that conditions a sugary phe-
notype specifically in combination with isa2-339 was
present in two independent dul” mutant lines, which is
highly unlikely. Consistent with these conclusions,
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Table I. Double mutant frequencies

Progeny Phenotype

Expected Double

Parental Genotype

Sugary Kernels

Sugary Wild Type or Dull Homozygote Frequency
No. of kernels %
+/dui-Ref X isa2-339/+ 22 323 6.17 6.25
+/duT1-R4059 X isa2-339/+ 30 456 6.41 6.25

immunoblot analyses confirmed that endosperm from
sugary kernels in the segregating F2 populations
containing either dul-Ref or dul-R4059 was defective
for both SSIII and ISA2 (Fig. 2A). As expected for
double homozygotes, the sugary kernel phenotype
bred true in successive generations.

Storage Glucan Content and Structure in Mutants
Affected in Both ISA2 and SSIII

Homozygous dul’, isa2” double mutant kernels re-
semble sul” mutants, suggesting that they are reduced
in starch content and accumulate phytoglycogen. This
prediction was tested first by exposing sliced immature
kernels, harvested 20 DAP, to iodine/potassium iodide
(I,/KI) solution (Fig. 1C). Crystalline starch stains a
dark blue color in this assay, whereas phytoglycogen
stains tan or light brown. Starch was evident through-
out the endosperm and embryo in wild-type kernels as
well as in isa2-339, dul-Ref, or dul-R4059 single mu-
tants, and no phytoglycogen was observed in these
genotypes. The sul-4582 null mutant that lacks ISA1
contained phytoglycogen throughout the endosperm,
with remnant starch detected at the periphery. The two
double mutant genotypes both exhibited phytoglyco-
gen staining in the center of the endosperm and starch
at the exterior. This phenotype was intermediate be-
tween that of wild-type and su1-4582 mutant kernels.

Soluble and granular glucan content in single ker-
nels harvested 20 DAP was quantified (Fig. 3; for full
data set, see Supplemental Table S1). Self-pollinated
ears from at least three plants were analyzed for each
genotype, with a minimum of three single kernels
used as biological replicates from each ear. Because
each plant provided several kernels, linear mixed-
effects modeling was used for statistical analysis to
take account of the correlation of the observations from
the same plant. The results showed that water-soluble
polysaccharide (WSP) and starch contents are signifi-
cantly different between specific genotypes (P < 0.0001;
Fig. 3). Distinctions in glucan quantities between dif-
ferent plants of the same genotype, however, or plants
harvested in separate field seasons, were not statisti-
cally significant (P > 0.05). In wild-type endosperm, or
du1-R4059 or dul-Ref single mutants, 93% or more of the
total Glc polymer was starch. In contrast, starch ac-
counted for only 53% or 56% of the total glucan poly-
mer in dul-R4059, isa2-339 or dul-Ref, isa2-339 double
mutants, respectively. WSP normalized to endosperm
dry weight was elevated by a factor of approximately 16

Plant Physiol. Vol. 158, 2012

in either of the double mutant endosperms compared
with the wild type. Total Glc polymer normalized to dry
weight was reduced to approximately 72% of the wild-
type level in both double mutants. Total glucan was also
reduced in the single mutants, to 48% of normal in dul-
Ref and 67% in du1-R4059 endosperm.

WSP present in the double mutant endosperms at 20
DAP was structurally characterized. The polymer
from either double mutant eluted at approximately
the same volume as rabbit liver glycogen during gel-
permeation chromatography (GPC) on Sepharose CL-
2B (Fig. 4A). Thus, dul-Ref, isa2-339 and dul-R4059,
isa2-339 double mutant endosperm accumulates a
high-molecular-mass glucan polymer designated as
phytoglycogen, as opposed to maltooligosaccharides.
This material was distinct from the phytoglycogen
present in su1-4582 endosperm, however, because the
latter exhibited a broader elution peak that eluted at an

Il Total glucan polymer
i [ starch
= wspP

W6E4A  dui-R4059 dui-Ref

isa2-339 du1-R4059 dui-Ref
isa2-339  isa2-339
Genotype

Figure 3. Starch and WSP contents. Soluble glucan polymer (WSP) and
insoluble starch granules were isolated from endosperm tissue of single
kernels harvested 20 DAP. The quantities of each polymer were
determined and normalized to endosperm tissue dry weight (DW). st
values are indicated. The numbers of single kernels analyzed for each
genotype were as follows: W64A, parent plants (p) = 12, individual
kernels (n) = 48; du1-R4059, p =4, n=14; dul-Ref, p=>5,n=19; isa2-
339, p=3,n=10; du1-R4059, isa2-339, p = 5, n = 30; dul-Ref, isa2-
339, p =3, n=20. The full data set is shown in Supplemental Table S1.
Differences from the wild type are all statistically significant (P <
0.0001) with the exception of WSP content in duT-Ref, du1-R4059, and
isa2-339 single mutants.
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Figure 4. WSP characterization. A, GPC. WSP from the indicated double mutant lines and from su7-4582 single mutants was
chromatographed on Sepharose-CL2B, and Glc equivalents in each fraction were quantified based on absorbance in a coupled
enzyme assay. Rabbit glycogen, amylopectin from wild-type starch, and maltotriose were analyzed on the same column as
approximate size standards. B, Difference plots. Chain length distributions were obtained by fluorophore-assisted carbohydrate
electrophoresis of phytoglycogen isolated from su1-4582, dul-Ref, isa2-339, or dul-R4059, isa2-339 endosperms (Supple-
mental Fig. S3). For each DP, the frequency value for two genotypes was subtracted as indicated in the label of each panel.

earlier volume. The distribution of linear chain lengths
in the phytoglycogen of dul’, isa2” double mutants, and
the ISAl-null mutant su1-4582, was determined using
fluorophore-assisted ~carbohydrate electrophoresis
(Morell et al., 1998; O’Shea et al., 1998; Supplemental
Fig. 53). Difference plots of these data revealed that the
two different double mutant lines had essentially
identical chain length distributions (Fig. 4B). In con-
trast, clear differences were observed between phyto-
glycogen from the ISAl-null line compared with the
SSIII/ISA2 double mutants. Specifically, su1-4582 phy-
toglycogen had a notably higher frequency of short
chains of DP5 to DP9, with a corresponding decrease
in abundance of DP12 to approximately DP25. Thus,
the effect of the SSIII/ISA2 double mutant combina-
tion on isoamylase-type DBE function is not equiva-
lent to the complete loss of both ISA1 homomer and
ISA1/ISA2 heteromer caused by su1-4582.
Amylopectin in remnant starch of dul’, isa2” double
mutants, or the nearly normal granules of du1-R4059
and dul-Ref single mutants, was also structurally
characterized for chain length distribution. The fre-
quency distributions are shown in Supplemental Fig-
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ure 54, and comparisons of these data were used to
reveal differences between any mutant and the wild
type (Fig. 5). Changes in dul single mutants were
consistent with those reported previously in a dul
double mutant also affected in the granule-bound starch
synthase (Jane et al,, 1999), and the use of multiple
alleles indicated the reproducibility of a complex pat-
tern. Essentially identical results were observed in dul-
Ref and dul-R4059 single mutant amylopectin. DP6 to
DP9 chains were reduced in the mutants compared with
the wild type, with DP9 showing the strongest defect.
DP11 to DP15 chains were more abundant than in the
wild type, and DP17 and DP18 were decreased in the
mutants. Chains in the range of DP21 to DP33 were
present at slightly elevated frequency in the mutants
compared with the wild type, and DP36 to DP53 were
reduced. Even the slight decrease of DP24 and DP25
chains compared with DP23 and DP26 was the same in
dul-Ref and dul-R4059 (Fig. 5).

Amylopectin chain length profiles were also ob-
tained from dul-M1, -M2, -M3, -M4, -M6, -8801, -8802,
and -8803 single mutants (Supplemental Fig. S5). The
decrease in DP7 to DP9 abundance relative to the wild

Plant Physiol. Vol. 158, 2012
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Figure 5. Differences in amylopectin chain length distribution. The
abundance of each chain length was determined by fluorophore-
assisted carbohydrate electrophoresis and normalized to the total
number of chains from DP6 to DP57. For each DP, the frequency
value for W64A was subtracted from that of the indicated mutant. Note
that the frequency difference scale is enlarged in the su7-4582 panel
compared with the other genotypes.

type, with DP9 the most extreme, was observed in all
11 independent dul” mutant starches, as was the
clearly increased frequency of DP11 to DP15 chains.
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The decrease at DP17 and DP18 was not as reproduc-
ible, although the trend was consistent in all mutants.
The elevated frequency of DP21 to DP30 was consis-
tent, including the lesser effect on DP24 and DP25
compared with DP23 and DP26, as was the reduced
frequency at DP36 to DP53. Thus, many distinct mu-
tations affecting SSIII function all cause the same set of
specific structural defects.

Loss of ISA2 had a negligible effect on amylopectin
chain length distribution, as demonstrated previously
(Kubo et al., 2010). Amylopectin in residual starch
granules of the du1-R4059, isa2-339 or dul-Ref, isa2-339
double mutant lines had chain length distributions
similar to each other and distinct from any single
mutant (Fig. 5). Chains of DP6 to DP9, rather than
being reduced in frequency as in the dul single
mutants, were more abundant relative to the wild
type in the dul” isa2” double mutants. The increased
frequency of DP10 to DP15 observed in the single
mutants was exaggerated in the double mutants. The
reduced frequency of DP17 and DP18 observed in dul”
amylopectin was maintained in the double mutants, as
was the decrease at DP36 or greater. The increased
frequency of DP6 to DP10 chains, as observed in dul
isa2” double mutants, is a hallmark of residual amylo-
pectin in sul” mutants (Dinges et al., 2001; Kubo et al.,
2010; Fig. 5). The magnitude of this change in dul” isa2”
amylopectin, however, is not as severe as in sul
mutants. Distinct amylopectin structure compared
with the ISA1-null line again indicates that the SSIII/
ISA2 double mutant phenotype does not result simply
from the loss of all ISA1 activity.

Expression of ISA1 in dul’, isa2” Double Mutants

A possible explanation for phytoglycogen accumu-
lation in duT’, isa2” double mutants is that expression of
the gene encoding ISA1 is abnormal. This hypothesis
is consistent with the finding that ISA1 in potato tuber
or Arabidopsis leaf fails to accumulate normally in
ISA2 mutants (Bustos et al., 2004; Delatte et al., 2005),
although this is not so in maize endosperm (Kubo
et al., 2010). Accumulation of ISAT or ISA2 mRNA in
20-DAP endosperm was characterized by RT-PCR
(Fig. 2B). As expected, ISAT mRNA was absent in
endosperm of the null mutant su1-4582 and ISA2
transcript was present in that tissue. Conversely,
ISAT mRNA was detected in isa2-339 tissue and ISA2
transcript was absent. The dul-R4059, isa2-339 and
dul-Ref, isa2-339 double mutants both lacked ISA2
transcript, as expected, and contained apparently
wild-type levels of ISAT mRNA (Fig. 2B). Thus, ex-
pression of ISA1 at the level of mRNA accumulation is
not affected in dul’, isa2” double mutants.

Immunoblot analysis tested whether the ISA1 pro-
tein accumulates in dul’, isa2” double mutant endo-
sperms. Antisera specific for ISA1 generated a signal
in protein extracts from both double mutant endo-
sperms that was of at least equal intensity as the wild-
type band (Fig. 2A). These data demonstrate that ISA1
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accumulates at least to normal levels in the absence of
both SSIII and ISA2.

Assembly of ISA1 Homomeric Complexes in dul’, isa2’
Double Mutants

A second possible explanation for the sugary kernel
phenotype of dul’, isa2” double mutants is that ISA1
protein is unable to assemble into its functional form
as a homomeric complex. The state of ISA1 assembly
in dul’, isa2” double mutant endosperm was tested by
anion-exchange chromatography (AEC) followed by
GPC. Proteins in soluble endosperm extracts from 20-
DAP kernels were first separated by AEC. All ISA1 in
the extracts bound to the column, and this material
was eluted in a gradient of increasing NaCl concen-
tration. Immunoblot analysis revealed the fractions
that contained ISA1. Essentially identical results were
observed for the dul-Ref, isa2-339 and du1-R4059, isa2-
339 double mutants compared with the wild type or
the isa2-339 single mutant (Supplemental Fig. S6).
Thus, simultaneous defects in SSIII and ISA2 do not
affect the AEC behavior of ISA1.

ISAl-containing fractions from the AEC elutions
were pooled and concentrated. This material was then
separated by GPC on Superdex 200, and fractions were
tested for the presence of ISA1 by immunoblot anal-
ysis. Comparison with the elution volume of standard
proteins of known molecular mass provided an esti-
mation of the size of the ISAl-containing complexes.
ISA1 in du1-R4059, isa2-339 or dul-Ref, isa2-339 double
mutant endosperm assembled into a high-molecular-
mass complex with an approximate molecular mass of
300 kD, similar to the wild-type ISA complexes (Fig. 6).
In no instance was monomeric ISA1 detected based on
GPC elution volume. Similar results were observed for
du1-R4059 single mutant endosperm (Fig. 6) or dul-Ref
endosperm (data not shown). Thus, the accumulation
of phytoglycogen in the double mutants cannot be
explained by failure of the ISA1 homomeric enzyme to
assemble in the absence of both SSIII and ISA2.

ISA1 Activity in dul’, isa2” Double Mutants

The enzymatic activity of isoamylase-type DBE
complexes was compared among the wild type, dul
and isa2” single mutants, and the dul’, isa2" double
mutants. Two alleles of sul that affect ISA1 were used
as controls. Proteins in total soluble endosperm ex-
tracts were separated by native-PAGE and then trans-
ferred in native conditions to a substrate gel infused
with starch. ISA activities were visualized by staining
the substrate gels with I,/KI solution. Endosperm
from sibling plants was analyzed in independent
biological replicates from two different growing sea-
sons for each genotype. As demonstrated previously,
wild-type endosperm contained three activities, an
ISA1 homomeric complex and two heteromeric com-
plexes containing both ISA1 and ISA2 (Kubo et al.,
2010). The su1-4582 mutant, which lacks any ISA1, was

686

GPC Fraction
kDa: 440 158 44
- A ¥

A
C2 €C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 D12 D11 D10 D9
75> e ———
W64A
75 — — —
du1-R4059, isa2-339
75> — -
du1-R4059
75 —
du1-Ref, isa2-339

Figure 6. GPC separation of ISA complexes. ISA1 was partially purified
by AEC from 20-DAP endosperm of the indicated genotype and then
fractionated further by GPC. ISA1 in the eluate fractions was detected
by immunoblot analysis. An equal volume of each fraction was loaded
on the SDS-PAGE gel used for the immunoblot. The elution volumes of
standards of known molecular mass are indicated.

devoid of all three activities, whereas the point mutant
sul-P exhibited only an abnormal form of ISA1/ISA2
heteromer, helping to identify each of the activity
bands (Kubo et al., 2010).

Single mutants homozygous for either du1-R4059 or
dul-Ref exhibited both homomeric and heteromeric
ISA complexes similar to the wild type (Fig. 7A). As
expected, isa2-339 single mutants contained the ISA1
homomeric form but lacked ISA1/ISA2 heteromers.
Both of the dul’, isa2-339 double mutant lines resem-
bled the isa2-339 single mutant and clearly contained
an enzymatically active, homomeric ISA1 complex.

Immunoblot analysis of native gels was used to
confirm the proteins present in each activity complex.
In order to increase the protein concentration and
enable clear immunoblot signals, ISA activities were
first partially purified by AEC. Duplicate native-PAGE
gels were subjected to zymogram and immunoblot
analyses so that the presence of ISA1 and/or ISA2
could be correlated with specific activity bands (Fig.
7B). These results confirmed the identification of the
activity bands in each genotype, showing specifically
that ISA1 homomeric enzyme is present in the dul’,
isa2-339 double mutants. In this experiment, ISA1
homomeric enzyme activity was severely reduced in
the dul-R4059, isa2-339 double mutant. This is likely
explained by instability during the AEC purification
steps, because active ISA1 homomer was clearly
detected in total soluble extracts from the same gen-
otype (Fig. 7A).
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Figure 7. Isoamylase-type DBE activities. A, Total extracts. Soluble extracts from 20-DAP endosperm of the indicated genotypes
were separated by native-PAGE and then electroblotted to a starch-containing gel for zymogram analysis. Activities were
revealed by blue color after staining glucans on the gel with 1,/KI. Band | is the ISAT homomeric enzyme, and bands Il and Ill are
ISA1/ISA2 heteromeric enzymes. B, Concentrated fractions. ISAT and ISA2 proteins in soluble extracts from 20-DAP endosperm
were concentrated by AEC and then analyzed on activity gels as in A. In addition, the same AEC samples were subjected to
immunoblot analyses using native-PAGE gels run simultaneously in a single apparatus.

Effects of dul” Mutations on ISA Activity in
Single Mutants

The activity of ISA1/ISA2 heteromer form II in dul-
R4059 and dul-Ref single mutants appeared to be
elevated compared with the wild type (Fig. 7A). This
effect was tested further by examining three additional
dul” mutants each carrying an independent allele.
Loading equal amounts of protein on the native gel
resulted in signals for ISA1 homomer and ISA1/ISA2
heteromer form II that were stronger in all five mutant
lines than in wild-type extracts (Fig. 8A). This effect
was also tested using amyloplast-enriched extracts of a
sixth mutant, in this instance du1-M3. Increases in all
three forms of ISA activity in the dul-M3 mutant were
observed compared with the wild type (Fig. 8B). As
controls, amyloplast extracts from mutants affected in
four other enzymes involved in starch biosynthesis
were examined on the same zymogram gel. These
single mutations affected GBSS (wx mutant; Klosgen
et al., 1986), the debranching enzyme ZPU1 (zpul
mutant; Dinges et al., 2003), SBEIIb (4¢ mutant;
Stinard et al., 1993), or SSlla (su2 mutant; Zhang
et al., 2004). Increased ISA activity was specific to the
SSIlI-deficient line.

An effect of dul” mutations on ISA1 was also evident
at the level of total protein content. Weakly exposed
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immunoblots of total soluble endosperm extracts re-
vealed a stronger ISA1 signal from du1-R4059 or dul-
Ref homozygous single mutants than from the wild
type (Fig. 2A). Immunoblots of pooled AEC fractions
were analyzed similarly. Equal amounts of total pro-
tein were loaded onto the same HiTrap Q FF column,
and for each genotype the same fractions were pooled
and concentrated by the same factor. Equal volumes of
the concentrated fractions were analyzed, with the
result that the ISA1 signal was again stronger in the
lines lacking SSIII compared with the wild type or a
line lacking ISA1 (Fig. 2A). These consistent results
using independent dul” alleles support the conclusion
that the ISA1 protein level is elevated in SSIII single
mutants. This effect was not observed in lines lacking
both SSIIT and ISA2 (Fig. 2A).

DISCUSSION
Effects of SSIII Deficiency in Single Mutants

Ten independent mutations of the dul gene encod-
ing SSIII conditioned the same set of specific changes
in amylopectin structure. The abnormal structure,
therefore, does not result from variation between
inbred backgrounds, growth conditions, or any other
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Figure 8. Starch-modifying enzyme activities. A, Total soluble endo-
sperm extracts. Proteins in soluble extracts from 20-DAP endosperm
tissue of the indicated genotype were subjected to zymogram analysis
as in Figure 7. Band | is the ISAT homomer, and band Il is ISAT/ISA2
heteromeric enzyme. B, Purified amyloplast soluble fractions. Amylo-
plasts were isolated from endosperm of the indicated genotype
harvested 15 to 16 DAP. Mutations affecting various starch biosynthetic
enzymes were used as negative controls. The affected enzymes were
GBSS (wx), ZPUT (zpuT’), SBEIIb (a€), or SSlla (su2). In this analysis,
the second form of ISA1/ISA2 heteromer is evident in band IIl.

extraneous factor. In addition, the mutant amylopectin
structure was consistent regardless of the nature of the
SSIII defect, for example, comparing the truncated
protein generated from dul-Ref with the null allele
dul-R4059. SSIII deficiency in rice was previously seen
to alter amylopectin chain length distribution in a
manner very similar to the effects shown here of maize
dul” mutants (Fujita et al., 2007), so the specific chain
length distribution can be taken as a general effect in
cereal endosperm. In both species, loss of SSIII results
in an alternating pattern of chain length abundance
differences relative to the wild type in the range of DP7
to DP50. Specifically, DP7 to DP9 chains are always
decreased, DP11 to DP15 chains are always increased,
DP17 and DP18 are generally decreased, DP21 to DP33
are increased, and DP36 to DP50 chains are decreased.
Thus, SSIII appears to affect the entire range of chains
that constitute crystalline lamellae as well as those that
extend through multiple crystalline clusters. In con-
trast, SSI and SSII are required for the normal abun-
dance of discrete, continuous spans of chain length,
which can be explained by substrate preference
(Morell et al., 2003; Zhang et al., 2004, 2008; Delvallé
et al., 2005; Nakamura et al., 2005; Fujita et al., 2006).
The effects of SSIII deficiency on amylopectin struc-
ture are unlikely to result from substrate specificity
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and/or catalytic activity based on the length of the
acceptor chain, except perhaps for DP36 to DP50,
which are chains that span two or three crystalline
structures. Effects on these longer chains were seen in
SSIII-deficient lines in numerous species (Fujita et al.,
2007), and the enzyme has been shown to prefer longer
chains as substrates by in vitro assay of partially
purified enzymes from maize or rice (Cao et al.,
2000; Fujita et al., 2006). Alternating effects on the
abundance of short chains as a function of DP, if it
were caused directly by substrate selection, would
require that SSIII can distinguish between chain
lengths differing by one or two Glc residues, for
example, at the DP9 to DP11 boundary and again at
the DP17 to DP19 boundary.

A more likely explanation is that SSIII recruits or
aids the access of other starch biosynthetic enzymes to
the growing glucan polymer, each of which has its
own substrate preference relative to DP. SSIII contains
a highly conserved N-terminal extension beyond the
catalytic region, referred to the SSIII-homology do-
main (SSIITHD; Gao et al., 1998; Li et al., 2003; Ral et al.,
2004; Dian et al., 2005). This domain has been impli-
cated in binding both to starch and to other proteins
that are active in starch biosynthesis (Hennen-Bierwagen
et al.,, 2009; Wayllace et al., 2010). Thus, beyond its
catalytic role, SSIII may physically coordinate the
functions of other starch biosynthetic enzymes and/
or regulate their catalytic activities. According to this
hypothesis, the sum of these defects would then
generate the observed dul” mutant amylopectin struc-
ture.

The total glucan content in dul-Ref and dul-R4059
endosperm at 20 DAP, normalized to dry weight, was
reduced to as much as half of the wild-type level. This
result is generally consistent with previous reports
showing moderate reduction in starch content through-
out the development of dul” mutant kernels (Creech,
1965; Creech and McCardle, 1966; Singletary et al., 1997).

Effects of SSIII-ISA2 Deficiency in Double Mutants

Analyses of the dul’, isa2” double mutants described
here indicate a role of SSIII in the creation of crystal-
lization-competent structures within soluble,
branched glucans that subsequently convert to amy-
lopectin. Despite their effects on amylopectin struc-
ture, dul” mutations by themselves do not condition a
change in the ratio of WSP to starch. Similarly, loss of
ISA2 does not condition high levels of phytoglycogen
(Kubo et al., 2010; Utsumi et al., 2011). It is striking,
therefore, that endosperm lacking both ISA2 and SSIII
produces nearly as much phytoglycogen as starch.
This effect most likely results from altered isoamylase-
type DBE function, because in all plants studied the
phytoglycogen-accumulation phenotype has been ob-
served only in mutants in which this activity is com-
promised.

A possible explanation for the defect in the double
mutant was a requirement for either ISA2 or SSIII in
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order for ISA1 to be stably expressed or to assemble
into functional ISA1 homomer. Several aspects of ISA1
expression were tested in the SSIII/ISA2-deficient
lines. There were no differences from the wild type
detected by AEC or by GPC. The latter analysis
revealed that the size of the ISA1 homomer complex
is approximately the same in the dul’, isa2” double
mutants as endosperm lacking only ISA2. ISA1 homo-
mer from SSIII/ISA2-deficient, ISA2-deficient, or wild-
type extracts migrated at the same rate in native PAGE.
Furthermore, as far as can be ascertained from zymo-
gram analyses, the enzymatic activity of the ISAl
homomer complex was approximately the same in
total extracts of the wild type, ISA2 mutants, and
SSIII/ISA2 double mutants. Evidence for ISA1 homo-
mer activity in vivo is that the specific details of the
starch-decrease/phytoglycogen-accumulation pheno-
type differed between the dul’, isa2” double mutants
and su1-4582 kernels that are devoid of both ISA1
homomer and ISA1/ISA2 heteromer. These differ-
ences included the amount of phytoglycogen present,
the chain length distribution of the soluble glucan, and
the chain length distribution of amylopectin in the
starch that accumulates in the SSIII/ISA2-deficient
lines compared with the ISAl-null line. Thus, ISA1
homomer functions to some extent in the absence of
both SSIII and ISA2, but not sufficiently to prevent
phytoglycogen accumulation. From these observa-
tions, it is evident that the function(s) of SSIII in
preventing phytoglycogen accumulation occurs sub-
sequent to the formation of enzymatically competent
ISA1 homomer.

An apparent discrepancy from the conclusion that
SSIII deficiency does not prevent ISA1 homomer cat-
alytic activity was seen in the du1-R4059, isa2-339 total
endosperm extract from harvest year 2010. This sam-
ple exhibited moderately reduced ISA1 homomer ac-
tivity; however, the same line from the 2011 year had
the same amount of activity as the wild type or isa2-
339 single mutants. Reduced zymogram signals in
some analyses of du1-R4059, isa2-339 extracts may be
explained by unstable enzyme activity. Consistent
with this explanation, during AEC purification, the
ISA1 homomer from dul-R4059, isa2-339 endosperm
remained intact but its activity was severely reduced.
The total extract analyses, however, reveal clearly that
ISA1 homomer is catalytically competent in the ab-
sence of both SSIII and ISA2.

Hypotheses involving either direct or indirect mech-
anisms can be proposed to explain why SSIII is needed
to prevent phytoglycogen accumulation when ISA1/
ISA2 heteromer is absent. Considering direct mecha-
nisms, SSIII potentially could be a regulator of ISA1
homomer activity in vivo, or contact with SSIII could
affect the positioning of ISA1 homomer upon its sub-
strate. In either instance, SSIII may be directly respon-
sible or some other protein(s) that associates with SSIII
could medjiate the regulation. Direct interaction between
SSIII and ISA1 has not been demonstrated in coimmu-
noprecipitation or other affinity-based experiments,
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despite the fact that several proteins known to bind
SSIII, including SBEIla, SBEIIb, and PPDK (Hennen-
Bierwagen et al., 2009), were detected as positive
controls in the same experiments (data not shown).
However, the absence of affinity-based evidence does
not preclude an interaction between SSIII and the ISA
complexes in vivo, because such an association may be
transient and/or may require a physiological condi-
tion such as plastid integrity.

Considering indirect mechanisms, SSIII activity may
affect the structure of the branched glucans that be-
come substrates of ISA1 homomer. In the SSIII/ISA2
double mutants, therefore, the proper substrate would
not appear and ISA1 homomer would be unable to
modify branched glucans normally destined to be-
come amylopectin. Another potential indirect mecha-
nism is that the ISA1 homomer and SSIII function
completely independently, but both activities are nec-
essary to affect the balance of chain length, branch
frequency, and branch positioning in the precursor
soluble glucans so as to facilitate subsequent crystal-
lization.

The question remains why dul” single mutants do
not accumulate phytoglycogen (i.e. when both ISA1
homomer and ISA1/ISA2 heteromer are present). One
possible explanation is that the heteromeric complex
functions differently from the homomer such that SSIII
function is not necessary in order to prevent phyto-
glycogen accumulation. Alternatively, the critical fac-
tor may be the total level of isoamylase-type DBE
activity. Compromise of that enzyme activity below a
certain level may cause SSIII to become required in
order to maintain nearly normal starch production.

Another instance of combining SSIII deficiency with
compromised isoamylase-type DBE function was re-
ported previously. These studies showed that dul-Ref
in combination with the ISA1 point mutation sul-P
(also denoted sul-am) conditions a moderate sugary
kernel phenotype including starch reduction, accumu-
lation of phytoglycogen, and increased Suc content
relative to the wild type (Cameron, 1947; Mangelsdorf,
1947). Analogous to our study, single mutants defec-
tive only for sul-P exhibit normal kernel appearance
and starch composition (Cameron, 1947; Mangelsdorf,
1947; Kubo et al., 2010). The molecular defect of ISA1
in sul-P mutants prevents the assembly of ISA1
homomer but allows the formation of an abnormal
but active ISA1/ISA2 heteromeric complex (Kubo
et al, 2010). Thus, compromise of isoamylase-type
DBE owing to an alteration of either ISA1 homomer or
ISA1/ISA2 heteromer can necessitate a requirement
for SSIII in order for phytoglycogen accumulation to
be blocked.

Elevated ISA1 Protein Levels and Activity in
SSIII-Deficient Mutants

Additional connections between SSIII and isoamylase-
type DBE were observed by comparing protein and
activity levels between dul” single mutants and the wild
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type. The amount of ISA1 protein as judged by
immunoblot analysis was elevated in both dul-
R4059 and dul-Ref single mutants (Fig. 2A). The
apparent enzymatic activity of ISA1 homomer and
at least one of the ISA1/ISA2 heteromer bands in
zymograms of total extracts, normalized to total pro-
tein, appeared to be elevated in comparison with the
wild type (Figs. 7A and 8A). Although such assays are
not quantitative, the qualitative estimation of activity
was consistently elevated in five different mutants,
each carrying a distinct allele of dul". This effect was
also observed in amylopast-enriched extracts from a
line carrying a sixth dul” mutant allele, and in this
instance, the apparent activities of ISA1 homomer and
both forms of ISA1/ISA2 heteromer were markedly
enhanced (Fig. 8B). Taken together, these data provide
convincing evidence that ISA1l is activated above
normal levels in the absence of SSIII.

The molecular explanation for these results re-
mains obscure in the absence of demonstrated direct
interactions between SSIII and ISA1 or ISA2. The
effects of SSIII deficiency on ISA1 protein level and
ISA1 homomer enzyme activity were not observed in
dul’, isa2” double mutants, indicating that ISA2 pro-
tein is required. This is consistent with the suggestion
that ISA1 protein production is elevated as a result of
SSIII deficiency, and assembly into a heteromeric
enzyme is necessary to allow the stability of that
protein (i.e. to prevent degradative turnover). Al-
though further analyses are necessary to understand
the mechanism of this interaction, the data lend
further support to the overall conclusion that the
SSIII and isoamylase-type DBE function in an inter-
related manner to accomplish the overall function of
preventing the formation of phytoglycogen during
the biosynthesis of amylopectin.

CONCLUSION

The effects of SSIII deficiency by itself on starch
structure cannot be explained by catalytic activity
alone, providing strong evidence that this protein
coordinates the functions of multiple starch biosyn-
thetic enzymes. SSIII and isoamylase-type DBE(s)
function together in a concerted manner such that
glucan polymer crystallization occurs normally. SSIII,
therefore, is a determinant of the ability to form
crystalline branched glucans in the sense that, in
some circumstances, it is required to prevent the
accumulation of phytoglycogen.

MATERIALS AND METHODS
Nomenclature and Plant Materials

Gene loci are designated in italic lowercase letters (e.g. dul). Wild-type
alleles are designated with an uppercase letter (e.g. Dul) or by the “+” symbol.
Specific mutations are designated by the locus name followed by a dash and a
unique allele name (e.g. dul-Ref), and unspecified nonfunctional mutations

are designated by the allele name with a superscript dash (e.g. du1). mRNA or

690

c¢DNA produced from a locus is indicated by italic uppercase letters (e.g. DU1
mRNA). Proteins are indicated by uppercase letters without italics (e.g. SSIII).

Maize (Zea mays) plants were field grown in summer nurseries at Iowa
State University. Isolation of the dul mutations in a Mu-active population was
described previously (Gao et al., 1998). Correlation with allele names used in
the previous work is as follows: M1, dul-R2197; M2, dul-R2339; M3, dul-
R2649; M4, dul-R2370; M6, dul-R1178. Lines bearing du1-8801, du1-8802, and
du1-8803 were provided by the Maize Genetics Cooperation Stock Center
(http:/ /maizecoop.cropsci.uiuc.edu/). These spontaneous mutations were
identified by the appearance of the dull phenotype on segregating ears of self-
pollinated F1 plants. Crosses of heterozygotes to dul1-Ref homozygotes yielded
ears with 50% dull kernels, thus confirming the new mutations as dul alleles.

All maize lines used in the study were in the W64A inbred genetic
background. Each mutation was backcrossed to wild-type W64A for at least
five generations, with self-pollination of the outcrossed plants used to identify
the presence of each dul” mutation. Self-pollination of the final heterozygote in
the outcross series yielded homozygous seed that generated FO plants used to
initiate this study. The crossing scheme employed to generate the lines
analyzed here is shown in Supplemental Figure S2.

Developing kernels from self-pollinated ears were collected at specified
DAP, frozen in liquid N,, and stored at —80°C. These kernels provided
endosperm tissue for biochemical analyses. Amyloplasts were purified from
whole fresh kernels harvested 15 or 16 DAP, as described previously (Hennen-
Bierwagen et al., 2008).

RT-PCR and Genotype Characterization by PCR

Genomic DNA was isolated from seedling leaves as described previously
(Saghai-Maroof et al., 1984; Steiner et al., 1995). Overlapping fragments of the
dul locus were amplified from genomic DNA by PCR using forward- and
reverse-strand oligonucleotide primers from the coding region, specified in
Supplemental Table S2. PCR amplification used Platinum Taq Polymerase
(Invitrogen; catalog no. 11304-029) in 5% dimethyl sulfoxide (DMSO), 1.5 mm
MgCl,, and other buffer conditions specified by the manufacturer. Tempera-
ture cycling conditions were 95°C for 3 min; 35 cycles of 95°C for 1 min, 50°C
for 1 min, and 72°C for 2 min; and 72°C for 10 min. Analysis of the amplified
fragments revealed the complete genomic sequence of the transcribed region
of dul (GenBank accession no. JF273457). The same primers were also used in
combination with the Mu terminal inverted repeat end primer 9242 (5'-AGA-
GAAGCCAACGCCAWCGCCTCYA-3’) to amplify junction fragments contain-
ing the transposon and its genomic flanking sequences. The sequences of
those PCR fragments were determined to reveal the insertion site of each Mu-
induced allele. Primers DURef-F and DURef-R (Supplemental Table S2) were
used to amplify the region of dul that contained the nucleotide altered in du1-
Ref. The isa2 genotype was determined by PCR amplification of genomic DNA
using Mu end primer 9242 and gene-specific primers as described (Kubo et al.,
2010).

Total RNA isolation from endosperm tissue and RT-PCR amplification of
ISA1 and ISA2 mRNA were described previously (Kubo et al., 2010). DU1
mRNA was detected by RT-PCR using primers dul-F1 and du-L1 (Supplemen-
tal Table S2). Thermocycling conditions for the detection of DUI mRNA were
95°C for 2 min; 35 cycles of 95°C for 30's, 60.5°C for 30 s, and 72°C for 1 min; and
72°C for 5 min. GoTaq Flexi DNA Polymerase (Promega; catalog no. M8298) was
used in reaction buffer containing 1.5 mm MgCl, and 5% DMSO.

Protein Isolation and Fractionation, Zymogram Analysis,
and Immunological Methods

Preparation of total soluble endosperm extracts, AEC fractionation using
HiTrap Q HP columns, and GPC fractionation using a Superdex 200 10/300
column were described previously. Standard procedures were used for the
separation of proteins by SDS-PAGE, electroblotting to nitrocellulose filters,
probing with affinity-purified IgG fractions, and detection of antibody binding
(Kubo et al., 2010). The purified IgG fractions used were aISAl, «ISA2,
aSSIIMHD, and «DUIN (Hennen-Bierwagen et al., 2008; Kubo et al., 2010).
Fractionation of total soluble extracts, amyloplast-enriched fractions, or partially
purified AEC fractions by native-PAGE, native transfer to starch-containing gels,
and detection of carbohydrate-modifying enzyme activities by staining with I,/
KI solution followed previously described procedures (Kubo et al., 2010). In
some analyses, duplicate gels run in the same apparatus were transferred to
nitrocellulose and analyzed by immunoblot to allow the identification of specific
proteins comigrating with each ISA activity. All zymogram analyses were
repeated at least twice starting from independent samples of biological material.
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Carbohydrate Characterization

Starch, WSP, and free Glc contents as a function of endosperm dry weight
were determined by modification of a previously published method (Dinges
etal., 2001). Ears were collected 20 DAP from multiple plants of each genotype
during the 2009, 2010, and 2011 field seasons. From each ear, three to six
individual kernels were characterized as follows. Pericarp and embryo were
removed, and the single endosperm was ground to a fine slurry in a total of 4
mL of water using a mortar and pestle. From the crude lysate, 1 mL was dried
at 80°C to determine dry weight for standardization. Two other 1-mL aliquots
were analyzed as A and B samples for each kernel. Starch and WSP were
separated by centrifugation at 10,000¢ for 10 min at 4°C. The soluble phase was
collected and boiled for 20 min to inactivate potential degradative enzymes.
The pellet containing starch was washed with 1 mL of cold 80% ethanol and
then collected by centrifugation for 5 min. That pellet was dispersed in a total
volume of 1.5 mL of 100% DMSO, then boiled for 30 min. Glucan polymer in
both the DMSO-dissolved starch and the soluble phase was hydrolyzed to Glc
in a volume of 500 uL of 100 mm sodium acetate, pH 5.0, 5 mm CaCl,,
containing approximately 33 units of amyloglucosidase (Megazyme
E-AMGDF100), during incubation for 45 min at 50°C. The maximum DMSO
content in these reactions was 10%. Control reactions lacking amyloglucosi-
dase were performed to quantify free Glc. Glc in the amyloglucosidase
digestions was quantified using a colorimetric Glc oxidase-peroxidase (GO-
POD) assay (Megazyme K-GLUC). These reactions were performed on a
microtiter plate with each well containing 225 uL of the GOPOD assay reagent
and 15 uL of each Glc sample. GOPOD reactions were incubated for 20 min at
50°C, then A, was determined. Glc standard curves were included on each
plate to allow calculation of the Glc equivalents in the starch, WSP, and free-
Glc fractions of each individual endosperm, normalized to total dry weight.

WSP to be analyzed by GPC was collected by a similar procedure. Three
dissected endosperms were ground in ice-cold water in a total volume of 5
mL. After centrifugation for 10 min at 10,000g at 4°C, the top two-thirds of the
supernatant was collected and transferred to a fresh tube. Centrifugation and
collection were repeated two additional times, to ensure that no starch
granules contaminated the soluble glucan fraction. WSP was quantified by
GOPOD assay of Glc equivalents, and 5 mg was precipitated with 5 volumes
of 100% ethanol overnight at —20°C. The precipitate was dissolved in 1 mL of
10 mm NaOH, clarified by centrifugation at top speed in a microfuge for 2 min,
and applied to a Sepharose CL-2B column (1.5 cm diameter X 75 cm length)
run in 10 mm NaOH. Glucans were eluted at a flow rate of 0.5 mL min ' while
collecting 1.3-mL fractions. Glc equivalents in each fraction were determined
by amyloglucosidase digestion and GOPOD assay as described.

For the determination of linear chain length distributions, whole starch
was first solubilized by boiling in 100% DMSO. After appropriate dilutions,
the material was then debranched with commercial isoamylase (Megazyme
E-ISAMY), derivatized, and analyzed as described previously (O’Shea et al.,
1998; Dinges et al., 2003) using a Beckman P/ACE capillary system. Each
genotype was analyzed at least twice from biological replicates of sibling
plants with essentially identical results.

Statistical Analyses

Statistical Analysis Software package SAS 9.2 from the SAS Institute was
used for all analyses. Mean and st values were calculated from all kernels
within the same genotype. The differences between WSP and starch were
compared among different genotypes using linear mixed-effects modeling.
Holm'’s procedure was used to adjust for multiple comparisons. Values of P <
0.05 after adjustment for multiple comparisons are considered significant.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number JF273457.

Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1. Map of the dul locus and dul” mutations.
Supplemental Figure S2. Crossing diagram.
Supplemental Figure S3. Phytoglycogen chain length distribution plots.

Supplemental Figure S4. Amylopectin chain length distribution plots.
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Supplemental Figure S5. Additional amylopectin chain length distribu-
tion difference data.

Supplemental Figure S6. Anion-exchange fractionation of ISA1.
Supplemental Table S1. Full data set for starch and WSP quantification.

Supplemental Table S2. Primers for the amplification of dul genomic
DNA or cDNA.
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