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The aleurone is the outermost layer of cereal endosperm and functions to digest storage products accumulated in starchy endosperm
cells as well as to confer important dietary health benefits. Whereas normal maize (Zea mays [Zm]) has a single aleurone layer, naked
endosperm (nkd) mutants produce multiple outer cell layers of partially differentiated cells that show sporadic expression of aleurone
identity markers such as a viviparous1 promoter-B-glucuronidase transgene. The 15:1 F2 segregation ratio suggested that two recessive
genes were involved, and map-based cloning identified two homologous genes in duplicated regions of the genome. The nkdl and
nkd2 genes encode the INDETERMINATE1 domain (IDD) containing transcription factors ZmIDDveg9 and ZmIDD9 on
chromosomes 2 and 10, respectively. Independent mutant alleles of nkd1 and nkd2, as well as nkd2-RNA interference lines
in which both nkd genes were knocked down, also showed the nkd mutant phenotype, confirming the gene identities. In wild-type
kernels, the nkd transcripts were most abundant around 11 to 16 d after pollination. The NKD proteins have putative nuclear
localization signals, and green fluorescent protein fusion proteins showed nuclear localization. The mutant phenotype and gene
identities suggest that NKD controls a gene regulatory network involved in aleurone cell fate specification and cell differentiation.

Cereal grains are essential for humans as a food
source and for value-added industrial materials. The
endosperm comprises 70% to 90% of a grain and is the
major source of nutrients and feedstock. The outer-
most layer of the cereal endosperm is a specific cell
type called the aleurone. Aleurone cells survive grain
desiccation, while starchy endosperm undergoes pro-
grammed cell death. At germination, the aleurone
layer secretes hydrolases to digest storage molecules
(starch and proteins) in the starchy endosperm. The
aleurone is relatively protein and lipid rich and also
confers most of the dietary benefits attributed to cereal
bran (Becraft and Yi, 2011). In particular genotypes of
maize (Zea mays [Zm]), anthocyanin pigments specifi-
cally accumulate in the aleurone, and this has histori-
cally been used as a powerful marker for genetic studies
(Cone, 2007). Most cereal grains, including maize, have
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a single cell layer of aleurone, although barley (Hordeum
vulgare) and at least one maize landrace have multi-
layered aleurone (Wolf et al., 1972; Jestin et al., 2008).
Aleurone development involves a decision between al-
eurone versus starchy endosperm cell fates. Because the
aleurone is the outmost layer in the endosperm, it is
inferred that a positional signal must be involved in
this cell fate decision (Becraft et al., 1996; Becraft and
Asuncion-Crabb, 2000; Olsen, 2004a). Cells at the pe-
riphery of the endosperm retain the plasticity to become
either aleurone or starchy endosperm until the last cell
divisions during development (Becraft and Asuncion-
Crabb, 2000). Thus, the positional cues that specify
aleurone identity are present throughout development
and are required to maintain the appropriate cell identi-
ties of peripheral endosperm cells.

The molecular mechanisms of aleurone cell differ-
entiation are not well understood. Analysis of aleurone
mutant phenotypes and cell lineage studies suggest
that positional cues and a hierarchical genetic pathway
control aleurone cell fate (Becraft and Asuncion-Crabb,
2000; Olsen, 2004b; Wisniewski and Rogowsky, 2004).
Known genes regulating aleurone cell fate include
defective kernell (dek1), crinkly4 (cr4), and supernumerary
aleuronel (sall). dek1 is a positive regulator of aleurone
cell fate, and its loss-of-function mutant shows an ab-
sence of aleurone (Sheridan and Neuffer, 1982; Becraft
and Asuncion-Crabb, 2000; Becraft et al., 2002; Lid et al.,
2002). DEK1 is a large protein containing 21 predicted
transmembrane helices, an extracellular loop region,
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and a cytoplasmic calpain protease domain (Lid et al.,
2002; Wang et al., 2003; Johnson et al., 2008; Liang
et al., 2013; Demko et al., 2014). A strong mutant allele
such as dek1-1394 eliminates aleurone completely, while
the weaker dek1-D shows mosaic aleurone (Becraft et al.,
2002). CR4 is a receptor-like kinase, and cr4 mutants
show similar, although more sporadic, aleurone phe-
notypes to dekl (Becraft et al., 1996). DEK1 and/or CR4
may work as receptors for positional cues that induce
and maintain aleurone cell specification. The sall mu-
tant has multiple aleurone layers, and the gene encodes
a class E vacuolar sorting protein (Shen et al., 2003).
SAL1 is hypothesized to act as a negative regulator of
CR4 and/or DEKI1 (Shen et al., 2003; Tian et al., 2007).
Despite having been cloned and studied, the molecular
mechanisms by which these proteins specify aleurone
identity are not yet understood. Another negative reg-
ulator of aleurone cell fate, thick aleuronel (thkl), was
recently reported; the loss-of-function mutant makes
four to five layers of aleurone (Yi et al., 2011). The thk1
mutant is epistatic to dek1, and double mutant sectors
generated by chromosomal breakage in a dekl single
mutant (aleuroneless) background show multiple layers
of aleurone. Although the identity of thkl is not yet
known, the epistasis suggests that it functions in the
same pathway as DEK1.

Transcriptional regulation is central to most devel-
opmental processes. VIVIPAROUS1 (VP1) is a transcription
factor containing a B3 domain that binds the CATGCA
DNA element to regulate genes that function in seed
maturation (Suzuki et al., 1997). The vp1 gene is required
for seed maturation and is the most upstream known
transcriptional regulator of the anthocyanin biosynthesis
pathway. It is specifically expressed in embryo and al-
eurone cells and is controlled by abscisic acid (ABA; Cao
et al., 2007). ABA and GA, play major antagonistic roles
in controlling seed maturation and dormancy versus
germination and vivipary.

INDETERMINATE] (ID1) is a transcription factor that
is important for the flowering response in maize. ID1 is a
member of a family of transcriptional regulators con-
taining a conserved C2H2 zinc finger DNA-binding do-
main called the INDETERMINATE1 domain (IDD). Here,
we report a novel aleurone differentiation mutant, naked
endosperm (nkd), and show that mutations in duplicated
IDD genes, iddveg9 and idd9, cause the nkd phenotype.
Gene function was confirmed by the identification of
independent mutant alleles and by RNA interference
(RNAi)-induced gene knockdown. We propose that NKD
proteins function as transcription factors controlling al-
eurone layer organization and cell differentiation.

RESULTS

The nkd Genes Are Required for Aleurone Cell Fate and
Cell Differentiation

The nkd mutant maize kernels show aleuroneless or
mosaic aleurone phenotypes (Becraft and Asuncion-Crabb,
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2000). In sections, nkd mutants have multiple (two to
five) layers of peripheral endosperm cells that lack
starch granules or other features of starchy endosperm
(Fig. 1). Yet, most of these cells do not have the typical
characteristics of wild-type aleurone cells, such as thick
walls, dense cytoplasm, accumulation of anthocyanin
pigments, or expression of the wviviparousl promoter
(vplpro)-GUS marker gene. Cells with typical aleurone
features do form sporadically within the peripheral
layers. Aleurone cells are more likely to form around
the silk scar region, following a pattern that has been
described for several mosaic aleurone mutants (Becraft
et al., 1996, 2002; Becraft and Asuncion-Crabb, 2000;
Suzuki et al., 2008; Becraft and Yi, 2011). The nkd mu-
tants show a 15:1 F2 segregation ratio, indicating that
two unlinked recessive factors, nkdl and nkd2, deter-
mine this phenotype. Because only the double homo-
zygous mutant shows a mutant phenotype, it is likely
that these two genes perform redundant functions.

Because the peripheral layers of endosperm in the
nkd mutant were distinct from starchy endosperm and
sporadically acquired aleurone cell characteristics, the
nkd mutant was interpreted as affecting the aleurone
cell differentiation process (Becraft and Asuncion-Crabb,
2000). However, the multiple layers of cells distinct from
starchy endosperm, in contrast to the normal single layer
of aleurone, indicate that nkd function is also required to
restrict the number of peripheral cell layers. Therefore,
nkd appears required for dual functions in the endo-
sperm periphery, regulating cell fate specification and
cell differentiation.

Other Pleiotropic Aspects of nkd Mutants

Mutants displayed several additional pleiotropic
phenotypes in the kernels and plants (Fig. 2). The
endosperms of nkd mutant kernels often display an
opaque phenotype instead of the normal translucency.
Defects in several endosperm components can result in
an opaque phenotype including deficiencies or imbal-
ances in zein storage proteins. HPLC analysis showed
no detectable difference in zein profiles between nor-
mal and mutant kernels (data not shown); thus, the
basis of the endosperm opacity remains unknown.

Mutant kernels are also pale yellow or sometimes
nearly white, indicating that they are carotenoid deficient
(Fig. 2E). There is also a propensity for vivipary in nkd
mutant seeds. The disrupted expression of the vpIpro-
GUS marker indicates that nkd functions upstream of vp1
in the endosperm. When mutant embryos were stained
for GUS activity, no qualitative difference in staining was
detected (data not shown). Expression of vpl, therefore,
was assayed by quantitative reverse transcription (RT)-
PCR and found to be decreased in mutant kernels
compared with the wild type (Fig. 2F).

Seed weight is decreased in the mutant. Hundred-
kernel seed weights were measured for nkd mutant
and the wild type in five samples from a segregating
F2 population. The mutant seed weight (26.8 = 1.28 g) was
only 73% of the wild-type seed weight (36.5 = 0.95 g).
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Figure 1. The nkd mutant disrupts aleurone dif-
ferentiation. A and B, nkd mutant kernels show
sporadic anthocyanin pigmentation and a 15:1 F2
segregation ratio. C to E, The nkd mutant disrupts
aleurone differentiation. The peripheral layer of
nkd mutant endosperm is distinct from internal
starchy endosperm but has not differentiated the
typical attributes of aleurone cells, including the
expression of aleurone markers such as vpT.
Brackets indicate cells with compromised aleu-
rone characteristics. F to H, Wild-type endosperm
contains a single layer of aleurone cells showing
densely staining cytoplasm, thick cell walls, cu-
boidal shape, and the expression of aleurone
markers. C and F, Histological sections with starch
grains stained pink by periodic acid-Schiff and
aleurone darkly stained with Toluidine Blue coun-
terstain. D and G, Scanning electron micrographs.
E and H show the expression of a vp1pro-GUS re-
porter transgene detected by 5-bromo-4-chloro-
3-indolyl-B-glucuronic acid staining specifically in
aleurone cells. The vpIpro-GUS reporter shows
sporadic expression in nkd mutants. al, Aleurone;

se, starchy endosperm. Bars = 100 um.

Thus, nkd mutant seed appears to have reduced grain
filling for which the basis is not yet known (Fig. 2D).

The nkd mutant seed showed decreased germination
rates. Germination rates were assayed by planting
triplicates of 230 wild-type and 230 nkd mutant kernels
from F2 populations. In the field, mutants showed 72%
germination compared with 96% in the wild type,
while in the greenhouse, 80% of mutants germinated
compared with 97.4% in the wild type (Fig. 2A). Seedling
survival rate was lower in the mutant. Only 75% of
geminated nkd plants remained viable 45 d after plant-
ing, while 93% of wild-type plants survived (Fig. 2B).
Approximately one-quarter of the mutant plants were
poorly developed and arrested at the two- to three-leaf
stage. Mutant plants that survived to maturity were
morphologically normal and produced the same number
of nodes as the wild type, although they grew slowly
and showed a delay of 5 d to anthesis (Fig. 2C).

The nkd Genes Function Independently of thk1 in
Aleurone Cell Fate and Downstream of thk1 in Aleurone
Cell Differentiation

To assess the position of nkd in the genetic regulation
of aleurone differentiation, triple mutants were gener-
ated with thkl. As described, the thkl mutant is com-
pletely epistatic to dekl, producing a thick aleurone
phenotype in double mutants, suggesting that thkl
functions downstream of dek1 to regulate aleurone dif-
ferentiation (Yi et al., 2011). As shown in Figure 3, nkd1;
nkd2;thk1 triple mutants had more peripheral layers
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than either nkd or thk1, indicating an additive phenotype
and suggesting that these genes function independently
in regulating the cell fate decisions controlling aleurone
layer number. However, the peripheral cells of the triple
mutant have compromised aleurone features, including
sporadic vplpro-GUS expression, similar to nkd mutants
(Fig. 3B). In contrast, thk1 single mutants show uniformly
high levels of vplpro-GUS expression throughout the
multiple aleurone layers (Yi et al., 2011). This suggests
that nkd is epistatic to, and therefore downstream of, thk1
with regard to aleurone cell differentiation. Thus, nkd
function appears required for at least two different as-
pects of aleurone differentiation.

Map-Based Cloning of the nkd Genes

Crosses with B-A translocation lines revealed that
one of the nkd genes, designated nkd1, is located on the
short arm of chromosome 2. B-A chromosomes un-
dergo nondisjunction at the second pollen mitosis,
generating sperm cells, one hypoploid and one hy-
perploid for the translocated chromosome arm. Any
genes located on the translocated chromosome seg-
ment will show distorted segregation ratios (Beckett,
1978). An nkd mutant was crossed to translocation line
TB-25b, and hypoploid F1 plants were self-pollinated.
The F2 showed a 3:1 segregation ratio compared with
the expected 15:1 ratio that was observed for translo-
cation lines involving other chromosome arms.

An F2 mapping population was generated by
crossing an nkd mutant to the H99 inbred line, and
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Figure 2. Pleiotropic phenotypes of
nkd mutants. A and B, Germination
rate (A) and survival rate (B) of the
wild type (dashed lines) and nkd
mutants (solid lines). Segregating F2 !
kernels were planted in the field. A !
total of 72% of nkd mutants germi- 40 1 I I
nated (96% in the wild type), and ]2
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genomic DNA from 62 nkd F2 seedlings was isolated.
Insertion deletion polymorphism (IDP) markers (Fu
et al., 2006) at 10-centimorgan intervals on the short
arm of chromosome 2 were tested for linkage, and
nkdl localized to an approximately 11-centimorgan
interval between IDP7746 and IDP1612 (Supplemental
Table S1). We increased the number of F2 individuals
to 170 and extracted genomic DNA directly from the
kernels. To develop markers for fine-mapping, we
used B73 genomic DNA sequence (Schnable et al.,
2009) and designed primers at the 5" and 3’ untrans-
lated regions of annotated genes. These primer pairs
were screened for polymorphisms evident as size dif-
ferences on 1% to 2% (w/v) agarose gels between the
nkd and H99 parents. Markers polymorphic between
parents were applied to the F2 population. About 20%
of designed primers were polymorphic. Finally, nkd1
was mapped between markers 266H09-9/10 and 166120~
1/5. These markers had five recombinants out of 328
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chromosomes and two recombinants out of 332 chro-
mosomes, respectively. The interval between these two
markers was 385 kb in length in B73. According to the
maize genome sequence version 53.4a (http://ensembl.
gramene.org/Zea_mays/Info/Index), there were 31
annotated genes in this region, 10 of which had no
supporting evidence (i.e. no maize EST). Eighteen had
weak support such as a single EST, mostly from laser-
capture microdissection (LCM)-dissected shoot apical
meristem tissue (Emrich et al., 2007; Ohtsu et al., 2007).
The remaining three genes with strong support puta-
tively encoded a MutatorDR transposase, a C2H2 zinc
finger protein, and a DEAD-like helicase. Only two of
these genes have homologs in sorghum (Sorghum bicolor),
and only the C2H2 zinc finger protein gene has fully
covered EST evidence.

To map the nkd2 locus, we used the Sequenom
MassARRAY system in a genome-wide assay of single-
nucleotide polymorphism (SNP) markers that are
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Figure 3. Double mutant analysis between nkd and thk1. A, Histo-
logically stained nkd1;nkd2;thk1 triple mutant kernel. The bracket
indicates a region of cells with intermediate characteristics of aleurone
and starchy endosperm (se) cells. There are more layers of such cells
than in either the nkd (Fig. 1) or thk1 mutant alone (Yi et al., 2011).
B, The vp1pro-GUS aleurone marker shows sporadic expression, typical
of nkd mutants, in multiple layers of nkd:thk7 mutants. p, Pericarp.
Bars = 100 um.

polymorphic between B73 and Mo17 (Fu et al., 2006;
Liu et al., 2010). The nkd mutant arose in a mongrel
genetic background; therefore, we used two different
mapping populations to maximize SNP polymor-
phisms: BC;F, for B73 and BC,F, for Mol7. Bulked
segregant analysis was performed by mixing 12 wild-
type and 12 nkd kernels each from four different ears
(for totals of 48 wild-type and 48 mutant kernels). The
results showed linked SNP makers clustered on chromo-
some 2 and chromosome 10. Linkage to the nkd phenotype
was confirmed with an analysis of IDP markers on chro-
mosome 10 (Supplemental Table S2). The nkd2 region on
the long arm of chromosome 10 was narrowed to the
interval between IDP8526 and IDP8334, which is
approximately 1.7 Mb in the B73 genome sequence.
According to the hypothesis that nkdl and nkd2
genes are duplicate factors, we compared the entire
annotated gene sets in the nkd1 and nkd2 regions. Only
the C2H2 zinc finger gene from the nkdl region had a
homolog in the nkd2 interval. Therefore, these two

Plant Physiol. Vol. 167, 2015

nkd Genes in Maize Endosperm Differentiation

genes, ZmIDDveg9 (nkdl, GRMZM2G129261) and
ZmIDD?9 (nkd2; GRMZM5G884137), were considered as
likely candidates.

Sequence Analysis of nkdl and nkd2 Mutant Alleles

The nkd mutant arose fortuitously in a mongrel genetic
background during an unrelated genetic screen. To un-
derstand the nature of the mutations, the nkd1 and nkd?2
mutant genes were PCR amplified, cloned, and se-
quenced. For nkd1, a total of 10,876 bp (—3,584 bp 5’
from the start codon to +1,365 bp 3’ of the stop codon)
were sequenced, and 65 sequence differences (40
SNPs, 15 deletions, and 10 insertions) were detected
relative to the B73 sequence. One mutation caused an
amino acid change that is likely to be significant; a
C-to-T transition caused an amino acid substitution
(CAC—>TAC, His—Tyr) at residue 102 (Fig. 4A). This
His is part of the C2H2 motif located on the first zinc
finger of the IDD domain and is highly conserved
among the IDD family (Colasanti et al., 2006). Other
changes include a 13-bp deletion in intron 2 and a
26-bp deletion 3’ of the transcribed region. For nkd2,
9,219 bp (—3,233 bp 5’ from the start codon to +876
bp 3’ of the stop codon) were sequenced. Seventy-
three sequence differences (44 SNPs, 14 deletions,
and 15 insertions) were detected. Of note was a copia-
like retrotransposon insertion in the first exon. The
insertion site showed a well-conserved 5-bp (CACCG)
target site duplication and long terminal repeats.

Genetic Confirmation of the nkd Genes

To test the hypothesis that the candidate genes
corresponded to nkd1 and nkd2, public resources were
searched, and a Dissociation (Ds) transposon insertion
allele (B.S08.0002) for nkdl was identified from the
Activator (Ac)/Ds project (Ahern et al., 2009; Vollbrecht
et al., 2010). This allele contained a Ds insertion in the
fourth exon (Fig. 4A). This mutant is henceforth re-
ferred to as nkd1-Ds, while the original reference allele
is designated nkd1-R. The nkd1-Ds heterozygotes (ho-
mozygous Nkd2+) were self-pollinated and crossed as
pollen donors to plants with the genotype nkdl/+;
nkd2 /nkd2. Surprisingly one-fourth of the seeds from
this cross showed the nkd mutant phenotype. Since
nkd2 was uniformly heterozygous in the progeny, we
hypothesized that the 3:1 segregation ratio follows the
nkdl genotype and that kernels with nkd1-Ds/nkd1-R
would have a mutant phenotype. Twelve wild-type
and 12 mutant kernels were genotyped, and all ker-
nels showing an nkd mutant phenotype carried one
original nkd1-R allele and one nkd1-Ds allele, while all
the wild-type kernels had at least one Nkd1+ allele
(Supplemental Fig. S1; Supplemental Methods S1).

The failure of the independent nkd1-Ds allele to
complement the original nkd1-R mutant confirmed the
identity of nkd1 as IDDveg9. Furthermore, these results
also suggested that there may be a dosage requirement
for nkd gene function and that the nkd1-R allele may be
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Figure 4. Genetic confirmation of the nkd7 and nkd2 loci. A, nkd gene structures and alleles. The nkd7-R allele has an amino
acid change (H—Y) at residue 102. The nkd1-Ds allele has a Ds insertion in the fourth exon. The nkd2-R allele contains a copia-
like retrotransposon insertion in the first exon. The nkd2-Ds alleles have Ds insertions in the putative promoter region and the
first intron. RNAI lines were generated using the fourth exon of nkd2. Boxes represent exons, and dark shading indicates a
coding region. B, nkd7-Ds/+ self-pollinated ear showed 3:1 segregation for kernels with weak nkd phenotypes and rough-
textured opaque endosperm, associated with nkd7-Ds homozygotes. Arrows indicate mutant kernels. C, Section of an nkd7-Ds
homozygous kernel shows irregular double-layered aleurone. D, nkd2-RNAi line (G7-1) segregated kernels with wild-type (WT)
and nkd phenotypes. Mutant kernels show wrinkled endosperm and sporadic disruption of anthocyanin pigmentation. E, nkd2-
RNAI mutant kernel section shows irregular double-layered aleurone. F, Different nkd mutants show different levels of nkd
phenotypes in terms of doubled aleurone. The degree of nkd phenotype strength was measured as the percentage of double-
layered aleurone. Kernels were scored by counting 150 aleurone cells across the crown of the kernel and calculating the ratio of
secondary aleurone cells as a percentage. nkd7-R sometimes showed multiple layers of aleurone. The nkd7-Ds allele has a
stronger phenotype than nkd7-R. The phenotype became stronger when nkd2-R was added. G, nkd2-RNAi shows reduced
transcript levels for both nkd1 and nkd2 in independent events, G7-1 and G9-2.

hypomorphic, while nkd1-Ds is likely to be a stronger Two independent Ds insertion alleles for nkd2
loss-of-function allele. Consistent with this, self-pollinating (B.W06.0297 and 1.W06.0766) were available from the
nkd1-Ds/+ showed 3:1 segregation, with mutant kernels Ac/Ds project (Ahern et al., 2009; Vollbrecht et al., 2010)
showing a weak opaque and rough textured phenotype and named nkd2-Ds0297 and nkd2-Ds0766, respectively,
(Fig. 4B). while the original reference allele is designated nkd2-R.
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1kd2-Ds0297 has a Ds insertion in the first intron (—499 bp),
and nkd2-Ds0766 has a Ds insertion at —1,215 bp in the
putative promoter region (Fig. 4A). Neither of these
nkd2 mutants showed discernible phenotypes in F2
families from self-pollination. Each of these alleles was
crossed to an nkdl-R single mutant, the resulting F1
was self-pollinated, and the F2 showed kernels with
mutant phenotypes in about 15:1 segregation ratios
(757 wild type:42 nkd for nkd2-Ds0297; 1,062 wild
type:84 nkd for nkd2-Ds0766). The lack of a visible kernel
phenotype in nkd1-R single mutants and the 15:1 seg-
regation ratio suggest that the nkd mutant phenotype
results from nkd1-R;nkd2-Ds double mutant genotypes.
Therefore, independent mutations in the IDD9 gene
fail to complement the nkd1-R mutant, confirming the
identity of nkd2 as IDD9. Finally, double mutants were
produced between nkd1-Ds and nkd2-Ds0297, and they
showed the same kernel phenotype as the original
alleles (Supplemental Fig. S2).

Further confirmation of the identity of the nkd genes
came from transgenic RNAi lines developed using
nkd2 (IDD9) to down-regulate nkd gene expression.
The ID domain encoded by exons 1 to 3 is highly
conserved, so to minimize the likelihood of targeting
other members of the IDD family, only the fourth exon
was used for the RNAIi construct. The nkd2 fourth exon
shares 87% nucleotide identity with nkd1 but is unique
among other IDD genes in maize. This fragment was
cloned in forward and reverse orientation under the
control of the maize ubiquitin promoter. We obtained
T2 seeds from five independent events (G1, G7, G9,
G11, and G14), which were crossed to three different
inbreds (B73, W22, and H99). Lines from three events
showed aleurone phenotypes similar to the original
nkd mutant (Fig. 4, D and E). The G7 line showed the
strongest phenotype, which segregated 354:281 (wild
type:mutant) in the F1 from crosses to the W22 inbred.
Each of these three independent lines was analyzed
for inheritance of the transgene and cosegregation
with the mutant phenotype. All individuals showing
the nkd-like aleurone phenotype carried the trans-
gene; however, some kernels carrying the transgene
showed normal phenotypes, possibly due to transgene
silencing.

The independent lines G7-1 and G9-2 were selected
for nkd expression analysis using real-time RT-PCR.
In both lines, reductions in both nkd2 and nkdl tran-
script abundance were observed in transgenic seedlings
with respect to the control, nontransgenic siblings (Fig.
4G). This was expected because of the nucleotide se-
quence conservation in the fourth exon between the two
maize paralogs, leading to concomitant transcript
down-regulation. The recapitulation of the nkd mu-
tant seed phenotype by RNAi suppression further
supports the identification of the nkd1 and nkd2 genes
as IDDuveg9 and IDD9, respectively. Because the original
report of the nkd mutant (Becraft and Asuncion-Crabb,
2000) predated the first report of the IDD gene family
(Kosaki et al., 2004), we use the nkdl and nkd?2
designations.
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Characteristics of the IDD Proteins Encoded by the
nkd Genes

The predicted proteins encoded by the nkd genes
contain ID domains, consisting of two C2H2 and two
C2HC zinc fingers, that define the IDD family (Colasanti
et al, 2006). The founding member of the IDD gene
family, ID1, shows a late-flowering phenotype and is the
only gene of this family with a known mutant phenotype
in maize (Singleton, 1946; Colasanti et al., 1998, 2006).
The two nkd genes showed high homology to each other
(82% identity /84% positive) in overall amino acid se-
quence (Fig. 5). The predicted NKD1 protein contains
588 amino acids with a calculated mass of 61 kD. NKD2
contains 599 amino acids with a calculated mass of
62 kD. The ID domains have been shown for several IDD
members, including ID1 and NKD1 (IDDveg9), to bind
specific DNA sequence motifs, suggesting their likely
function as transcription factors (Kozaki et al., 2004).
Consistent with this, NKD1 and NKD2 contain predicted
N-terminal nuclear localization signals. In addition, the
C-terminal domains contain two motifs of unknown
function that are each conserved in a subset of IDD
family members (Colasanti et al., 2006).

nkd Gene Expression

Transcript levels of nkd1 and nkd2 were examined by
RT-PCR. A basal level of nkd gene expression was
detected in all tissues tested. However, the expression
level was very low in root and tassel. The nkd genes
were most abundantly expressed in kernels and showed
higher transcript levels in endosperm compared with
embryo (Fig. 6A). The nkd1 transcript levels gradu-
ally increased from 7 d after pollination (DAP) and
peaked about 15 DAP, whereas nkd2 peaked at 11 DAP
(Fig. 6B).

To examine endosperm tissue-specific expression of
the nkd genes, aleurone and starchy endosperm cells
were isolated by LCM from 15-DAP B73 kernels
(Supplemental Fig. S3). As shown in Figure 7, both
genes were expressed in aleurone and starchy endo-
sperm. The nkd2 gene was expressed at similar levels
in both tissues, while nkd1 was expressed at approxi-
mately 3-fold higher levels than nkd2 in aleurone and
4-fold higher levels in starchy endosperm. In the nkd-R
mutant (nkd1-R;nkd2-R double homozygote), both
genes showed reduced transcript levels in both aleurone
and starchy endosperm tissues. To confirm the enrich-
ment for aleurone and starchy endosperm cells in the
LCM samples, aleurone- and starchy endosperm-specific
markers were tested. Figure 7B shows that the aleurone-
specific vacuolar H*-translocating inorganic pyrophosphatasel
(vppl) and al-9 transcripts are greatly enriched in the
aleurone samples, whereas starch synthasel (ss1) and
starch branching enzymel (sbel) transcripts are enriched
in the starchy endosperm samples.

Transcript levels in nkd mutants were examined by
RT-PCR. Figure 6, C and D, shows that transcripts
were undetectable in the nkd1-Ds mutant and both
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Figure 5. NKD protein sequences NKD1
showed 82% identity and 84% pos- NKD2
itivity. Motifs conserved among IDD

family members are designated by

light gray bars. Conserved C and H NKD1 54
residues of the IDD C2H2 and C2HC NKD2 55
zinc finger domains are marked by

dots. The starred H was mutated to Y

in the nkdi-R allele. Black triangles NKD1 113
indicate intron locations, and the NKDZ 114
white triangle shows the Ds insertion
point for the nkd7-Ds allele.
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NKDZ 234

NKD1 232 UIIMPL LSQVGSHLTSTLODGHHH
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NKDZ 294
NKD1 346 GNGAGGPG

NKDZ 350 Hefeiervelei=le

NED1 403
NKDzZ 404
NKD1 461
NKD2 464
NKD1 517

NEKDZ 524

NKD1 573
NKD2 584

nkd2-Ds mutants, suggesting that these are null alleles.
Expression was also examined by real-time RT-PCR.
As shown in Figure 6E, nkdl transcript levels were
decreased in the nkdI1-R single mutant and nkd1-R;
nkd2-R double mutant, but increased transcript levels
were observed in the nkd2-R single mutant. The nkd2
transcript levels were decreased in the nkd1-R;nkd2-R
double mutant, but transcript levels in the nkd2-R
single mutant were similar to those in the wild type
and increased in the nkdI-R single mutant. That nkdl
and nkd2 transcripts were each more highly expressed
in the other’s single mutant background, relative to the
wild type, suggests that compensatory mechanisms
might regulate transcript levels.

NKD Proteins Localize to Nuclei

Both predicted NKD proteins contain putative nu-
clear localization signals (KKKR), as do other IDD
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proteins. To experimentally verify the nuclear localiza-
tion of the NKD proteins, NKD-GFP translational fusion
constructs were generated and transiently expressed in
onion (Allium cepa) bulb epidermal cells. As expected,
the fusion proteins showed localization in nuclei, as
ascertained by the accumulation of green fluorescence

(Fig. 8).

DISCUSSION

In this study, we identified the nkd1 and nkd2 genes
by map-based cloning as duplicated members of the
IDD family of zinc finger transcription factors. Because
of the mongrel genetic background in which the
mutation arose and the high levels of sequence poly-
morphisms compared with the B73 sequence, it was
not possible to unequivocally identify the causal le-
sions. However, an H—Y substitution in the highly
conserved C2H2 motif of the first zinc finger of nkd1 and
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Figure 6. Expression analysis of nkd7 and nkd2 transcripts. A to D,
RT-PCR analysis. A, The nkdT transcript was detected in all tissues
tested. However, abundance was low in root and tassel. It was most
highly expressed in kernels. The nkd2 transcript was detected most
highly in kernels and also in leaf and ear tissues. B, In developing
kernels, both nkd transcripts were highly expressed at 9 to 11 DAP,
after which nkd2 declined. C, The nkd1 transcript was not detected in
11-DAP nkd1-Ds homozygous kernels. D, The nkd2 transcript was not
detected in leaves of homozygotes for either nkd2-Ds mutant allele.
E, nkd1 and nkd?2 transcript levels were quantified by real-time RT-PCR.
In nkd-R mutants, both nkd1 and nkd2 transcripts were decreased.
Higher expression of nkdT transcript in the nkd2-R single mutant sug-
gests a potential feedback regulation of the nkd genes. ubi, Ubiquitin;
WT, wild type.

a retrotransposon insertion in the first exon of nkd2 are
likely candidates. An independent nkd1-Ds allele failed to
complement the original nkd mutant phenotype, and
nkd2-Ds0297 and nkd2-Ds0766 alleles similarly failed to
complement the nkd mutant. Furthermore, the mutant
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phenotype was reproduced by generating nkd2-RNAi
transgenic lines, confirming the correct identity of these
genes.

The nkd mutant showed two to five layers of un-
differentiated aleurone cells as well as floury, opaque
endosperm. As reported previously (Becraft and
Asuncion-Crabb, 2000), the original mutant segregated
15:1 in the F2 due to the duplicated genes, with only
the double homozygous mutant showing a phenotype.
A single mutant homozygote for the nkd1-Ds allele
showed rough-textured endosperm and undifferenti-
ated aleurone-like cells, and careful examination of the
original nkd1-R single mutant showed a subtle effect
on aleurone layer number, with sporadic development
of double layers. These phenotypes of nkdl mutants
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Figure 7. LCM RNA sequencing analysis of nkd transcript levels in
endosperm tissues. A, Expression of nkd1 and nkd2 genes in aleurone
(AL) and starchy endosperm (SE) cells of wild-type (B73) and nkd1-R;
nkd2-R homozygous mutant (nkd) endosperms at 15 DAP. B, LCM
tissue purity control showing known tissue-preferential transcripts in
B73 endosperm samples. Aleurone markers include vppT (Wisniewski
and Rogowsky, 2004) and al9, encoding a putative bifunctional in-
hibitor/lipid transfer protein (Gémez et al., 2009). Starchy endosperm
markers include ss7 and sbel (Hennen-Bierwagen and Myers, 2013).
The data depict normalized mean transcript read counts of genes as
determined by RNA sequencing. Error bars represent st from three
independent biological replicates.
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Figure 8. Localization of NKD-GFP fusion protein nuclei of onion
cells. Plasmid constructs were biolistically introduced for transient
expression. A and B, NKD1-GFP. C and D, NKD2-GFP. E and F, Empty
vector GFP control. A, C, and E, Differential interference contrast optics.
B, D, and F, GFP fluorescence. Arrows indicate nuclei. Bars = 100 uwm.

were enhanced as doses of the nkd2 mutant allele were
added. The nkd1-Ds allele, which has a Ds transposon
insertion within coding sequences of the fourth exon,
appears to be a null mutant and showed a stronger
phenotype than the nkd1-R reference allele. However,
none of the nkd2 single mutants, including the null
nkd2-Ds alleles, showed any phenotypic defect. These
phenotypic observations combined with the higher
expression level of nkdl transcript (Fig. 7A) suggest
that Nkd1+ contributes the majority of the genetic
function required for normal endosperm development,
while the contribution by Nkd2+ is of secondary
importance.

The nkdl and nkd2 genes are located in a duplicated
region of the genome. Interestingly, the syntenic re-
gions of chromosomes 2 and 10 that contain nkd1 and
nkd2 also contain the duplicate maize floricaula/leafy
homologs (Bomblies et al., 2003; Colasanti et al., 2006).
Other cereals, including sorghum and rice (Oryza sativa),
have only one copy of the nkd (IDD9) gene, whereas this
clade of IDD proteins is absent from Arabidopsis
(Arabidopsis thaliana; Colasanti et al., 2006) and other
dicot species.

NKD1 and NKD2 have conserved ID domains with
two C2H2 and two C2HC zinc finger motifs, consistent
with their DNA-binding activity and roles as tran-
scription factors (Kozaki et al.,, 2004; Colasanti et al.,
2006). The nkd1 gene corresponds to ZmIDDuveg9, al-
though it is misannotated in the B73 genome assembly
version 2. ZmlIDDveg9 was cloned by screening a
complementary DNA (cDNA) library generated from
the vegetative apex using a probe consisting of the
region coding the ID domain in id1 (Colasanti et al.,
2006). They showed by electrophoretic mobility shift
assay that ZmIDDveg9 binds the same DNA sequence
elements as ID1, albeit with somewhat different
properties. The ZmIDDuveg9 transcript was detected in
the apical region and immature leaf by RNA blot, but
they did not examine kernel samples. In the same
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study, NKD2 was described as ZmIDD9. Because the
nkd mutant (Becraft and Asuncion-Crabb, 2000) was
reported prior to the description of the IDD family
(Kosaki et al., 2004; Colasanti et al., 2006), we choose to
refer to these factors as NKD1 and NKD2.

The expression profiles portrayed at MaizeGDB
using public microarray data available at PLEXdb
(Winter et al., 2007; Sekhon et al., 2011; Dash et al.,
2012; Monaco et al.,, 2013) were consistent with the
results of this study. Transcripts for nkd1 were detected
in most tissues examined but most abundantly in
kernels. In kernels, nkdl transcripts accumulated to
higher levels in endosperm than in embryo. During
kernel development, the expression level gradually
increased from 6 to 16 DAP and then plateaued until
24 DAP. Transcript levels for nkd2 showed a similar
pattern, although in the endosperm and kernel, the
levels tended to be approximately 1 order of magnitude
(log,) lower than for nkd1.

The IDD gene family has high conservation in the
putative nuclear localization signal (KKKR) as well as
the zinc finger motifs of the ID domain. ID1 was nu-
cleus localized in a transfection assay of onion epi-
dermal cells (Wong and Colasanti, 2007). Here, nuclear
localization was demonstrated for NKD proteins by
detecting NKD-GFP fusion proteins in nuclei of onion
epidermal cells in a transfection assay (Fig. 8). Thus,
we conclude that NKDs are nucleus-localized proteins
and very likely function as transcription factors.

In the nkd1 mutant, nkd2 transcripts were elevated
compared with the wild type, whereas in the nkd2
mutant, nkd1 transcripts were elevated (Fig. 6D). This
suggests that a feedback mechanism is involved in the
compensatory regulation of nkd genes. By aligning
promoter regions of nkd1 and nkd2 genomic sequences,
it was found that approximately 1.3 kb of nkd1 and
1 kb of nkd2 are conserved with 75% identity, suggesting
conserved regulatory functions. We can also find two
motifs that resemble the consensus binding sequence
defined for ID1 and shown to bind NKD1/IDDveg9
(Colasanti et al., 2006). For nkdl, TTTTGTTGTTTT and
TTTTGTTAATCT occur at position —563 with a 58-bp
interval, while for nkd2, TTTTGTTGTCTT and
TTTTGTTTAATC occur at position —528 with a 60-bp
interval. Thus, it is an intriguing possibility that these
genes might autoregulate or be controlled by other
IDD family members.

The id1 gene is the only other IDD family member with
a known mutant in maize. The loss-of-function mutant of
id1 causes late flowering or the complete inability to flower
in maize (Colasanti et al., 1998). Mutants of IDD8 in Arab-
idopsis also show delayed flowering time (Seo et al.,
2011b). This could be related to altered sugar metabolism,
as sugar levels and two Suc synthase gene transcript levels
were altered in idd8 mutants; IDD8 directly binds the SUS4
promoter and is itself transcriptionally regulated by sugar
levels. The nkd mutant also showed delayed flowering
time without any change in total leaf number. It is not yet
clear whether late flowering is simply due to slow growth
or other flowering time gene regulation.
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The maize B73 genome (Schnable et al., 2009) con-
tains 17 IDD gene family members, instead of the 13
originally identified by cDNA cloning (Colasanti et al.,
2006). In Arabidopsis, there are 16 IDD genes, and
phylogenetic analysis shows that there are monocot-
and dicot-specific clades (Colasanti et al., 2006), with
the nkd genes belonging to a monocot-specific group
(Supplemental Fig. 54). Although IDD proteins share
high similarity in their N-terminal ID domains, other
parts of the proteins vary substantially. In Arabidopsis,
this family performs diverse functions, including car-
bohydrate metabolism (Seo et al., 2011a), gravitropism
(Morita et al., 2006; Tanimoto et al., 2008, Wu et al.,
2013), seed germination (Feurtado et al., 2011), and
lateral organ morphogenesis (Cui et al., 2013; Reinhart
et al., 2013).

Several Arabidopsis IDD genes have been implicated
in cellular patterning. JACKDAW and MAGPIE act
downstream of SHORTROOT and SCARECROW in
establishing radial pattern and cell identities in the root
apex (Welch et al., 2007; Hassan et al., 2010; Ogasawara
et al., 2011). IDD4 and several other IDD genes are di-
rect targets of regulation by REVOLUTA and KANADI,
implicated in establishing the adaxial/abaxial pattern
and cell fates in leaves and other lateral organs (Reinhart
et al., 2013). It is intriguing to speculate that maize nkd
genes might perform an analogous function in controlling
cell patterning and differentiation in the endosperm.

The regulation of hormonal processes might provide
additional clues to how the nkd genes could potentially
regulate endosperm development. Arabidopsis IDD14-14,
IDD15, and IDD16 perform overlapping functions
in directing auxin biosynthesis and transport (Cui et al.,
2013). In maize endosperm, the auxin transporter
ZmPIN-FORMED1 (ZmPIN1) is preferentially expressed
in the aleurone, and treatment of developing kernels with
the auxin transport inhibitor N-1-naphthylphthalamic
acid induced alterations in aleurone cell layer number
(Forestan et al., 2010). Furthermore, transgenic expression
of isopentenyl transferase, a cytokinin-synthesizing en-
zyme, showed mosaic aleurone (Geisler-Lee and Gallie,
2005), suggesting that the auxin-cytokinin balance could
be important for aleurone differentiation. Recently,
Arabidopsis IDD proteins also were found to interact
with DELLA proteins and to mediate GA; activation of
gene expression, including SCARECROW-LIKE3 (SCL3;
Feurtado et al., 2011; Yoshida et al., 2014; Yoshida and
Ueguchi-Tanaka, 2014). Interestingly, the IDD proteins
also interacted with SCL3 to mediate its antagonistic
function to DELLAs. ABA and GA; function antago-
nistically to control seed maturation or germination,
and the nkd genes appear to impact this balance. The
mutants are sometimes viviparous and show decreased
expression of the vpl gene, required for ABA responses,
including aleurone maturation (McCarty et al., 1989,
1991; Cao et al., 2007).

Functional orthologies among the IDD genes in di-
cots and monocots remain to be elucidated, but since
the nkd genes belong to a monocot-specific clade,
this will not likely be informative of their functions.
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Studying the molecular mechanism of nkd gene function,
including the transcriptional regulation downstream gene
networks, will provide new understanding of the control
of endosperm cell differentiation and may expand
opportunities to improve cereal grain quality.

MATERIALS AND METHODS

Plant Materials

The nkd mutant was crossed to H99 and Mol7 inbred maize (Zea mays)
lines and then self-pollinated to produce F2 populations that were used for
mapping and germination rate observation. The nkd mutant backcrossed to
B73 and Mol7 inbreds three times was used for Sequenom assays. RT-PCR
was performed using B73 BC5 introgressed nkd mutant and wild-type B73.
The nkd1-Ds allele was identified in stock B.S08.0002, and nkd2-Ds0297 and
nkd2-Ds0766 were identified in stocks B.W06.0297 and 1.W06.0766 from the
Ac/Ds project (Ahern et al., 2009; Vollbrecht et al., 2010).

Genetic Mapping

Homozygous nkd mutants were crossed as females to available B-A
translocation stocks involving different chromosome arms (Beckett, 1978). F1
plants were grown, and hypoploids were identified by the stunted plant
stature and 50% pollen abortion characteristic of aneuploids. Such plants were
self-pollinated, and the resultant ears were examined for segregation ratios of
nkd mutant kernels. Successful pollinations were obtained from putative hy-
poploid plants involving 12 of the 20 chromosome arms (not including 10L).
Genomic DNA for mapping was extracted from seedlings or seeds as
described (Yi et al, 2011). For Sequenom mapping, DNA samples were
submitted to the Iowa State University Genomic Technologies Facility. IDP
markers were used for fine-mapping as described (Fu et al., 2006). Additional
PCR markers were developed by PCR amplifying the 3" and 5" untranslated
regions of predicted gene models and identifying size polymorphisms be-
tween parents by running amplification products on 2% (w/v) agarose gels.
The primers for polymorphic markers are listed in Supplemental Table S3.

Sequencing

For each nkd1 and nkd2 locus, six fragments of around 2 kb were amplified
from nkd mutant genomic template DNA. Primers are listed Supplemental
Table S3. The PCR amplicons were cloned with the StrataClone PCR Cloning
Kit (Agilent) and sequenced at the Iowa State University DNA Facility. At
least three different clones were sequenced per fragment and compared with
the B73 reference genome sequence. Only when all three clones showed the
same difference from the reference sequence was it considered valid.

Subcellular Localization of GFP Fusion Protein

Full-length coding sequences of nkd1 and nkd2 were amplified from cDNA
clones (Zm-BFc0139A11 and Zm-BFb0091K24 from the Arizona Genomic
Institute) by PCR with primers 2ZNF-Xbal/2ZNF-BamH1 for nkdl and
10ZNF-Xbal/10ZNF-BamH1 for nkd2 (Supplemental Table S3). Xbal- and
BamHI-digested PCR products were then cloned into pJ4GFP-XB (Igarashi
et al., 2001) and confirmed by sequencing. Gold particles coated with 1 ug
of each plasmid DNA were bombarded into onion (Allium cepa) epidermal
cells and incubated 3 h at room temperature. The slides were observed with
an Olympus BX-60 microscope equipped with a Chromatek GFP filter and
a Jenoptik C-5 camera.

RT-PCR

RNA extraction and cDNA synthesis were performed as described (Myers
et al., 2011). The ubiquitin primers (Lee et al., 2009) were used for both RT-
PCR and real-time RT-PCR as a control. PCR parameters included 94°C for
4 min, followed by 30 to 35 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for
60 s, and then a final extension at 72°C for 10 min. PCR products were then
visualized by 1% (w/v) agarose gel electrophoresis. The existing vpl primers
(Cao et al., 2007) used for RT-PCR and newly designed VP1-RT3 and VP1-RT4
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were used for real-time RT-PCR. Quantitative RT-PCR was performed with an
Mx4000 (Stratagene) real-time PCR machine and iQ SYBR Green Supermix
(Bio-Rad). Primers are listed in Supplemental Table S3.

LCM RNA Sequencing of Developing Maize Kernels

Wild-type (B73) and nkd mutant (fourth-generation backcross to B73) plants
were grown in the field in the summer of 2012. Developing kernels were
harvested at 15 DAP, fixed in 50% (v/v) ethanol and 5% (v/v) acetic acid, and
embedded in paraffin. Endosperm cell types were isolated from sections using
an LCM microscope (PixCell II LCM System; Arcturus Engineering). Total
RNA was isolated from captured cells using the Arcturus Picopure RNA
Isolation Kit (Life Technologies). The total RNA was subjected to a T7 RNA
Polymerase-based linear RNA amplification strategy, using the TargetAmp
2-Round aRNA Amplification Kit 2.0 (Epicentre Biotechnologies) to gener-
ate a sufficient quantity of RNA as a template for RNA sequencing. The
quality of amplified RNA was also checked by bioanalyzer analysis on an
Agilent 2100 Bioanalyzer.

Transcript libraries were constructed using the TruSeq RNA sample
preparation kit (Illumina). The libraries were indexed using specific adapter
sequences and subjected to cluster analysis and 50-bp paired-end sequencing
using an Illumina HiSeq 2000 machine at the Iowa State University DNA
Facility. The raw sequence data were first quality checked using FastQC software
(http:/ /www bioinformatics.babraham.ac.uk/projects /fastqc/). Reads were
then aligned to the B73 reference maize genome assembly version 2 using the
TopHat short sequence aligner (http://ccb.jhu.edu/software/tophat/index.
shtml). Read counts were normalized based on library sizes and analyzed for
differentially expressed genes using DESeq software (Anders and Huber,
2010). The maize gene identifiers for the transcripts analyzed (Fig. 7) are
as follows: NKD1, GRMZM2G129261; NKD2, GRMZM5G884137; VPPI,
GRMZM2G069095; AL9, GRMZM2G091054; SS1, GRMZM2G129451; and SBE1,
GRMZM2G088753. The data have been deposited in the National Center for
Biotechnology Information Gene Expression Omnibus (Edgar et al., 2002) and
are accessible through Gene Expression Omnibus series accession number
GSE61057 (http:/ /www.ncbinlm.nih.gov/geo/query/acc.cgi?acc=GSE61057).

RNAI Lines

The nkd2 fourth exon was PCR amplified from B73 template DNA using
two sets of primers tailed with different pairs of restriction enzyme sites.
Primers 10ZNF3EF-Avr2/10ZNF3ER-Asc1 and 10ZNF3EF-Xmal/10ZNF3ER-
Spel are listed in Supplemental Table S3. These fragments were cloned into
pMCG1005 (McGinnis et al., 2005) in the sense and antisense directions under
the control of the maize ubiquitin promoter by using appropriate restriction
enzyme digestion, ligation, and sequence confirmation. The vector was trans-
formed into EHA101 by the freeze-thaw method, and construct-containing clones
were confirmed by plasmid isolation and PCR. Agrobacterium tumefaciens-mediated
transformation was performed at the Iowa State University Plant Transformation
Facility. The RNAi plantlets were recovered and crossed to inbred lines for
analysis.

Transgenic line genotyping was done by PCR using the forward primer
specific to the waxy intron (Waxy GK-1) and the reverse primer complemen-
tary to the Nkd2 fourth exon (10ZNF-13). Amplification was performed with
GoTaq Green Master Mix (Promega) at an annealing temperature of 52°C,
with other parameters as described above. As an internal control, primers
specific to the endogenous Nkd1 gene (291F22-5 and 2ZNF-5) were employed
with an annealing temperature of 55°C. The amplicon sizes were around 500
and 900 bp for the transgene and the endogenous gene, respectively. For
expression analysis, RNA was isolated from 1-week-old seedlings using the
RNeasy Plant Mini Kit (Qiagen). All primer sequences are listed in
Supplemental Table S3.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers XM_008670411 (nkd1) and NM_001165837
(nkd2).

Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1. nkd1-Ds complementation test.
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