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Abstract
Mutations in the Opaque2 (O2) gene of maize (Zea mays L.) improve the nutritional value 
of maize by reducing the level of zeins in the kernel. The phenotype of o2 grain is controlled 
by many modifi er genes and is therefore strongly dependent on genetic background. We 
propose two hypotheses to explain differences in phenotypic severity in different genetic 
backgrounds: (i) Specifi c genes are differentially (o2 vs. wild-type) expressed only in certain 
genotypes, and (ii) A set of genes are differentially expressed in all backgrounds, but the 
degree of differential expression differs in different backgrounds. To determine the extent to 
which these two hypotheses contribute to determining the severity of o2 in different genetic 
backgrounds, we identifi ed transcripts likely to be differentially expressed in several genetic 
backgrounds by transcript profi le comparison of endosperm RNA pools from eight o2 inbred 
lines and their wild-type counterparts. The inbred line B46 was identifi ed as having severe 
o2 phenotypes while the line M14 was identifi ed as having minimal o2 phenotypes. The 
degree of wild-type vs. o2 differential expression of transcripts was determined for these 
two lines. We found that most genes that are downregulated by o2 tend to be differentially 
expressed to a greater degree in B46 than in M14, while upregulated genes tend to be more 
highly differentially expressed in one genetic background or the other. Thus, hypothesis one 
functions more prominently for upregulated genes while hypothesis two functions most 
prominently for downregulated genes.

The maize (Zea mays L.) opaque2 (o2) mutation causes 
mutant kernels to transmit less light than their wild-
type counterparts. With the discovery that this muta-
tion also conferred elevated levels of lysine and other 
essential amino acids (Mertz et al., 1964) and therefore 
increased nutritional quality to mutant kernels, this 
mutation became the subject of intense research. Th e 
increased levels of essential amino acids characteristic 
of the o2 mutation are accompanied by reduced levels 
of the major seed storage proteins in the maize ker-
nel, the zeins (Mertz et al., 1964). Unfortunately, the 
o2 mutation was not put to immediate use for devel-
opment of maize varieties with improved nutrition 
because of the many pleiotropic eff ects of this mutation 
that reduce its agronomic adaptability. For example, 
o2 kernels are more susceptible to cracking than wild-
type kernels (Lambert et al., 1969). In addition, poor 
agronomic traits including seedling emergence, fi eld 
establishment, grain yield and susceptibility to ear 
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and kernel rots (Nass and Crane, 1970; Loesch et al., 
1976; Loesch et al., 1978) are associated with the o2 
mutation and have discouraged utilization of the o2 
mutation despite its nutritional advantages.

Th ere are many examples of genetic background 
infl uencing o2 phenotypes. For example, kernel 
shearing force was determined for a series of inbred 
lines and their o2 conversions and the severity of 
the phenotype was found to be dependent on the 
genetic background (Loesch et al., 1977). In addition, 
transcript levels of zein genes and zein protein lev-
els in o2 endosperm have been shown to be genetic 
background-dependent (Bernard et al., 1994; Ciceri 
et al., 2000), along with seed opacity, which has been 
correlated with a reduced zein content in several o2 
inbred lines (Schmidt, 1993). Similarly, the pheno-
typic variation in lysine content of o2 inbred endo-
sperm is also related to genotype (Paez et al., 1969; 
Moro et al., 1996; Wang and Larkins, 2001). One 
explanation for the impact of genetic background on 
the o2 phenotype is that epistatic interactions occur 
between o2 and alleles specifi c to a given genetic 
background. It has been shown that the phenotype 
of o2 is controlled in part by ‘modifi er genes’ (Paez 
et al., 1969; Wessel-Beaver, 1982) which confer quan-
titative genetic inheritance on many of the detri-
mental seed traits (Wessel-Beaver et al., 1985). Th us, 
it is possible to select o2 genotypes with reduced 
opacity and therefore better agronomic characteris-
tics (Lambert and Chung, 1995). Researchers at the 
International Maize and Wheat Improvement Center 
(CIMMYT) in Mexico used recurrent selection for 
endosperm hardness in o2 germplasm to develop 
Quality Protein Maize (QPM) (Vasal et al., 1980) 
which is characterized by an elevated lysine content 
but lacking the detrimental phenotypes (Bjarnason 
and Vasal, 1992; Gevers and Lake, 1992). Maize 
breeders are currently using QPM germplasm to 
develop nutritionally improved varieties.

Molecular characterization of the O2 gene has 
greatly contributed to our understanding of the 
molecular and biochemical mechanisms leading 
to the many phenotypic eff ects of the o2 mutation. 
Th e O2 gene encodes a basic leucine zipper tran-
scriptional activator (Hartings et al., 1989; Schmidt 
et al., 1990) which binds the promoter region of 22 
kDa α-zein maize storage protein genes (Schmidt 
et al., 1992; Ueda et al., 1992) and the β-prolamin 
gene promoters (So and Larkins, 1991; Cord Neto 
et al., 1995). Th e identifi cation of these interactions 
explains the transcriptional reduction of the 22 kDa 
α-zein genes and 14 kDa β-zein genes in o2 mutants.

In addition to its involvement in regulating seed 
storage protein synthesis, the O2 protein has been 
found to directly interact with the promoter region of 

several genes including the gene encoding cytoplas-
mic pyruvate orthophosphate dikinase (cyPPDK1), an 
enzyme active early in seed endosperm development 
(Maddaloni et al., 1996), a gene encoding lysine-keto-
glutarate reductase/saccharopine dehydrogenase (LKR/
SDH), a bifunctional enzyme involved in lysine deg-
radation (Kemper et al., 1999), and with palindromic 
sequences in the promoter of the b-32 ribosome-inac-
tivating protein gene (Lohmer et al., 1991; Bass et al., 
1992). Th e sensitivity to lysine of a lysine insensitive 
mutant of aspartate kinase is reduced in combination 
with o2, suggesting that this gene may be regulated by 
O2 as well (Brennecke et al., 1996; Wang et al., 2001). 
Th e large number of genes aff ected by the o2 muta-
tion was demonstrated using transcriptional profi ling 
with Aff ymetrix (Santa Clara, CA) Gene Chips. In this 
study, 126 transcripts were up- or downregulated more 
than three fold by o2 in the W64A genetic background 
(Hunter et al., 2002). A study of proteins that accu-
mulate diff erentially in o2 and wild-type endosperm 
from seven genetic backgrounds identifi ed 36 proteins 
that were accumulated diff erentially in all seven back-
grounds (Damerval and LeGuilloux, 1998). It is not 
clear how the genes altered by the o2 mutation condi-
tion the major phenotypes of the mutation, but the 
diversity of these genes is certainly consistent with the 
large variety of pleiotropic eff ects caused by o2.

Transcripts that are diff erentially expressed only in 
certain genetic backgrounds create a problem for char-
acterizing the o2 mutant because  diff erential expression 
of these transcripts is not a strictly required component 
of the o2 phenotype. Transcripts that are diff erentially 
expressed in all genetic backgrounds may be neces-
sary components of the o2 phenotype and therefore are 
potentially more informative than transcripts that are 
diff erentially expressed only in a few genetic backgrounds. 
One objective of this study is to identify a set of transcripts 
likely to be diff erentially expressed in most genetic back-
grounds. We reasoned that averaging diff erential expres-
sion data across genotypes would minimize the signal 
of transcripts that were diff erentially expressed in only 
a few genotypes. To do this, we used pooled transcripts 
from eight inbred line pairs, giving a genotype-averaged 
set of transcripts that were likely to be responsive to o2 in 
many genetic backgrounds. By averaging out the signals of 
transcripts that were diff erentially expressed in only a few 
genetic backgrounds, it was possible to reduce the number 
of transcripts requiring characterization to understand 
the mole cular basis of o2 phenotypes.

Given that so much of the eff ort in breeding 
programs is devoted to minimizing the detrimental 
phenotypes of the o2 mutation, better understand-
ing of the genetic control of these phenotypes would 
be benefi cial. We propose two hypotheses to explain 
diff erences in phenotypic severities found in dif-
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ferent genetic backgrounds. First, diff erences in 
phenotypic severity could be due to diff erences in 
the degree to which transcript levels change due to 
mutation of O2. Th ese changes would occur within 
a set of transcripts that are diff erentially expressed 
in most lines. Second, these diff erences may be due 
to specifi c transcripts whose levels are diff erentially 
changed by mutation of O2 in some genetic back-
grounds and not in others. A second objective of this 
study is to determine the extent to which each of 
these two proposed mechanisms function to control 
phenotypic severity by comparing the diff erentially 
expressed transcripts identifi ed in a genetic back-
ground with severe o2 eff ects to those identifi ed in a 
genetic background with minimal o2 eff ects.

Results
Identifi cation of Transcripts Differentially 
Expressed in Pooled Samples

Transcripts that are diff erentially expressed only 
in certain genetic backgrounds make it diffi  cult to 
determine how a molecular lesion in o2 causes the 
observed phenotypes because its eff ect is present 
only in certain genotypes. To overcome this prob-
lem, we sought to identify a core set transcripts in 
which the number of genotype-specifi c diff erentially 
expressed transcripts was minimized. To do this, 
we performed a genotype-averaged hybridization in 
which mRNA from immature endosperms of eight 
wild-type inbred lines (A619, B14A, B45, B46, B57, 
B66, B73 and M14) was pooled and compared to 
pooled endosperm mRNA from the o2 conversions 
of the same eight inbred lines. Because the degree 
of diff erential expression is averaged across eight 
genotypes, diff erential expression of transcripts 
identifi ed in this experiment is more likely to be an 
obligate component of the o2 response than diff er-
ential expression of transcripts identifi ed in a single 
genotype wild-type vs. o2 comparison, which could 
be due to genotype-specifi c responses. Transcripts 
identifi ed as diff erentially expressed in the pooled 
genotypes hybridization are good candidates to 
characterize further in eff orts to elucidate the mech-
anism of o2 function. We denote them “universally 
o2 aff ected” transcripts to underscore the fact that o2 
is likely to have a consistent, strong eff ect on them in 
many, if not all, backgrounds.

Among the 37 universally o2 aff ected transcripts 
most likely to be diff erentially expressed (P value 
< 0.001) in the comparison of genotype pools, 
twenty-fi ve of these transcripts were upregulated 
in the mutant and 12 of them were downregulated. 
Of those with known functions, transcripts likely 
to be involved in signal transduction were a promi-

nent group, represented by three transcripts with 
homology to GTP-binding proteins and two with 
homology to protein kinases. Two transcripts had 
homology to DNA binding proteins, which was par-
ticularly interesting given that o2 is a transcription 
factor. Other transcripts that fell in this group had 
homology to genes encoding ribosomal proteins, 

S-adenosyl methionine decarboxylase and couma-
rate CoA ligase. Th e fact that no zeins were on this 
list was surprising given that reduction in zein levels 
is a hallmark of the o2 mutation. Th e threshold level 
for selecting these genes was very stringent, and it 
is likely that we have excluded from this list some 
genes that were diff erently expressed. Also, diff eren-
tial expression of zein transcripts may be genotype 
dependent. Zeins may be diff erentially expressed on 
average in most genetic backgrounds, but it may be 
diff erent zein transcripts are diff erentially expressed 
in each genetic background. If this is the case, then 
because we pooled diff erent genotypes before mea-
suring diff erential expression in this experiment, the 
likelihood of a given zein transcript being diff eren-
tially expressed would be reduced.

Assessment of Kernel Phenotypes
One of the objectives of this study was to iden-

tify molecular diff erences in diff erent genetic back-
grounds with diff erent phenotypic severities. Th ese 
diff erences could help to explain diff erences in o2 
phenotypic severity in these genetic backgrounds. 
To do this, it was fi rst necessary to determine the 
severity of o2 phenotypes in several genetic back-
grounds. We ranked the eight wild-type inbred lines 
and their o2 conversions that were used in the pooled 
genotypes microarray study according to the sever-
ity of the o2 mutation on fi ve phenotypes considered 
to be infl uenced by o2. Th ese phenotypes were lysine 
content, kernel density, germination rate, seedling 
shoot-to-root ratio and seed weight.

The opaque2 mutation is used in breeding 

programs around the world to produce 

maize varieties with improved nutrition. 

The poor agronomic quality of opaque2 

grain is a major obstacle in these pro-

grams, and a great deal of effort has 

been required to overcome this obstacle. 
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Th e fi rst phenotype examined was total (free + 
bound) kernel lysine content. Each of the eight mutants 
had higher lysine content per tissue mass than their 
wild-type counterpart (Fig. 1A). Among the eight o2 
mutants, B46o2 had the highest lysine content (0.65%), 
which was more than twice the amount in the wild-
type B46 (0.32%). M14o2 had the lowest lysine content 
among the mutants (0.40%), which was less than a 25% 
increase in lysine content relative to the wild-type M14 
(0.31%). Th us, conversion to o2 had the greatest impact 
on B46 and the smallest impact on M14 with regard to 
lysine content.

Kernel density in the wild-type lines was signifi -
cantly higher than in their o2 mutant counterparts, 
1.29 versus 1.15 g per cubic centimeter on average, 
respectively (Fig. 1B). As with lysine content, B46 
experienced the most extreme change on conversion 
to o2, while M14 had the least extreme change in 
kernel density.

Measures of seed weight were generally higher in 
the wild-type lines relative to their o2 conversions (Fig. 
1C), averaging 249 mg in the wild-type samples and 
196 mg in the o2 samples. Th e diff erence between wild-
type and o2 was smallest in the inbred line A619 and 
largest in the line B14A.

As a refl ection of the ability of seedlings to 
allo cate resources effi  ciently and equitably to meri-
stematic sinks, the ratio of shoot-to-root tissue dry 
mass of normal seedlings was determined. Th e ratio 
was lower on average (2.25 to 2.84, respectively) in 
the wild-type relative to their o2 conversions, but 
four lines did have a higher shoot-to-root ratio for 
the wild-type version than for the o2 conversion (Fig. 
1D). Warm germination percentages were above 70% 
with the exception of both B46 lines (Fig. 1E).

Th e rank of the eight inbred line pairs in each 
of the fi ve phenotypic evaluations is summarized 
in Table I. Taken together, these experiments sup-
port the classifi cation of B46 as a line with extreme 
phenotypic eff ects on conversion to o2 and M14 as a 
line with minimal phenotypic eff ects on conversion 
to o2. We therefore focused on these two lines for the 
remaining phenotypic analysis.

An important consequence of the o2 mutation is to 
reduce the accumulation of certain zein polypeptides. 
HPLC analysis of alcohol-extractable proteins can be 
used to quantify individual zein polypeptides. While 
other methods result in more effi  cient extraction of 
some zeins (Wallace et al., 1990), alcohol extraction 
followed by HPLC analysis provides a precise method 
for comparative analysis of the levels of individual zeins 
(Paulis et al., 1991; Wilson, 1991). Examination of the 
alcohol-extractable proteins from wild-type and o2 ver-
sions of B46 and M14 revealed a reduction in zein levels 
that was genetic background-dependent. In B46o2, all 

Figure 1. Comparison of kernel phenotypes in wild-type 
and o2 versions of eight inbred lines. Error bars indicate 
one standard deviation from the mean. Error bars are 
not shown for lysine content because each sample was 
measured once.
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the zein protein levels were decreased dramatically. In 
the chromatogram of this mutant, the only peaks that 
were visible were γ-zein peaks and these were much 
lower than in the wild-type (Fig. 2 A). Expression of 
other zeins was reduced so dramatically that none of 
them could be detected. In contrast, in M14o2, some 
α-zein levels were reduced signifi cantly, but some were 
not (Fig. 2 B). Th e 27 kDa γ-zein did not show a large 
diff erence in abundance between wild-type and o2. 
Interestingly, the level of 16 kDa γ-zein was higher in 
M14o2 than its wild-type, which is in agreement with 
a previous study conducted in the W64A genetic back-
ground (Kodrzycki et al., 1989; Paulis et al., 1991). Th e 
extent of reduction of α-zein levels in the o2 line com-
pared to the wild-type line was much greater in B46 
than in the M14 mutant.

Hypotheses to Explain Differences 
in o2 Phenotypic Severities in Different 
Genetic Background

Taken together, the experiments above support 
the classifi cation of B46 as a line with severe pheno-
types on conversion to o2, and M14 as a line with mild 
phenotypes on conversion to o2. We propose two non-
mutually exclusive hypotheses to explain the diff erence 
in phenotypic severities observed in these two lines. 
First, it may be that o2 aff ects the expression of a set of 
transcripts in both lines, but these transcripts are dif-
ferentially expressed to diff erent degrees in the two dif-
ferent genetic backgrounds. We call this hypothesis the 
degree of diff erential expression hypothesis.

Th e second hypothesis we propose to explain 
the diff erence in phenotypic severities observed in 
the B46 and M14 genetic backgrounds states that o2 
aff ects the expression of diff erent sets of transcripts 
in each of these backgrounds, and these genotype-
specifi c transcripts attenuate the severity of the o2 
phenotype. We call this hypothesis the gene-specifi c 
transcript hypothesis.

Th ese hypotheses should be readily distinguished 
by global transcript profi ling of the two genetic back-
grounds that we identifi ed as having severe and mild 
phenotypic eff ects on conversion to o2, B46 and M14, 
respectively. Following transcript profi l-
ing, the degree of diff erential expression 
of each transcript in B46 can be plotted 
against the degree of diff erential expression 
of each transcript in M14 (Fig. 3). Relative 
to the universally o2 aff ected transcripts 
discussed above and to the two hypotheses 
proposed, we expect the following from 
such plots. First, the universally o2 aff ected 
transcripts should be those strongly and 
equally aff ected across backgrounds, mak-

ing them fall close to the 45 degree and 225 degree 
rays. Transcripts conforming to the degree of dif-
ferential expression hypothesis should fall close to a 
ray that is nearer to the B46 axis than 45 degrees for 
downregulated transcripts, or 225 degrees for upregu-
lated transcripts (Fig. 3A). Finally, transcripts conform-
ing to the gene specifi c diff erential expression hypothesis 
should fall close to the B46 axis itself for those transcripts 
diff erentially expressed specifi cally in B46, and close to 
the M14 axis for those transcripts diff erentially expressed 
specifi cally M14 (Fig. 3B).

Figure 2. HPLC chromatograms of alcohol-extractable 
zein pro teins from 14 DAP wild-type and o2 mutant endo-
sperm. A: Comparison of HPLC chromatograms of B46 
wild-type and B46o2 mutant. The protein levels of all four 
zein families are reduced signifi cantly in B46o2 mutant. B: 
Comparison of HPLC chromatograms of M14 wild-type and 
M14o2 mutant. The β-zein and some of the α-zeins protein 
levels are reduced signifi cantly, while the γ-zein levels are 
increased in M14o2 mutant.

Table 1. Rank of each genotype for severity of traits controlled 
by o2 (1 = greatest difference between o2 and wild-type; 8 = 
least difference between o2 and wild-type).

Trait A619 B14A B45 B46 B57 B66 B73 M14

Lysine (g/100g) 3 (tie) 3 (tie) 7 (tie) 1 4 7 (tie) 7 (tie) 8

Kernel density 4 3 5 1 6 2 7 8

Seed weight 8 1 7 2 6 3 4 5

Shoot-root ratio 7 3 4 1 5 6 2 8

Warm germ 7 8 3 1 5 2 5 6
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Comparative Transcriptional Profi ling
To determine the extent to which these two 

hypo theses was occurring, we compared diff erential 
(wild-type vs. o2) transcript accumulation in B46/
B46o2 and in M14/M14o2 by diff erential transcript 
profi ling. A maize Unigene cDNA chip contain-

ing 7466 maize cDNA clones spotted on glass 
slides was used for this purpose.

To determine the degree to which our two 
hypo theses explain the diff erence in sever-
ity of the o2 mutation in the inbred lines B46 
and M14, we plotted the degree of diff erential 
expression of the transcripts most likely to be 
diff erentially expressed (P value < .001 in the 
B14, M14 or pooled genotypes comparisons) in 
B46 vs. the degree of diff erential expression of 
these transcripts in M14 (Fig. 4). Transcripts 
plotted this way clustered along three rays of 
the plot. To determine an average radial value 
for each cluster, a histogram of the radial 
values of all transcripts on the plot was con-
structed and Gaussian distributions were fi t 
to each region of the histogram containing a 
peak (Fig. 4). Th e radial values of these peaks 
gave an approximate mean radial value for 
each cluster. Th ese values were 19, 188, and 
247 degrees for the three clusters observed in 
this analysis. Comparing these radial positions 
to the expected positions of clusters given 
each of our hypotheses (Fig. 3) allowed us to 
determine the extent to which each hypoth-
esis was functioning. Th e cluster centered on 
19 degrees was consistent with the uniform 
change in degree of diff erential expression 
hypothesis, however, because there were few 
symmetrically oriented transcripts (which 
would be at 199 degrees), it appeared that this 
hypothesis fi ts best to transcripts that were 
downregulated by o2.

In contrast, the cluster centered at 247 
degrees, because it is close to 270 degrees, is 
most consistent with the gene-specifi c tran-
script hypothesis. Th e cluster at 188 degrees 
could support either hypothesis because this 
cluster is in a position intermediate between 
where genotype specifi c transcripts would be 
(180 degrees) and where a cluster symmetri-
cally oriented to the 19 degree cluster would be 
(199 degrees). Th e lack of clusters near 90 and 
0 degrees however, indicated that the genotype 
specifi c hypothesis may be most applicable to 
genes that were upregulated in o2.

Examination of the positions of the tran-
scripts identifi ed as diff erentially expressed in 
the pooled genotypes experiment revealed that 
these transcripts clustered along two distinct 

rays at 33 and 196 degrees (Fig. 4B). Th is was not a 
perfect match to the predicted results of 45 and 180 
degrees and may be a manifestation of the uniform 
change in degree of diff erential expression hypoth-
esis. Th e radial positions of these clusters indicated 

Figure 3. Graphical approach to illustrating degree of differential 
expres sion in two genetic backgrounds. The degree of differential 
expression [log (wild-type/o2)] of transcripts likely to be differen tially 
expressed (those with low P-values) is plotted as XY data, with each 
axis representing the degree of differential expression for an o2 vs. 
wild-type comparison in one genetic background. Ellipses indicate 
the regions where transcripts would be expected to cluster given the 
following hypotheses to explain differences in phenotypic severity in 
different genetic backgrounds. A. Hypothesis 1. The degree of dif-
ferential expression hypothesis suggests one set of transcripts will be 
uniformly and differentially regulated, more so in one genetic back-
ground than the other. This difference in transcript levels causes the 
difference in phenotypic severity. B. Hypothesis 2. The genotype-spe-
cifi c differential expression hypothesis suggests certain transcripts will 
be differentially expressed in one genetic background while others 
will be differentially expressed in the other genetic background. The 
difference in phenotypic severity is determined by the specifi c tran-
scripts that are differentially expressed in each genetic background.
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that these transcripts tended to be more highly dif-
ferentially expressed in B46 than in M14.

Th e radial positions of clusters did not match either 
hypothesis perfectly. For example, clusters were found 
at 188 degrees rather than 180, and 247 degrees rather 
than 270, so some combination of the two hypotheses, 
or a third yet-to-be-identifi ed hypothesis is required to 
fully explain the result. What is clear, however, is that 
up- and downregulated genes have diff erent patterns of 
transcript accumulation. Upregulated genes are more 

likely to have a higher degree of diff erential expression 
in one line or the other, fi tting with the gene-specifi c 
transcript hypothesis. Down-regulated genes are more 
likely to be diff erentially expressed in both lines, but to 
diff erent degrees in each line, fi tting with the uniform 
change in degree of diff erential expression hypothesis.

To explain the observation that the upregulated 
genes were more likely to be diff erentially expressed 
in a genotype-specifi c manner than downregulated 
genes, we examined the gene annotations for the 

Figure 4. Degree of differential expression [log (wild-type/o2)] in B46 (x axis) and M14 (y axis). Histograms on the 
right give the number of transcripts in each bins (defi ned as a 10 degree segment of the polar plot). Gaussian distribu-
tions were fi t to each peak in the histogram, and the value of the peak of the fi tted distribution is indicated with a line 
on each polar plot. A. Transcripts plotted are those identifi ed as differentially expressed (P < 0.001) in the B46, M14 
or pooled genotypes comparisons. B. Transcripts plotted are those identifi ed as differentially expressed (P < 0.001) in 
the pooled genotypes comparison.
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transcripts in each cluster. Th e cluster of down-
regulated genes along the 19 degree ray contained 
eight transcripts with homology to α-zeins and one 
with homology to γ-zeins. In addition to zeins, this 

cluster contained six transcripts with homology to 
ribosomal proteins, four transcripts with homology 
to genes involved in signal transduction and genes 
involved in carbohydrate metabolism including 
starch branching enzyme I, an alpha-galactosidase, 
and an alpha-glucosidase. Transcripts with homol-
ogy to genes involved in amino acid metabolism 
were prominent in this group, including an amino 
acid transporter, arginine methyltransferase, 
branched chain keto-acid dehydrogenase, L-allo 
threonine aldolase, glutamate synthase, and 2-iso-
propylmalate synthase.

Th e functional annotations of transcripts in 
the cluster of upregulated transcripts at 247 degrees 
were remarkable because four out of seven annotated 
transcripts have a corresponding transcript with an 
identical annotation in the downregulated, 19 degree 
cluster. A fi ft h transcript with a corresponding 
upregulated transcript in the downregulated clus-
ter occurred in the 188 degree cluster. Th us, there 
were fi ve examples of transcripts with homology 
to accessions with identical annotations that were 
diff erentially expressed in the opposite direction. 
Th ese examples included transcripts with homology 
to genes involved in cytokinin response, transcripts 
with homology to L-allo-threonine aldolase, tran-
scripts with homology to NADH-dependant gluta-
mate synthases, and transcripts with homology to 
2-isopropylmalate synthase. Most notable were tran-
scripts with homology to starch branching enzyme 
I. One transcript was slightly upregulated and the 
other was slightly downregulated. Th is could result 
in a shift  in prominence from one isoform of starch 
branching enzyme to another, which could contrib-
ute to the change in starch structure observed in o2 
mutants (Gibbon et al., 2003). A second explanation 
for similar transcripts being regulated in diff erent 
directions may be that the level of one transcript was 
altered by the o2 mutation and the level of a tran-
script with a similar function was altered to compen-
sate for the change.

To put these results in context, it is important 
to consider some of the trends we observed in the 

Figure 5. Results of transcript profi ling. A. B46. B. M14. 
C: Eight genotypes pooled. Mean values for each tran-
script on the array is plotted. The signal intensity on the x 
axis is presented as a deviation from the mean. The red 
line is the LOWESS normalization curve. Zein transcripts 
are represented with red circles. The Opaque2 transcript 
is represented with a violet diamond. The b32 transcript 
is represented with an orange triangle with its point up. 
Pyruvate orthophosphate dikinase transcripts are repre-
sented with blue triangles with their points down. Cytosolic 
glyceraldehyde-3-phosphate dehydrogenase transcripts are 
represented with green #. 
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B46, M14 and pooled genotypes com-
parisons. In contrast to the pooled 
genotypes comparison, in both the B46 
and M14 comparisons more transcripts 
were down- than upregulated by o2, 
consistent with its role as a transcrip-
tional activator. B46 had a larger range 
of intensity ratios (wild-type/o2) than 
M14, indicating that, in general, tran-
script levels were changed to a greater 
extent by the o2 mutation in B46 than 
in M14 (Fig. 5). Diff erentially expressed 
genes tended to be changed in the same 
direction (up- or downregulated) in the 
B46 and M14 comparisons.

To compare the prevalence of dif-
ferentially expressed transcripts in the 
B46 and M14 comparisons, we com-
puted P-values for gene-specifi c tests 
of diff erential expression (wild-type vs. 
o2) in each background. Regardless of 
the P-value threshold used to declare 
diff erential expression, B46, the genotype with more 
severe o2 phenotypes, had more transcripts identi-
fi ed as being diff erentially expressed than M14, the 
genotype with less severe o2 phenotypes. B46 also 
had more diff erentially expressed transcripts than 
the pooled genotypes experiment at all P-values 
examined, while the number of transcripts identifi ed 
as diff erentially expressed in M14 and the pooled 
genotypes experiment was similar at most P-values 
(Fig. 6). Furthermore, a method for estimating the 
proportion of diff erentially expressed transcripts 
from an observed P-value distribution was applied 
to the P-values from each background. Estimates of 
25.0 and 14.8% for the proportion of diff erentially 
expressed transcripts among all transcripts profi led 
were obtained for the B46 and M14 backgrounds, 
respectively. Th is observation was consistent with 
the gene-specifi c transcript hypothesis; although it 
could be that the M14 transcripts corresponding to 
the diff erentially expressed transcripts in B46 were 
diff erentially expressed to a lower degree, and there-
fore were not identifi ed as likely to be diff erentially 
expressed. Th erefore, this data alone does not allow 
us to distinguish between our two hypotheses.

Verifi cation of Differential Expression
One way to assess the quality of this data was to 

examine estimated probabilities of diff erential expres-
sion for genes that have been previously reported to be 
diff erentially expressed in o2 vs. wild-type endosperm 
(Fig. 7). To estimate the probability that a given gene 
was diff erentially expressed, the observed P-value 
distributions from our three microarray experiments 

were used to estimate the “posterior probability of dif-
ferential expression” (PPDE) (Allison et al., 2002) for 
each transcript in each experiment. Pyruvate ortho-
phosphate dikinase (PPDK) (Bass et al., 1992) and b32 
(Muller and Knudsen, 1993) have been reported to be 
downregulated by o2, and the cytosolic glyceralde-
hyde-3-phosphate dehydrogenase (Maddaloni et al., 
1996) and elongation factor 1α (Carneiro et al., 1999; 
Ηabben et al., 1995) are known to be upregulated in o2 
mutants. Of course, the o2 transcript is expected to be 
diff erentially expressed as well. In the B46 compari-
son, all of these genes probably ( > 50%) diff erentially 
expressed. Several of these genes were not likely to be 
diff erentially expressed in the pooled genotypes or the 
M14 comparisons. Th is could be a refl ection of diff er-
ences in expression between the genotypes used in the 
diff erent studies. Th e obvious exception to this was the 
o2 transcript. Th e lack of diff erential expression of this 
transcript was likely caused by the low levels of this 
transcript which made determination of diff erential 
expression diffi  cult.

A second method to verify the quality of these 
data was to compare the levels of zeins observed in 
B46 and M14 (Fig. 2) with the transcript levels of 
these zeins. Th e degree of diff erential expression of 
the α-zein genes was higher in B46o2 than in M14o2. 
Th e expression of twelve α-zein genes in B46o2 was 
decreased more than eight-fold relative to the wild-
type, whereas expression of eleven α-zein genes was 
less than three-fold diff erent in M14 compared to 
the M14o2. Th e diff erence in zein diff erential expres-
sion between the B46, M14 and pooled genotype 
comparisons was apparent when comparing the 

Figure 6. Comparison of the number of transcripts likely to be differen-
tially expressed (wild-type vs. o2) for the indicated genotypes at a given 
probability (P value). The “pooled” line is for the comparison of eight 
wild-type genotypes pooled vs. a pool of their o2 counterparts.
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distributions of posterior probabilities of diff erential 
expression of the zeins. In B46, all of the zeins were 
likely to be diff erentially expressed, while in the M14 
and pooled genotypes, some of the zeins were not 
likely to be diff erentially expressed (Fig. 8). In gen-
eral, these observations were consistent with the zein 
levels in the M14 and B46 backgrounds (Fig. 2).

Finally, to characterize the o2 allele in the B46 and 
M14 inbred lines and to confi rm the hybridization 
results, the o2 transcript and four ESTs were ana-
lyzed by reverse transcriptase-PCR analysis (Fig. 9). 
Th e 18S rRNA was used as an internal control. No 
band associated with the o2 gene was observed for 
either B46o2 or M14o2. Wild-type B46 had a much 
stronger O2 band than did the wild-type M14. Cor-
relations between the probabilities of diff erential 
expression and the band intensities were good for 
B46. In M14, the o2 transcript was predicted to be 
not diff erentially expressed, while it appeared to be 
diff erentially expressed in the PCR experiment. Th e 
other transcripts were not strongly predicted one 
way or the other, so it was diffi  cult to conclude if 
these experiments were in concordance.

Discussion
Th e opaque2 mutation is used in breeding pro-

grams around the world to produce maize varieties 
with improved nutrition. Th e poor agronomic quality of 
opaque2 grain is a major obstacle in these programs, and 
a great deal of eff ort has been required to overcome this 
obstacle. Th is has been accomplished by developing o2 
varieties lacking severe o2 phenotypes. Th e severity of the 
phenotypic eff ects of the o2 mutation has been shown to 

be background-dependent in numerous 
reports (Bernard et al., 1994; Ciceri et al., 
2000; Schmidt, 1993; Paez et al., 1969; 
Moro et al., 1996; Wang and Larkins, 
2001) and this has been clearly confi rmed 
in this report. Th ese genetic background 
eff ects are useful to breeders because they 
provide a source of phenotypic variation 
from which to select desirable germplasm, 
however they complicate eff orts to under-
stand the mechanism by which the o2 
gene conditions its characteristic pheno-
types. Th is is because a change observed 
in one genetic background may occur 
only in that genetic background and may 
not be a required component of the o2 
response.

To focus on eff ects that tend to 
be present in multiple backgrounds, 
we pooled mRNA from eight paired 
wild-type and o2 inbred lines for 
microarray analysis. Transcripts that 

were diff erentially expressed in this comparison are 
likely to be important for understanding the gen-
eral mechanism of O2 gene expression regulation 
because they are likely to be diff erentially expressed 
in several genetic backgrounds. Th us, we believe our 
pooled design has been useful for enriching the pool 
of wild-type vs. o2 diff erences for transcripts that are 
important ino understanding the general mechanism 
of o2 function. While the pooling strategy is economi-
cal compared to separate analysis of each genotype, 
pooling does not provide information about the vari-
ance of diff erential expression across genotypes that 
separate analyses would.

Th e core set of 37 transcripts contained tran-
scripts with functional annotations related to signal 
transduction, enzymes and DNA-binding proteins, 
while it lacked zeins, probably because they exhib-
ited genotype specifi c expression. Th e identities of 
these transcripts suggest that signal transduction 
may be a central component of the o2 response in 
the genetic backgrounds studied here. Th e tran-
scripts identifi ed in this set would be good candi-
dates to follow up on in studies of o2 function.

A previous study (Damerval and Le Guilloux, 
1998) identifi ed diff erentially expressed (o2 vs. wild-
type) polypeptides in seven genetic backgrounds. Of 
160 polypeptides that were diff erentially expressed 
in one genetic background, 36 were diff erentially 
expressed in all seven genetic backgrounds. In our 
analysis, transcripts encoding similar polypeptides 
to these 36 were probably diff erentially expressed 
in most cases (PPDE > 50%), however none of these 
transcripts were on our list of the 37 transcripts most 

Figure 7. Posterior probabilities of differential expression (PPDE) for specifi c 
transcripts estimated from our three transcript profi ling experiments. These 
transcripts have been reported to be differentially expressed in previous 
investigations. PPDK, orthophosphate dikinase; G3PD, Glyceraldehyde-3-
phosphate dehydrogenase; EF1a, Elongation factor 1 alpha; B32, ribosome 
inactivating protein.
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likely to be diff erentially expressed in the pooled tran-
scripts experiment. Th is discrepancy may be because 
the polypeptide analysis used is more likely to iden-
tify abundant proteins, and because about 7 times as 
many transcripts were examined than polypeptides 
we were able to identify diff erentially expressed tran-
scripts with expression levels too low to be detected by 
polypeptide analysis.

In an eff ort to better understand how the specifi c 
genetic backgrounds result in expression of o2 phe-
notypes with diff erent severities, we characterized 
wild-type vs. o2 diff erential expression of transcripts 
in B46, a genetic background with severe opaque2 
phenotypes and in M14, a genetic background with 
minimal opaque2 phenotypes. Th us, two sets of 
wild-type vs. o2 transcript data were generated. 
Th ese two sets were compared to identify diff erences 
in gene expression in the two genetic backgrounds. 
B46, a genotype with severe opaque2 phenotypes, 
had more diff erentially expressed transcripts than 
M14, a genotype with minimal opaque2 phenotypes.

We proposed and tested two hypotheses to 
explain how transcripts could be diff erentially 
expressed such that diff erent genetic backgrounds 
exhibit diff erent phenotypic severities. One hypoth-
esis is that diff erential expression in the two back-
grounds is gene specifi c and B46 has diff erentially 
expressed transcripts that condition severe phe-
notypes, while M14 has diff erentially expressed 
transcripts that condition mild phenotypes. Th is 
hypothesis refl ects the possibility that relatively 
few discrete loci have major eff ects on the pheno-
typic severity in o2 plants, and is supported by the 
identifi cation of QTL that control modifi er loci in a 
population derived from a cross between a modifi ed 
o2 genotype and an unmodifi ed o2 genotype (Lopes 
et al., 1995). Transcripts that are close to the axes but 
far from the origin of Fig. 4 support this hypothesis.

A second hypothesis to explain the severity 
of the o2 phenotypes is that phenotypic severity 
depends on the degree of diff erential expression of a 
set of transcripts that are diff erentially expressed in 
both genetic backgrounds. Th is hypothesis refl ects 
the possibility that many loci control phenotypic 
severity in o2 plants, with no individual loci hav-
ing major eff ects. Among the transcripts that were 
diff erentially expressed in both B46 and M14, the 
degree of diff erential expression tended to be greater 
in the B46 background. Transcripts located between 
0 and 45 degrees and between 180 and 270 degrees in 
Fig. 4 support this hypothesis.

One diffi  culty with interpreting these results is that 
we cannot assign clear boundaries that delineate the 
diff erences between our hypotheses. Th us, judgment is 
required in determining which hypothesis each gene 

cluster supports. With this caveat in mind, an intrigu-
ing possibility is that the uniform change in diff erential 
expression hypothesis fi ts better with transcripts that 
are downregulated by o2, while the genotype-specifi c 
transcript hypothesis fi ts better with genes that are 
upregulated by o2. Moreover, fi ve of the transcripts that 
are upregulated by o2 have homologs in the downregu-
lated set. Th is suggests that transcript levels may be 
controlled to compensate for changes in levels of other 
transcripts. Th ese upregulated transcripts tended to be 
more highly diff erentially expressed in M14, and may 
explain in part the minimal severity of the o2 pheno-
types in this line. Th ese observations lead to a novel 
hypothesis in need of further investigation, namely that 
the set of transcripts directly aff ected by o2 are predom-
inantly downregulated and consistent across genetic 
backgrounds. Th e downregulation of these transcripts 
causes a compensatory response such that transcripts 
indirectly aff ected by o2 are predominantly upregu-
lated and are specifi c to the genetic background. Th ese 
upregulated transcripts, in turn, determine the severity 
of the phenotypic response to o2.

Expression of the O2 gene in M14 wild-type was 
lower than in B46 wild-type (Fig. 9). Th e o2 transcript 
was not detectable in either genetic background. 
Th us, the reduction in O2 transcript level on con-
version to o2 was greater in B46 than in M14, cor-
relating with the phenotypic severities in these two 
genetic backgrounds. It may be that B46 requires 
higher levels of O2 to maintain a wild-type phe-
notype than does M14, therefore the loss of the O2 
transcript has a greater impact refl ected in a more 
severe phenotype.

Figure 8. Histogram of estimated posterior probabili-
ties of differential expression for zein transcripts from 
three transcript profi ling experiments.
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In summary, a core set of transcripts was iden-
tifi ed by averaging diff erential expression across 
genotypes. Th ese transcripts were diff erentially 
expressed in two genetic backgrounds that diff ered 
in severity of the o2 mutation. In these two genetic 
backgrounds, downregulated transcripts tended 
to be diff erentially expressed to a diff erent degree 
in each genetic background, with the diff erence in 
degree of diff erential expression being fairly uniform 
across transcripts. In contrast, upregulated transcripts 
tended to be more strongly diff erentially expressed in 
one genotype or the other and sometimes duplicated 
a functional annotation found in the downregulated 
transcripts. Th us, genotype-specifi c diff erences in the 
o2 mutation included a combination of mechanisms 
involving both uniform and gene-specifi c diff erences 
in transcript levels that may result in compensation for 
changes caused by the mutation.

Materials and Methods
Plant Material

Eight maize inbred lines, A619, B14A, B45, B46, 
B66, B57, B73, and M14, and their opaque2 conver-
sions were developed by Dr. Peter Loesch (Iowa State 
University), maintained at Iowa State University, 
and grown at the Iowa State University Agronomy 
Farm (Boone, Iowa) during the summer of 2002. Th e 
paired inbred lines were grown in adjacent rows and 
self-pollinated by hand.

Analysis of Grain Traits
Tissue (100 mg) of ground mature 

kernels from each of the sixteen lines of 
wild-type and opaque2 mutants was ana-
lyzed using the AOAC standard method for 
complete amino acid analysis (AOAC Inter-
national, 2002). Five mature kernels were 
collected from each of the wild-type and 
opaque 2 mutant lines and their density was 
determined in duplicate using a gas pycnom-
eter and 3.5 cm3 container (Model AccuPyc 
1330, Micromeritics, Norcross, GA) (Chang, 
1988; AOAC International, 2002). Viability 
and vigor were measured by conducting 
standard warm and cold germination tests 
(AOSA, 2003), respectively, on three lots of 
10 seeds each from each of the wild-type and 
mutant lines. In addition, the dry weights of 
normal shoot and root tissue taken following 
cold germination were determined and are 
reported as a ratio.

Analysis of Zeins
Mature endosperm fractions were 

extracted with 70% (v/v) ethanol, 5% (v/v) 2-mercap-
toethanol, and 0.5% sodium acetate in 1.5 mL poly-
propylene tubes by shaking 2 h at room temperature. 
Alcohol-extracted proteins were diluted four-fold 
with extraction buff er and separated by HPLC using 
a RP-C18 column. Elution was performed using a 
gradient of solvents A (99.9% (v/v) acetonitrile plus 
0.1% (v/v) trifl uoroacetic acid) and B (99.9% water 
plus 0.1% (v/v) trifl uoroacetic acid) (Wilson, 1991; 
Paulis et al., 1991). Samples (100 μL) were injected 
into a BioCad HPLC system (Applied Biosystems, 
Foster City, CA). Th e UV absorbance of the column 
effl  uent was monitored at 210 nm.

Isolation of mRNA and 
preparation of labeled targets

For microarray expression profi ling, endosperm 
tissue was dissected from fi eld-grown ears at 14 DAP. 
Plants were randomly selected and endosperm tissue 
was harvested at midday, frozen in liquid nitrogen, 
and stored at –80°C. mRNA was extracted from 
the frozen immature endosperm tissue with the 
PolyATract System 1000 mRNA isolation kit (Pro-
mega, Madison, WI) according to the manufacturer’s 
instructions. Th e mRNA was directly labeled with 
Cy3- or Cy5-dUTP (Amersham Pharmacia Bio-
tech, Piscataway, NJ) using reverse transcription. 
Th e reaction mixture (25 μL) was composed of 4 μg 
mRNA, 2 μL dNTP mix (10 mM each of dA, dC, dG, 
and 2 mM dT), 2 μL Cy3- or Cy5-dUTP, and 2 μL 
primer oligo dT23 (0.5 μg/μL). Th e mixture was incu-

Figure 9. Ethidium bromide stained agarose gels showing RT-PCR 
confi rmation of microarray results and the estimated posterior prob-
ability of differential expression (PPDE) for that pair of transcripts. 
Negative images are presented so darker bands contain more DNA. 
In each PCR result, the band on the right is from o2 RNA and the 
band on the left is from wild-type RNA.
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bated at 65°C for 10 min and then transferred to ice. 
Finally, 8 μL 5X reverse transcriptase (RT) buff er, 4 
μL 0.1 M dithiothreitol (DTT), 2 μL SuperScript II 
(Invitrogen, Carlsbad, CA), and 1 μL RNase inhibi-
tor (1 U/μL) were added. Th is mixture was incubated 
at 42°C for 90 min. Th e polymerase and mRNA were 
inactivated by adding 5 μL 0.5 M EDTA and 10 μL 
1.0 M NaOH and incubating at 65°C for 10 min. 
Th e reaction was neutralized by adding 10 μL 1.0 
M HCl. Th e unincorporated fl uorescent nucleotides 
were removed by ultra-fi ltration (Microcon-YM3, 
Millipore, Billerica, MA). Th e fi lters were washed 
four times with 400 μL TE buff er (10 mM Tris-Cl, 
pH 7.5, 1 mM EDTA) and centrifuged at 12 000 × g 
for 20 min. Th e purifi ed cDNA was eluted with 20 
μL TE by inverting the spin column and centrifug-
ing at 12 000 × g for 5 min. Th e quality of labeled 
fi rst strand cDNA was evaluated by running 1 μL 
of the purifi ed cDNA on a 1% agarose gel which 
was scanned using a Typhoon fl uorescence scanner 
(Amersham Pharmacia Biotech, Piscataway, NJ).

Microarray Hybridization
A triplicate dye-swap design was used for the micro-

array experiment. For each single dye-swap experiment 
two slides were used. Th ree pairs of wild-type and o2 
mutant ears were randomly selected. Within each pair, 
the mRNA of pooled opaque2 mutant endosperms from 
one ear was labeled with Cy3-dUTP, whereas the mRNA 
of pooled wild-type endosperms from the other ear was 
labeled with Cy5-dUTP. Th e two labeled targets were 
mixed together and hybridized to one slide. A second 
labeling of each batch of mRNA was performed with the 
dyes swapped relative to the fi rst labeling. mRNAs from 
the three pairs of ears were labeled separately to give a total 
of six hybridizations for each comparison.

Slides of the maize Unigene microarray were 
obtained from the microarray laboratory of the Maize 
Gene Discovery Project (Fernandes et al., 2002). Th e 
microarray consisted of 7466 maize cDNAs spotted in 
duplicate on a glass slide along with controls consist-
ing of human and Arabidopsis cDNA clones that do 
not hybridize to maize sequences. Labeled cDNA was 
hybridized to these slides according to the protocol 
recommended by the Maize Gene Discovery Project 
(www.maizegdb.org/documentation/mgdp/microar-
ray/protocols.php; verifi ed 18 Aug. 2006). Briefl y, 
before hybridization, slides were rehydrated by plac-
ing them face down over a 42°C water bath for 5 to 
10 s, then drying briefl y on a 65°C heating block for 
3 to 10 s until the moisture was no longer visible. Th e 
DNA was UV-cross-linked at 65 mJ of 254 nm UV 
light with a Stratalinker (Stratagene, La Jolla, CA). Th e 
slides were immersed in 1% sodium dodecyl sulfate 
(SDS) for 5 min to remove unbound nucleic acids 

and in 95°C water for 2 min to denature the DNA, 
and then dried with a stream of nitrogen. For each 
slide, 50 μL of hybridization solution were prepared 
by mixing 3 μL Liquid Block (Amersham Pharmacia 
Biotech, Piscataway, NJ), 5 μL 20× saline-sodium 
citrate buff er (SSC), 2 μL 2% SDS, 20 μL Cy3-labeled 
probe or 20 μL Cy5-labeled probe. Th e mixture was 
denatured at 95°C for 2 min, transferred to ice, then 
centrifuged briefl y in a microcentrifuge. Th e mixture 
then was placed on the slide and covered with a cover 
slip (Hybrislips Z36, Sigma-Aldrich, St. Louis, MO). 
Th e slide was placed in a microarray hybridization 
chamber (ArrayIt Hybridization Cassette, TeleChem 
International, Sunnyvale, CA). Hybridization was 
performed in a water bath at 65°C for 8 to 9 h. Aft er 
the hybridization, the slide was washed in 2× SSC 
and 0.5% SDS at 55°C for 5 min, in 0.5× SSC at room 
temperature for 5 min, followed by 0.05× SSC at room 
temperature for 5 min and then dried with a stream of 
nitrogen as before.

Th e slide was scanned using a laser scanner (Scan-
Array 5000, GSI Lumonics- Packard BioScience, Bil-
lerica, MA) for both channel 1 (Cy3) and 2 (Cy5) at 10 
μm resolution. Th e channel 1 and channel 2 images 
were analyzed using ImaGene 4.1 soft ware (BioDiscov-
ery, Marina Del Rey, CA) to obtain average signal and 
background intensities for each spot.

Microarray Data Analysis
Th e raw data from three sets of comparisons, 

B46/B46o2, M14/M14o2, and pooled genotypes wild-
type/pooled genotypes o2, consisting of average signal 
and background for each spot from a total of 18 slides 
(6 slides for each comparison) were integrated into 
one data fi le. Before further analysis, the empty and 
control spots were removed. Th e background of each 
spot was subtracted from the signal and the back-
ground-corrected signal intensities of duplicate spots 
within each slide were averaged. Th is value was set 
to zero if negative. One was then added to each aver-
aged, background-corrected signal and these data were 
transformed using the natural log function. LOWESS 
normalization was used to remove intensity-dependent 
dye bias (Yang et al., 2002). Aft er LOWESS normaliza-
tion, the treatment diff erence (log wild-type/o2) of each 
gene for each rep (dye-swap) within each comparison 
was averaged to produce a total of nine independent 
diff erences (three for each background). For a given 
transcript, let Yij denote the jth diff erence in the ith back-
ground. Th e following linear model was fi t separately 
for each transcript.

Yij = μI + eij i = 1, 2, 3 and j = 1, 2, 3

where μ1, μ2, and μ3 denote the gene-specifi c mean 
diff erences in the three backgrounds and eij denotes 
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independent, normally distributed residuals with 
mean 0 and a variance σ2 specifi c to the transcript. 
A P-value for the test of H0i: μi = 0 was computed for 
each background and transcript based on the t-sta-
tistic with 6 degrees of freedom.

Next, a mixture of a uniform and a beta distribu-
tion was fi t to the observed P-value distribution for 
each background as described by Allison et al. (2002). 
Th e fi tted mixture distribution was used to estimate 
the posterior probability of diff erential expression for 
each gene in each background and the proportion of 
transcripts diff erentially expressed in each background 
using the method of Allison et al. (2002).

RT-PCR
DNase-treated polyA mRNA (0.5 μg) from 14 

DAP endosperm of wild-type and mutant kernels 
were used for fi rst strand cDNA synthesis. Each 
reaction (40 μL) contained 2 μL dNTP mix (10 mM 
each dA, dC, dG, dT), 2 μL primer oligo dT23 (0.5 
μg/μL) (Invitrogen, Carlsbad, CA), 8 μL 5X RT buf-
fer, 4 μL 0.1 M DTT, 2 μL SuperScript II (Invitrogen, 
Carlsbad CA), and 1 μL RNase inhibitor (1 U/μL). 
Th e reaction mixture was incubated at 42°C for 
90 min. PCR reactions were performed with gene 
specifi c primers for: 18s rRNA (forward primer 
AGTTTGAGGCAATAACAGGTCT, reverse primer 
GATGAAATTTCCCAAGATTACC); Opaque2 (for-
ward primer AAGATCAACGACGCTAACGTC, 
reverse primer GACGACGGCACTGATGAG); Wali7 
(forward primer TATCATCTCCTCCCACCCG, 
reverse primer ACGCAACACACAACA-
CATCC); AI745822 (forward primer GAAGAGA-
ACTCCCAATACGGC, reverse primer 
CGATTCTGCTCACCAAACG); AI677412 (for-
ward primer TTCTGCTGTGGTTGTTCGC, 
reverse primer AGGAAAGGGAAAGGGTGC); 
and AW076489 (forward primer CTACCCAC-
TACCCAGCATTTG, reverse primer ACGAAC-
GGGATTAGCGG). PCR was performed using 
JumpStart RedTaq Ready Mix (Sigma-Aldrich, St. 
Louis, MO) according to the manufacturer’s direc-
tions (Wali7: 94°C for 30 s, 55°C for 30 s, and 72°C 
for 1 min with 25 cycles; all others: 94°C for 30 s, 
55°C for 30 s, and 72°C for 1 min with 30 cycles) in 
a MJ Research PTC-200 (Watertown, MA) thermal 
cycler. Amplifi ed products were separated on 4% 
Metaphor agarose gels (BioWhittaker Molecular 
Applications, Inc, Rockland, ME) in TBE buff er.

References
Allison, D.B., G.L. Gadbury, M. Heo, J.R. Fernandez, C.-K. Lee, T.A. 

Prolla, and R. Weindruch. 2002. A mixture model approach for 

the analysis of microarray gene expression data. Computat. Stat-

ist. Data Anal. 39:1–20.

AOAC International. 2002. Method 982.30 E(a,b), Chapter 45.3.05, 17th ed.

AOSA. 2003. Rules for testing seeds, Association of Offi  cial Seed Ana-

lysts, East Lansing, MI.

Bass, H.W., C. Webster, G.R. O’Brian, J. Roberts, and R.S. Boston. 

1992. A Maize Ribosome-Inactivating Protein Is Controlled by 

the Transcriptional Activator Opaque-2. Plant Cell 4:225–234.

Bernard, L., P. Ciceri, and A. Viotti. 1994. Molecular analysis of 

wild-type and mutant alleles at the Opaque-2 regulatory locus 

of maize reveals diff erent mutations and types of O2 products. 

Plant Mol. Biol. 24:949–959.

Bjarnason, M., and S.K. Vasal. 1992. Breeding of Quality Protein 

Maize (QPM). Plant Breed. Rev. 9:181–216.

Brennecke, K., A.J. Souza Neto, J. Lugli, P.J. Lea, and R.A. Azevedo. 

1996. Aspartate kinase in the maize mutants ASK1–LT19 and 

opaque-2. Phytochemistry 41:707–712.

Carneiro, N.P., P.A. Hughes, and B.A. Larkins. 1999. Th e eEF1A gene 

family is diff erentially expressed in maize endosperm. Plant Mol. 

Biol. 41:801–813.

Chang, C.S. 1988. Measuring density and porosity of grain kernels 

using a gas pycnometer. Cereal Chem. 65:13–15.

Ciceri, P., S. Castelli, M. Lauria, B. Lazzari, A. Genga, L. Bernard, 

M. Sturaro, and A. Viotti. 2000. Specifi c Combinations of Zein 

Genes and Genetic Backgrounds Infl uence the Transcription of 

the Heavy-Chain Zein Genes in Maize opaque-2 Endosperms. 

Plant Physiol. 124:451–460.

Cord Neto, G., J. Yunes, M.J. da Silva, P. Arruda, and A. Leite. 1995. 

Th e involvement of Opaque 2 on beta-prolamin gene regulation 

in maize and Coix suggests a more general role for this tran-

scriptional activator. Plant Mol. Biol. 27:1015–1029.

Damerval, C., and M. Le Guilloux. 1998. Characterization of novel 

proteins aff ected by the o2 mutation and expressed during maize 

endosperm development. Mol. Gen. Genet. 257:354–361.

Fernandes, J., V. Brendel, X. Gai, S. Lal, V.L. Chandler, R.P. Elumalai, 

D.W. Galbraith, E.A. Pierson, and V. Walbot. 2002. Comparison 

of RNA expression profi les based on maize expressed sequence 

tag frequency analysis and microarray hybridization. Plant 

Physiol. 128:896–910.

Gibbon, B.C., X. Wang, and B.A. Larkins. 2003. Altered starch struc-

ture is associated with endosperm modifi cation in Quality Pro-

tein Maize. Proc. Natl. Acad. Sci. USA 100:15329–15334.

Gevers, H., and J. Lake. 1992. Development of modifi ed opaque2 maize 

in South Africa. p. 49–78. In E.T. Mertz (ed.) Quality Protein 

Maize. American Association of Cereal Chemists, St. Paul, MN.

Hartings, H., M. Maddaloni, N. Lazzaroni, N. DiFonzo, M. Motto, 

F. Salamini, and R. Th ompson. 1989. Th e O2 gene which regu-

lates zein deposition in maize endosperm encodes a protein 

with structural homologies to transcriptional activators. EMBO J. 

8:2795–2801.

Hunter, B.G., M.K. Beatty, G.W. Singletary, B.R. Hamaker, B.P. Dilkes, 

B.A. Larkins, and R. Jung. 2002. Maize Opaque Endosperm 

Mutations Create Extensive Changes in Patterns of Gene Expres-

sion. Plant Cell 14:2591–2612.

Kemper, E.L., G. Cord Neto, F. Papes, K.C. Martinez Moraes, A. Leite, 

and P. Arruda. 1999. Th e role of opaque2 in the control of lysine-



R
e
p
ro

d
u
c
e
d

fr
o
m

C
ro

p
S

c
ie

n
c
e
.

P
u
b
lis

h
e
d

b
y

C
ro

p
S

c
ie

n
c
e

S
o
c
ie

ty
o
f

A
m

e
ri
c
a
.

A
ll

c
o
p
y
ri
g
h
ts

re
s
e
rv

e
d
.

Jia et al.: Comparison of Transcript Profi les S-59

degrading activities in developing maize endosperm. Plant Cell 

11:1981–1993.

Kodrzycki, R., R.S. Boston, and B.A. Larkins. 1989. Th e opaque-2 

mutation of maize diff erentially reduces zein gene transcription. 

Plant Cell 1:105–114.

Lambert, R.J., D.E. Alexander, and J.W. Dudley. 1969. Relative perfor-

mance of normal and modifi ed protein (opaque2) maize hybrids. 

Crop Sci. 9:187–190.

Lambert, R.J., and L.C. Chung. 1995. Phenotypic recurrent selection 

for increased endosperm hardness in two high-lysine maize 

synthetics. Crop Sci. 35:451–456.

Loesch, J., D.C. Foley, and D.F. Cox. 1976. Comparative resistance of 

opaque-2 and normal inbred lines of maize to ear-rotting patho-

gens. Crop Sci. 16:841–842.

Loesch, P.J., R.L. Grindeland, E.G. Hammond, and A.V. Paez. 1977. 

Evaluation of kernel hardness in normal and high-lysine maize 

(Zea mays L.). Maydica 22:197–212.

Loesch, P.J., W.J. Wiser, and G.D. Booth. 1978. Emergence compari-

sons between opaque and normal segregates in two maize syn-

thetics. Crop Sci. 18:802–805.

Lopes, M.A., K. Takasaki, D.E. Bostwick, T. Helentjaris, and B.A. Lar-

kins. 1995. Identifi cation of two opaque2 modifi er loci in Qual-

ity Protein Maize. Mol. Gen. Genet. 247:603–613.

Lohmer, S., M. Maddaloni, M. Motto, N. Di Fonzo, H. Hartings, F. 

Salamini, and R. Th ompson. 1991. Th e maize regulatory locus 

Opaque-2 encodes a DNA-binding protein which activates the 

transcription of the b-32 gene. EMBO J. 10:617–624.

Maddaloni, M., G. Donini, C. Balconi, E. Rizzi, P. Gallusci, F. Forlani, 

S. Lohmer, R.D. Th ompson, F. Salamini, and M. Motto. 1996. 

Th e transcriptional activator Opaque-2 controls the expression 

of a cytosolic form of pyruvate orthophosphate dikinase-1 in 

maize endosperm. Mol. Gen. Genet. 250:647–654.

Mertz, E.T., L.S. Bates, and O.E. Nelson. 1964. Mutant gene that 

changes protein composition and increases lysine content of 

maize endosperm. Science 145:279–280.

Moro, G.L., J.R. Habben, B.R. Hamaker, and B.A. Larkins. 1996. Char-

acterization of the variability in lysine content for normal and 

opaque2 maize endosperm. Crop Sci. 36:1651–1659.

Muller, M., and S. Knudsen. 1993. Th e nitrogen response of a barley 

C-hordein promoter is controlled by positive and negative regu-

lation of the GCN4 and endosperm box. Plant J. 4:343–355.

Nass, H.G., and P.L. Crane. 1970. Eff ect of endosperm mutants on 

germination and early seedling growth rate in maize (Zea mays 

L.). Crop Sci. 10:139–140.

Paez, A.V., J.L. Helm, and M.S. Zuber. 1969. Lysine content of opaque-2 

maize kernels having diff erent phenotypes. Crop Sci. 9:251–252.

Paulis, J.W., J.A. Bietz, R.J. Lambert, and E.M. Villegas. 1991. Identifi cation 

of modifi ed high-lysine maize genotypes by reversed-phase high-

performance liquid chromatography. Cereal Chem. 68:361–365.

Schmidt, R.J., F.A. Burr, M.J. Aukerman, and B. Burr. 1990. Maize regula-

tory gene opaque-2 encodes a protein with a “leucine-zipper” motif 

that binds to zein DNA. Proc. Natl. Acad. Sci. USA 87:46–50.

Schmidt, R.J., M. Ketudat, M.J. Aukerman, and G. Hoschek. 1992. 

Opaque-2 Is a Transcriptional Activator Th at Recognizes a Spe-

cifi c Target Site in 22-kD Zein Genes. Plant Cell 4:689–700.

Schmidt, R. 1993. Opaque-2 and zein gene expression. In D.P.S. Verma 

(ed.) Control of Plant Gene Expression. CRC Press, Boca Raton, FL.

So, J.S., and B.A. Larkins. 1991. Binding of an endosperm-specifi c 

nuclear protein to a maize beta-zein gene correlates with zein 

transcriptional activity. Plant. Mol. Biol. 17:309–319.

Ueda, T., W. Waverczak, K. Ward, N. Sher, M. Ketudat, R.J. Schmidt, 

and J. Messing. 1992. Mutations of the 22- and 27-kD Zein Pro-

moters Aff ect Transactivation by the Opaque-2 Protein. Plant 

Cell 4:701–709.

Vasal, S.K., E. Villegas, M. Bjarnason, B. Gelaw, and P. Goertz. 1980. 

Genetic modifi ers and breeding strategies in developing hard 

endosperm opaque-2 materials. p. 37–73, In W. G. Pollmer and 

R. H. Phillips (ed.) Improvement of quality traits of maize for 

grain and silage use. Martinus Nijhoff , London.

Wallace, J.C., M.A. Lopes, E. Paiva, and B.A. Larkins. 1990. New 

methods for extraction and quantitation of zeins reveal a high 

content of gamma-zein in modifi ed opaque-2 maize. Plant 

Physiol. 92:191–196.

Wang, X., and B.A. Larkins. 2001. Genetic analysis of amino acid 

accumulation in opaque-2 maize endosperm. Plant Physiol. 

125:1766–1777.

Wang, X.L., D.K. Stumpf, and B.A. Larkins. 2001. Aspartate kinase 2. A 

candidate gene of a quantitative trait locus infl uencing free amino 

acid content in maize endosperm. Plant Physiol. 125:1778–1787.

Wessel-Beaver, L. 1982. Genetic Control of Modifi ed Endosperm 

Texture in Opaque-2 Maize. Crop Sci. 22:1095–1098.

Wessel-Beaver, L., R.J. Lambert, and J.W. Dudley. 1985. Genetic 

Vari ability and Correlations in a Modifi ed Endosperm Texture 

Opaque-2 Maize Population. Crop Sci. 25:129–132.

Wilson, C.M. 1991. Multiple Zeins from Maize Endosperms Charac-

terized by Reversed-Phase High Performance Liquid Chroma-

tography. Plant Physiol. 95:777–786.

Yang, Y.H., S. Dudoit, P. Luu, D.M. Lin, V. Peng, J. Ngai, and T.P. 

Speed. 2002. Normalization for cDNA microarray data: A robust 

composite method addressing single and multiple slide system-

atic variation. Nucleic Acids Res. 30:e15.


