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Abstract Quality protein maize (QPM) was created by
selecting genetic modiWers that convert the starchy endo-
sperm of an opaque2 (o2) mutant to a hard, vitreous pheno-
type. Genetic analysis has shown that there are multiple,
unlinked o2 modiWers (Opm), but their identity and mode
of action are unknown. Using two independently developed
QPM lines, we mapped several major Opm QTLs to chro-
mosomes 1, 7 and 9. A microarray hybridization performed
with RNA obtained from true breeding o2 progeny with vit-
reous and opaque kernel phenotypes identiWed a small

group of diVerentially expressed genes, some of which map
at or near the Opm QTLs. Several of the genes are associated
with ethylene and ABA signaling and suggest a potential
linkage of o2 endosperm modiWcation with programmed
cell death.

Introduction

Cereals typically provide 50% of the dietary protein for
humans and can comprise 70% of the protein intake for
people in developing countries (Deutscher 1978). The
demand for cereal grains, especially maize (Pingali 2001),
will continue to increase as a consequence of the expanding
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human population, which could increase by another billion
people by the year 2020 (Vasil 1998). However, it is well
known that cereals do not provide a nutritionally balanced
source of protein. The most abundant proteins they contain,
the prolamin storage proteins, are devoid of several amino
acids essential for monogastric animals, with lysine most
limiting (Bhan et al. 2003). Most cereal grains contain 1.5–2%
lysine, while 5% is required for optimal human nutrition
(Young et al. 1998).

Discovery that the opaque2 (o2) mutation increases the
lysine content in maize endosperm by decreasing the syn-
thesis of prolamin (zein) proteins and increasing the level
of other types of endosperm proteins raised expectations for
the genetic improvement of cereal protein quality (Munck
1992). However, the low seed density and soft kernel tex-
ture of this type of mutant were associated with a number of
inferior agronomic traits, including brittleness and insect
susceptibility. With only a few exceptions (Habben and
Larkins 1995), these mutants were not commercially devel-
oped. Shortly after the discovery of o2, maize breeders
became aware of the existence of genes that alter the soft,
starchy texture of o2 endosperm, giving it a normal appear-
ance. The loci controlling this trait, designated “o2 modiW-
ers” (Opm), proved to be genetically complex but
nevertheless eVective in ameliorating the negative features
of the opaque kernel phenotype (Vasal et al. 1980; Geevers
and Lake 1992). By systematically introgressing Opm
genes into o2 germplasm, plant breeders at the International
Maize and Wheat Improvement Center in Mexico
(CIMMYT) (Vasal et al. 1980) and Pietermarizburg, South
Africa (Geevers and Lake 1992) were able to develop sev-
eral modiWed o2 mutants that they designated “Quality Pro-
tein Maize”, or QPM. QPM has the phenotype and yield of
normal maize, but the high lysine content of o2 (Mertz
1992; Prasanna et al. 2001).

The development and widespread use of QPM germ-
plasm have been implemented slowly. In part, this is
because of the technical complexity of introducing multiple
Opm loci, while maintaining a homozygous o2 locus and
monitoring the amino acid composition (Vasal et al. 1980).
This process could be greatly accelerated if the identities of
Opm genes were known, but unfortunately relatively little
is known about their number, chromosomal location, and
mechanism of action. Indeed, the factors responsible for the
formation of vitreous and starchy endosperm in maize are
poorly understood (Séne et al. 2001; Holding and Larkins
2006). Using a limited set of RFLP markers and bulked
segregant analysis (BSA) (Michelmore et al. 1991), Lopes
et al. (1995) identiWed two chromosomal regions on the
long arm of chromosome 7 that are associated with o2
endosperm modiWcation. The locus near the centromere is
linked with the gene encoding the 27-kDa �-zein, while the
other locus, identiWed by a single RFLP, is at the distal end

of chromosome 7, near the telomere. Evaluation of kernel
density and content of 27-kDa �-zein in a set of recombi-
nant inbred lines (RILs) developed from a Pool 33 QPM by
W64Ao2 cross revealed tight linkage of the 27-kDa �-zein
locus in Pool 33 QPM with the vitreous phenotype, but it
was not possible to determine the role of this protein in the
formation of the vitreous phenotype.

To increase our knowledge of the number and relation-
ships between Opm loci, we analyzed two diVerent QPMs,
one from South Africa, K0326Y (Geevers and Lake 1992),
and CM105Mo2, which we derived from a cross between
CM105o2 and CIMMYT’s Pool 33 QPM (Gibbon et al.
2003). Crosses were made to W64Ao2, a soft, starchy Mid-
western inbred line, and F2 and F3 populations were cre-
ated for phenotypic and genotypic analysis. Initially, the
BSA approach was used to identify QTLs, because it was
diYcult to accurately phenotype kernels with intermediate
degrees of vitreousness. We subsequently developed a
method using a digital camera to quantitatively measure
kernel vitreousness (deWned by the extent to which kernels
transmit light), and we applied this procedure in conjunc-
tion with measurements of density and hardness to identify
QTLs aVecting these traits. Results of the BSA showed that
K0326Y QPM and CM105Mo2 (Pool 33 QPM) share a
common QTL near the centromere of chromosome 7 that
appears to have a major eVect on o2 endosperm modiWca-
tion. Additional loci associated with vitreousness were
found on chromosome 9 (K0326Y QPM) and chromosome
6 (CM105Mo2). Analysis of individual kernels from
another F2 population developed from the K0326Y QPM
by W64Ao2 cross conWrmed the presence of QTLs on chro-
mosomes 7 and 9. In addition, Wve other QTLs were found,
one each on chromosomes 5S, 7L and 10S, and two on
chromosome 1L. These results indicated that the QTL near
the centromere of chromosome 7 has a major eVect on
endosperm texture (30% of the variance), while the other
six QTLs have smaller eVects (5–12% of the variance).
Microarray and real-time PCR comparisons of RNA tran-
scripts from vitreous and soft kernels of the K0326Y QPM
by W64Ao2 cross identiWed several candidate genes that
were up-regulated in modiWed o2 and coincide with QTLs
identiWed in bins 1.05, 7.02, and 9.05.

Materials and methods

Plant materials

Maize genetic materials were grown at the University of
Arizona West Campus Agricultural Center, Tucson, Ari-
zona, between 2001 and 2006. K0326Y QPM, a modiWed
o2 inbred line developed in South Africa (Geevers and
Lake 1992), was provided by H. Geevers. CM105Mo2 is a
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QPM inbred line developed at the University of Arizona by
introgression of the o2 modiWer genes from Pool 33 QPM
into CM105o2 (Gibbon et al. 2003). Pool 33 QPM, which
was provided by CIMMYT, was described by Vasal et al.
(1980) and Bjarnason and Vasal (1992). W64Ao2 is an
opaque (starchy endosperm) Midwestern dent inbred line
originally obtained from Purdue University, West Lafayette,
Indiana. Bulk segregant analysis (BSA) (Michelmore et al.
1991) was done using F2 populations obtained by con-
trolled pollination of F1 plants from reciprocal crosses of
either K0326Y QPM by W64Ao2 or CM105Mo2 by
W64Ao2. The F2 kernels were examined with a light box
and classiWed as vitreous or opaque, according to the degree
of light transmission through the endosperm. Vitreous and
opaque F2 kernels were planted, and ears from these (F3)
plants were self pollinated to verify true-breeding unifor-
mity for kernel phenotypes. For the K0326Y QPM by
W64Ao2 cross, vitreous and opaque bulks composed of 40
individuals each were made, and for the CM105Mo2 by
W64Ao2 cross each bulk contained 29 individuals. Leaf
tissues from the parental inbreds, F1 plants and F2 individ-
uals were collected, lyophilized and stored for subsequent
analysis.

A second mapping population of the K0326Y
QPM £ W64Ao2 cross was created from a well-Wlled F2
ear. Three hundred kernels were removed from the middle
of the ear and measured for vitreousness using a digital
camera (see below). The seeds were germinated and DNA
was recovered from 229 seedlings.

Single kernel measurements of vitreousness

Individual kernels were mounted in small holes cut in card-
board, and placed on a light box. Light transmission was
recorded with a digital camera and measured in arbitrary
units using Adobe Photoshop (Adobe, San Jose, CA).

Kernel hardness

Kernel hardness was evaluated by two methods: a grind-
ing test using a micro-hammer mill (Glen Mills Inc.,
Clifton, NJ) (Li et al. 1996) and a compression method
using a MTS Sintech 10 Universal Testing Machine
(Eden Prairie, MN, 1,000 lb load cell). Kernels were con-
ditioned at 27°C and 67% relative humidity before evalu-
ation. For the grinding test, 20 g kernel samples were
passed through the mill at 3,600 rpm and time (s) was
recorded for tube Wll to 17 mL volume. In the compres-
sion test, kernels were placed germ side up on a plate and
deformed until breakage using a MTS Q Test Universal
Testing Machine (Eden Prairie, MN, 1,000 lb load cell).
Peak load (kg) and energy to peak load (kg/mm) were
recorded.

Analysis of seed density

The density of kernels, deWned as the ratio of kernel weight
to measured volume, was determined for the parents, F1
and F3 individuals that composed the vitreous and opaque
bulks using a pycnometer (Stereopycnometer Quanta-
chrome Corp., Syosset, NY) or by volume displacement.
The measurement is based on Archimede’s principle of
Xuid or gas displacement to determine the volume. Samples
were weighed in a sample cell holder of known volume.
The cell was then placed in the pycnometer and pressurized
with nitrogen gas to approximately 17 psig. After the read-
ing stabilized, it was recorded. The sample volume was
determined and density calculated. Alternatively, kernels
were placed in a 500 mL cylinder and the weight recorded.
The cylinder was then Wlled with absolute ethanol (200
proof, density 0.78612 at room temperature) and the vol-
ume and weight recorded. Seed density was calculated fol-
lowing the methods of Kniep and Mason (1989).

Preparation of DNA

DNA for the BSA was extracted from lyophilized leaf tis-
sue of individuals that bred true for the vitreous or opaque
kernel phenotypes. Young leaves from each F2 plant were
ground in liquid nitrogen in the presence of acid washed
sand, and the DNA was prepared by the CTAB method
(Shen et al. 1994). To increase the purity of the DNA, sam-
ples were diluted in 500 �L TE buVer (10 mM Tris–HCl
and 1 mM EDTA, pH 8.0) containing DNAse-free pancre-
atic RNAse (20 �g/mL) and incubated at 37°C for 30 min.
This solution was extracted with an equivalent volume of
phenol–chloroform saturated with Tris–HCl, pH 8.0, and
then with chloroform alone. After precipitation with
2.5 volumes of ethanol and 0.1 volume of 3 M sodium ace-
tate, pH 5.3, and washing with 70% ethanol, the DNA was
dissolved in sterile water and the concentration determined
with a NanoDrop Spectrophotmeter ND-100 (NanoDrop
Technologies, Wilmington, DE). An equal amount of DNA
from each F2 individual was combined to generate the
bulked sample for SSR marker analysis.

For the K0326Y QPM £ W64Ao2 F2 mapping popula-
tion, DNA was extracted from »3 cm2 of fresh leaf tissue
excised from 14-day-old seedlings. The tissue was placed
in a 1.5 mL microcentrifuge tube and ground for 30 s at
room temperature in 600 �L of urea buVer (7 M urea,
0.3125 M sodium chloride, 50 mM Tris–HCl, 20 mM
EDTA, 1% sarkosyl, pH 8.0). 500 �L of phenol/chloro-
form/isoamyl alcohol (25:24:1) was added and the tubes
were shaken at room temperature for 5 min. The samples
were centrifuged for 5 min at 12,000g in a microcentrifuge,
the aqueous phase transferred to a new tube, and 50 �L of
3 M sodium acetate, pH 5, and 500 �L of cold isopropanol
123



160 Theor Appl Genet (2008) 117:157–170
were added to precipitate the DNA. The tubes were incu-
bated at room temperature for 10 min, and the DNA was
recovered by centrifugation for three minutes at 12,000g.
The DNA pellet was washed with 70% ethanol, air dried
for 10 min, and resuspended in 50 �L of sterile water. For
PCR reactions, the DNA samples were diluted to a Wnal
concentration of »20 ng/�L.

PCR analysis

The selection of DNA primers (Invitrogen, Carlsbad, CA)
was based on mapped SSRs described in the Maize
Genome Database (Lawrence et al. 2007; http://www.maiz-
egdb.org). An eVort was made to have at least one informa-
tive SSR per bin in order to eVectively cover the entire
maize genome. PCR reactions were performed using Taq
DNA polymerase (New England BioLabs, Ipswich, MA)
and buVer, with the addition of 1 M betaine and 2%
DMSO, in a Peltier Thermal Cycler PTC-200 (MJ
Research, Waltham MA) or an Eppendorf MasterCycler
(Eppendorf, Westbury, NY). The PCR parameters were as
follows: initial melting at 94°C for 2 min, then seven cycles
of touch-down PCR with the annealing temperature declin-
ing from 62 to 56°C (94°C for 45 s, annealing for 45 s,
72°C for 45 s) followed by 35 cycles (94°C for 45 s, 55°C
for 45 s, 72°C for 45 s) and a Wnal extension cycle at 72°C
for 5 min. The PCR products were separated by electropho-
resis in 4% SFR agarose (Amresco, Solon, OH) and visual-
ized by staining with ethidium bromide.

Linkage analysis and QTL detection

A linkage map for the F2 population from the cross
between K0326Y QPM and W64Ao2 was determined
using 140 informative SSR markers (Lawrence et al. 2007;
http://www.maizegdb.org) with Map Manager QTX
(Manly et al. 2001). In a few instances there were small dis-
crepancies with regard to the marker order speciWed in
Maize GDB as compared with the Map Manager QTX-gen-
erated map, but the SSR marker order determined by Map
Manager QTX was used in this analysis. One thousand per-
mutation tests were carried out to establish the signiWcant
threshold values, and simple QTL analysis was performed.

DNA sequencing and BAC assembly

The BAC clone ZMMBBb0049I19 belongs to the genomic
library of Zea mays ssp. mays inbred B73, which was con-
structed by partial digestion with HindIII (Tomkins et al.
2002, Yim et al. 2002). This clone was anchored to the
Wngerprinted contig (FPC) #314 of the maize physical map
on chromosome 7 using various markers (CL2764,
CL1979, PCO123780, PCO137477 and zp27). The size of

the clone was estimated to be 151,600 bp based on the aga-
rose FPC Wngerprinted map.

BAC DNA was isolated using the Large Construct Kit
(Qiagen) and then hydro-sheared into random fragments of
two diVerent sizes. Both size inserts were cloned into
pUC119. Shotgun library #1 consisted of fragments ranging
from 2.5 to 4 kb, while library #2 contained inserts of 5–
7 kb. Nine plates of library #1 and 6 plates from library #2
were sequenced from both ends with universal primers
(Vieira and Messing 1982) using the BigDye Terminator
Cycle Sequencing Ready Reaction kit (Applied BioSys-
tems) on an automated capillary sequencer (ABI 3730xl).
In addition to shotgun sequencing, the BAC was also
sequenced from both ends using T7 and SP6 primers in
order to aid in the assembly process.

BAC assembly was carried out using PhredPhrap
(Ewing et al. 1998; Ewing and Green 1998) and viewed
using Consed (Gordon et al. 1998). The Wnal assembly is in
four un-ordered pieces (Phase 1) with two physical gaps,
because of which the orientation of the middle two pieces
cannot be conWrmed. However, the order of the middle two
pieces is conWrmed due to presence of multiple bridge
clones. The orientation of the Wrst and fourth piece could
also be conWrmed by anchoring the BAC end sequences at
their ends. The assembly size of the BAC clone
ZMMBBb0049I19 is 163,263 bp.

Microarray analysis

Seeds of F3 individuals from the K0326Y
QPM £ W64Ao2 cross that were true-breeding for vitreous
and opaque phenotypes were planted, and 18 DAP self-pol-
linated ears (with developing F4 seed) frozen in liquid
nitrogen. Totally, 20 ears of each phenotypic class were
used to create four pools of 25 vitreous kernels (V1–V4)
and four pools of opaque kernels (O1–O4). Each pool con-
sisted of Wve randomly chosen kernels from each of Wve of
the 20 ears (25 kernels total per pool). Kernels were
defrosted slightly, the pericarp and germ were removed and
the endosperm was immediately refrozen. Total RNA was
isolated according to the protocol described by Holding
et al. (2007) and subsequently treated with DNAse1
(Roche, Pleasanton, CA) and re-puriWed with RNeasy
cleanup columns (Qiagen, Valencia, CA), both according to
the manufacturer’s instructions. The experiment employed
four microarrays and four biological replicates for each
phenotype and incorporated a dye swap as follows: Array
1: V1 cy5, O1 cy3; Array 2: V2 cy5, O2 cy3; Array 3: V3
cy3, O3 cy5; Array 4: V4 cy3, O4 cy5.

One microgram RNA samples were used to make Cy3-
and Cy5-labeled targets with a three step protocol as fol-
lows: (1) cDNA was synthesized using an oligo-(d)T
primer that incorporated the T7 promoter; (2) targets were
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ampliWed using in vitro transcription to produce aminoal-
lyl-labeled cRNA; and (3) aminoallyl-labeled cRNA was
coupled to Cy-labeled dyes. Details of these protocols can
be found at: http://www.maizearray.org/files/cRNA_Tar-
get_Production_Using_RNA_Amplification.pdf.

Targets were hybridized to the maize 46 K (version 1)
70-mer oligo array printed on a single slide (details of which
can be found at http://www.maizearray.org; the hybridization
protocol can be found at http://www.maizearray.org/files/
Hybridization_Protocol_For_cRNA_Targets.pdf).

Slides were scanned using a GenePix Autoloader
4200AL microarray scanner (Molecular Devices). Intensity
values were normalized using the VSN (variance stabilized
normalization) function of the “R” for Windows package.
Despite the fact that the array hybridizations were very clean
with no detectable background, all spots generate an inten-
sity value expressed in natural log form. Consequently, the
gene Wlter function of R was applied to the normalized val-
ues. The Wlter was set to give a “true” Xag to array probes in
which at least four of the eight pools gave expression values
of 3.9 or more (49 absolute expression units). Probes were
Xagged as “false” if more than four pools gave expression
values of below 3.9. Using these criteria, 28,736 probes
were deWned as true, and 17,392 were deWned as false (of
46,128). The Xagged expression values were imported into
Excel and the false probes were excluded from further anal-
ysis. The Statistical Analysis for Microarrays (SAM) pack-
age of Microsoft Excel was used to identify diVerentially
expressed probes (candidate o2 modiWers). The raw and nor-
malized microarray data sets are available at NCBIGEO
(Accession # GSE10449, platform # GPL6438).

Mapping and expression veriWcation of candidate 
o2 modiWers

Oligonucleotide sequences corresponding to genes diVeren-
tially expressed in vitreous and opaque endosperms were
retrieved from the maize array website and used in
BLASTN searches against all maize sequences in GenBank.
Perfect matches to EST contigs submitted to Genbank by the
Maize Mapping Project were selected. By using these con-
tigs to search the MaizeGDB mapping database (http://
www.maizegdb.org/), map positions were established for
the majority of the diVerentially expressed genes. All map
positions were taken from the May 2007 composite IBM/
FPC map build. For sequences that did not match a mapped
EST contig, the BLASTN reports were analyzed to look for
perfect matches to maize BAC sequences. For these genes
the physical map position was consulted in the maize FPC
map at the Arizona Genomics Institute (http://www.genome.
arizona.edu/fpc/maize/). A genomic contig containing the
BAC was analyzed for nearby genetic markers that could be
anchored to the genetic map at MaizeGDB.

Real time PCR was used to verify the results obtained
in the microarray experiment. Primers were designed to
amplify a 100–200 bp region of the EST contig sequence
using the primer 3 software available at http://
frodo.wi.mit.edu/. All primers were designed for a 60°C
annealing temperature, and their sequences are shown in
Supplemental Table 2. One microgram of samples of the
DNAse 1-treated total RNA pools used for the micro-
array hybridization (V1–V4 and O1–O4) were used as
templates for cDNA synthesis in 50 �L volumes using
Superscript 2 (Invitrogen, Carlsbad, CA), according to
the manufacturer’s instructions. cDNAs were diluted 10-
fold in water and ampliWed using the LightCycler fast
start DNA master plus sybr green 1 kit (Roche, Pleasan-
ton, CA) according to the manufacturer’s instructions.
The LightCycler 1.5 carousel thermocycler was used
with the following program: 95°C for 5 min, followed by
45 cycles of 95°C for 10 s, 60°C for 5 s and 72°C for 10 s
with 20°C per s ramp rates. Melting curves were obtained
by heating from 65 to 95°C with a 0.1°C per s ramp rate.
Relative expression levels of candidate genes in the vit-
reous and opaque pools were calculated using actin
expression as a control, since it was repeatedly shown in
preliminary experiments not to be diVerentially
expressed between the vitreous and opaque samples. For
each gene tested, the average crossing point (Cp) value
for the four vitreous and opaque pools was made, and the
relative expression calculated using the following equa-
tion where X = gene of interest, A = actin, V = V1 to V4
average Cp, O = O1 to O4 average Cp: 2[(VX ¡ VA) ¡ (OX ¡ OA)].
The reciprocal of the resulting value is the fold-increase in
the vitreous samples. Negative values indicate a decrease
in the vitreous relative to the opaque kernels. The Wnal
fold-change values are the mean of the fold-change val-
ues from three independent experiments (§standard
deviation).

Results

IdentiWcation of Opm QTLs based on BSA

QPM was developed independently by plant breeders in
South Africa (Geevers and Lake 1992) and at CIMMYT
(Vasal et al. 1980), and the number and relationship
between the Opm loci in these genetic backgrounds is
unknown. To investigate this question, we crossed K0326Y
QPM and CM105Mo2 with W64Ao2. F2 individuals that
were true-breeding for vitreous and opaque kernel pheno-
types were identiWed by selWng, and DNA from leaf tissue
was pooled to create samples for the BSA. Theoretically,
the bulked DNA samples should contain common genomic
regions associated with modiWed o2 endosperm modiWca-
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tion and a randomized background of unlinked genetic loci
(Michelmore et al. 1991).

The phenotypic characteristics of the parents and prog-
eny of the K0326Y QPM by W64Ao2 cross are shown in
Table 1. Vitreousness was measured with a digital camera,
and hardness was measured with both the Stenvert and the
Instron assays. The results showed that kernels from the
K0326Y QPM parent are more vitreous, denser and harder
than the W64Ao2 parent, and that these phenotypes were
observed in pooled samples made from F3 vitreous and
opaque progeny. An Opm gene dosage eVect was observed
in the reciprocal F1 crosses, which showed intermediate
degrees of vitreousness, hardness and density. This is a
consequence of the triploid nature of the endosperm, which
creates complex dosage eVects, especially when multiple
loci are involved (Lopes and Larkins 1995). For the
CM105Mo2 by W64Ao2 cross, only data for vitreousness
and density were collected (Table 2). Here again kernels
from ears homozygous for the Opm alleles were more vitre-
ous and denser than W64Ao2 parent, and similar pheno-
types were observed for pooled samples of vitreous and
opaque kernels.

To identify chromosomal regions linked with endosperm
modiWcation, DNA in bulked samples of F2 vitreous and
opaque individuals was analyzed with 140 polymorphic
SSR primers distributed across the 10 maize chromosomes.
Figure 1 shows the map location of the SSR markers used
to analyze the K0326Y QPM by W64Ao2 cross. Although
multiple SSRs were tested, we were unable to Wnd poly-
morphic markers that mapped to bins 3.00, 3.10, 4.00, 4.11,
5.06, 6.03, 8.00, 8.08, 9.06, 10.00, 10.01 and 10.05, many
of which correspond to where telomeres occur. For the

CM105Mo2 by W64Ao2 cross, the bulks were analyzed
with 138 informative SSR markers (Supplemental Table 1),
which covered most of the genome with the exception of
bins 2.03, 2.10, 3.00, 3.10, 4.00, 4.11, 5.09, 8.0, and 8.09,
most of which are also telomeric regions.

The BSA of the K0326Y QPM by W64Ao2 cross identi-
Wed regions on chromosomes 7 and 9 that are linked with
Opm loci (Table 3). Linked SSR markers on chromosome 7
were found near the centromeric region in bin 7.02
(umc1016, umc1929, umc1393, 27-kDa �-zein,
bnlg1022a), while those on chromosome 9 are in bins 9.03
(phi022, bnlg127, and bnlg1714) and 9.05 (umc1078). For
the CM105Mo2 by W64Ao2 cross, regions on chromo-
somes 7 and 6 were found to be linked with Opm loci
(Table 4). Among the markers near the centromeric region
of chromosome 7 (umc1016, umc1393, 27-kDa �-zein,
bnlg1022a) were several also identiWed in the K0326Y
QPM by W64Ao2 cross. There were two regions on chro-
mosome 6, one associated with bins 6.03/6.04 (umc1887
and umc1014) and a second one in bin 6.05 (mmc0241).
Because recombination is more frequent the further away a
marker is from an Opm locus, a polymorphic marker linked
with an Opm locus should show signiWcant diVerences in
frequency between the two bulks, and the allele frequency
within the bulks should be complementary and deviate
from the expected ratio of 1:1 for an unlinked marker
(Quarrie et al. 1999). To assess the validity of whether or
not an Opm locus was present in each of these chromo-
somal regions, the DNA from each individual in a bulk was
assayed with informative SSR markers and a �2 test per-
formed. The results showed that the segregation for all the
Opm-linked markers deviated signiWcantly from a 1:1

Table 1 Phenotypic characterization of K0326Y QPM and W64Ao2 inbred lines, reciprocal F1s, and pooled vitreous and opaque F3 progeny
from the K0326Y £ W64Ao2 cross

Each value is the average and standard deviation for the endosperm traits analyzed as described in “Materials and methods”. Within a row, values
with the same letter are not signiWcantly diVerent at P = 0.05, based on the least signiWcance diVerence (LSD) method

Phenotype K0326Y QPM (P1) W64Ao2 (P2) F1P1 £ P2 F1P2 £ P1 Vitreous bulk Opaque bulk

Vitreousness 187.6 § 20.9 a 31.1 § 12.6 bc 169.1 § 30.5 a 55.3 § 18.9 b 169.0 § 74.6 a 17.4 § 6.0 bc

Density (g/mL) 1.3 § 0.03 a 1.1 § 0.02 b 1.3 § 0.05 a 1.2 § 0.02 ab 1.3 § 0.1 a 1.1 § 0.08 b

Grinding test (s) 14.3 § 0.6 a 9.0 § 0.0 b 15.6 § 0.6 a 11.0 § 1.7 b 13.3 § 0.6 a 6.0 § 0.0 c

Peak load (kg) 75.3 § 40.2 a 16.4 § 8.3 b 65.9 § 35.4 a 45.8 § 38.2 a 62.7 § 46.5 a 20.5 § 11.4 b

Energy to peak load (kg/mm) 22.5 § 19.2 a 3.9 § 3.1 b 52.6 § 41.5 c 22.3 § 32.6 a 32.4 § 41.8 a 11.1 § 10.3 b

Table 2 Phenotypic characterization of the CM105Mo2 and W64Ao2 inbred lines, and the pooled vitreous and opaque F3 progeny from the
CM105Mo2 by W64Ao2 cross

The value shown is the average and standard deviation for the given traits. Within a row, values with the same letter are not signiWcantly diVerent
at P = 0.05, based on the LSD method

Phenotype CM105Mo2 W64Ao2 Vitreous bulk Opaque bulk

Vitreousness 178.5 § 41.7 a 31.1 § 12.6 b 211.7 § 21.6 c 15.7 § 8.2 d

Density (g/mL) 1.3 § 0.02 a 1.1 § 0.02 b 1.3 § 0.04 a 1.1 § 0.05 b
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ratio, indicating that these chromosomal regions are likely
to contain a locus associated with the Opm phenotype
(Tables 3, 4).

QTL mapping with a K0326Y QPM 
by W64Ao2 F2 population

The BSA approach for identifying chromosomal regions
associated with a trait is useful for F2 populations showing
continuous phenotypic variation, like the vitreous kernel
phenotype in QPM. However, it only allows the detection
of major QTLs, and it is not possible to estimate their rela-
tive contribution to the trait. We found it was possible to
make a quantitative measurement of the degree of vitreous-
ness by using a digital camera to determine the light trans-
mitted through a single kernel. For this analysis, kernels
were removed from the middle of a well Wlled F2 ear of the
K0326Y QPM by W64Ao2 cross, photographed, tested for
hardness by the Instron assay, and then germinated on ster-
ile culture medium for DNA isolation. Some embryos
failed to germinate because they were damaged either by

the Instron procedure or excessive bleach penetration into
the cracked kernel during seed surface sterilization. Of the
initial 300 kernels, 229 germinated and yielded DNA for
SSR marker analysis. A linkage map was developed based
on 140 informative SSR markers (Fig. 1). The average
spacing was 15.3 cM, but there were Wve gaps larger than
40 cM (one on chromosome 3 in bin 3.07, three on
chromosome 8 in bins 8.02 and 8.08 and one on
chromosome 9 in bin 9.06) and six gaps larger than 30 cM
(one in bin 1.11, one each in bin 3.07 and 3.08, one in bin
7.00, one in bin 8.01 and one in bin 9.07). Chromosome 8
had the largest gaps and the largest average linkage dis-
tances with an average of 24.1 cM between markers.

Based on simple interval mapping using MapManager
QTX (Manly et al. 2001), seven QTLs associated with the
modiWed o2 kernel phenotype were identiWed (Table 5).
The two most signiWcant QTLs are in bins 7.02 and 9.04/
9.05, with LRS values of 75.3 and 29.4, respectively. Both
of these QTLs had additive eVects and were contributed by
the K0362Y QPM parent. QTLs with somewhat smaller
eVects (LRS values between 13 and 17) were found in bins

Fig. 1 A genetic linkage map constructed with polymorphic SSR markers used for analysis of the K0326Y QPM by W64Ao2 crosses
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1.05/1.06, 1.07/1.08, 5.01/5.02, 7.05 and 10.02. The
K0326Y QPM parent was also the source of these QTLs,
and with the exception of those in bins 5.01/5.02 and 7.05,
which had dominant eVects, they also had additive eVects.

Expression proWling identiWes a small group of candidate 
modiWer genes, several of which map at or close to QTLs

As an initial approach to identify candidate genes corre-
sponding to Opm QTLs, we analyzed RNA transcripts
from true-breeding vitreous and opaque F4 kernels from
the K0326Y QPM by W64Ao2 cross. For this experiment
we selected 20 ears of each phenotypic class, and these
were divided into 4 biological sample pools of 5 ears each
(see “Materials and methods”). Following RNA extrac-
tion of the pooled kernels, Cy3- and Cy5-labeled cDNA
targets were ampliWed by in vitro transcription and
hybridized to the maize 46 K version 1 oligonucleotide
array, which consists of 46,128 probes. Only 24 genes
were found to have signiWcantly increased expression in
vitreous kernel pools, and interestingly no genes were
found to have reduced expression in vitreous pools
(Table 6). The sequences of the oligonucleotide probes
were used to identify mapped EST contigs; these were
then used for checking and, in some cases, revising the
annotations for the 46 K array provided at http://
www.maizearray.org. With this information it was possi-
ble to establish map positions for all of the diVerentially
expressed genes (see “Materials and methods”) and these
are shown in Table 6.

To conWrm the gene expression diVerences revealed by
the microarray hybridization, real time quantitative PCR
was used to re-examine the transcript levels of most of the
diVerentially expressed genes. Genes with small fold-
change diVerences in expression and a sequence annotation
that did not suggest a putative function were not re-tested.
The fold-change values of the genes for which diVerential
expression was conWrmed are shown in Table 6, including a
number of genes which map very close to the QTLs.

Table 3 Segregation of SSR markers linked to an Opm locus in a
cross of K0326Y QPM by W64Ao2

Chromosomal bin numbers and arm designations are listed for each
marker. Chi-squared statistics and levels of statistical signiWcance, P,
are shown for each marker; *** indicates P < 0.001

A number of plants homozygous for the K0362Y QPM allele, H num-
ber of plants heterozygous for both parental alleles, B number of plants
homozygous for the W64Ao2 allele

Marker Chromosome Vitreous bulk Opaque bulk

A H B �2 P A H B �2 P

umc1016 7.02, S 34 4 0 59 *** 3 2 35 49 ***

umc1929 7.02, L 28 10 0 39 *** 1 2 37 63 ***

umc1393 7.02, L 36 3 0 64 *** 1 1 38 66 ***

27-kDa �-zein 7.02, L 36 3 0 64 *** 1 0 37 66 ***

bnlg1022a 7.02, L 29 5 1 43 *** 0 2 38 70 ***

phi022 9.03, S 19 15 3 13 *** 2 12 25 25 ***

bnlg127 9.03, S 19 15 5 9 *** 0 13 26 33 ***

bnlg1714 9.04, S 21 14 4 14 *** 1 13 26 30 ***

umc1078 9.05, L 24 12 3 21 *** 1 13 25 28 ***

Table 4 Segregation of SSR markers linked to an o2-modiWer locus
in a cross of CM105Mo2 by W64Ao2

Chromosomal bin numbers and arm designations are listed for each
marker. Chi-squared statistics and levels of statistical signiWcance, P,
are shown for each marker; *** indicates P < 0.001, * indicates
0.01 < P < 0.05

A number of plants homozygous for the CM105Mo2 allele, H number
of plants heterozygous for both parental alleles, B number of plants
homozygous for the W64Ao2 allele

Marker Chromosome Vitreous bulk Opaque bulk

A H B �2 P A H B �2 P

umc1887 6.03, L 20 7 1 24 *** 2 10 16 13 ***

umc1014 6.04, L 24 4 0 41 *** 2 7 19 19 ***

mmc0241 6.05, L 24 1 0 44 *** 4 9 15 7.8 ***

umc1016 7.02, S 16 12 0 17 *** 1 13 14 5.5 *

umc1393 7.02, S 18 9 1 19 *** 2 15 11 5.2 *

27-kDa �-zein 7.02, S 15 9 1 14 *** 2 14 12 3.2 *

bnlg1022a 7.02, S 18 8 1 20 *** 2 14 12 6.4 *

Table 5 Chromosome map position and eVect of signiWcant QTLs involved in o2 modiWcation, as measured by vitreousness and hardness

The QTLs were identiWed by composite interval mapping of a segregating F2 mapping population. LRS is the likelihood ratio statistic that mea-
sures the signiWcance of the QTL. PEV (percent explained variance) is the percent of total variance explained by the QTL. The value of the additive
and dominant eVects is negative if the presence of a K0326Y QPM allele tends to increase the vitreous trait

Bin Trait Flanking SSR marker LRS PEV Additive eVect Dominant eVect

1.05–1.06 Vitreous umc-1076–umc-1335 12.8 5 ¡13.43 11.01

1.07–1.08 Vitreous umc1278–dupss12 13.8 6 ¡15.63 ¡1.52

5.01–5.02 Vitreous umc1478–bnlg1879 14.1 6 0.01 ¡27.8

7.02 Vitreous umc1978–bnlg1022 75.3 28 ¡32.96 ¡0.06

7.05 Vitreous umc2190–umc1760 14.1 6 10.02 ¡18.70

9.04-9.05 Vitreous umc1771–umc1231 29.4 12 ¡18.90 ¡9.36

10.02 Vitreous phi063–umc1432 16.7 11 ¡16.60 ¡9.19
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Among these are several genes in bin 7.02, and it is possi-
ble that more than one of them contributes to the major
QTL in this region. An ethylene-insensitive 3 (EIN3)-like
gene coincides with a QTL in bin 9.05.

Table 6 also includes several genes for which the real-
time PCR results did not conWrm the microarray result.
These data are presented because the genes apparently map
at or very close to QTLs; we are investigating their possible
diVerential expression using parental allele-speciWc qRT-
PCR analysis. Among these are genes with similarity to
NADH: ubiquinone oxidoreductase subunit 4, which occurs
in chromosome bin 1.05, a small nucleolar RNA-associated
protein in bin 5.03, and a 26S proteasome regulatory pro-
tein in bin 7.02 (MZ00024036).

Given the increase in 27-kDa �-zein protein in QPM
(Geetha et al. 1991; Lopes and Larkins 1991) and that an
Opm QTL in bin 7.02 maps near the 27-kDa �-zein locus,
we were somewhat surprised that this gene was not among
those identiWed as diVerentially expressed in the microarray
output. When the hybridization intensity values of the
microarray probes were examined, the results showed that
this gene is very highly expressed, as would be expected for

a major storage protein. We set the laser scanning intensity
to detect expression for the maximal number genes, and at
this setting, highly expressed genes, such as those encoding
zein storage proteins, might have been saturated. Despite
this, we could often detect increased expression of the 27-
kD �-zein gene in the vitreous pools (data not shown).
However, between arrays the results were variable, and as a
consequence the 27-kDa �-zein was excluded due to the
stringency of the statistical analysis. We therefore included
this gene in the real-time PCR analysis. We also tested the
expression of 12 other predicted genes that occur in BAC
contig #314 of the maize FPC map (http://www.genome.
arizona.edu/fpc/maize/), which contains the 27-kDa �-zein
gene, since any of these genes could theoretically account
for a QTL at this location. The BAC containing the 27-kDa
�-zein gene (ZMbb049I19; Accession #AC217110) also
contains the 50-kDa �-zein, a putative alanine aminotrans-
ferase gene and two other genes (Fig. 2). The results
showed that two genes in contig 314, the 27-kDa �-zein and
a gene encoding an ethylene-responsive element binding-
protein (EREBP) homologue, were more highly expressed
in the vitreous than the opaque endosperm pools (Table 6).

Table 6 Genes identiWed as diVerentially expressed between vitreous and opaque kernels derived from the K0326Y QPM by W64Ao2 cross

a Although the microarray and real-time PCR gave discrepant results, data are presented for these genes because they apparently map at or very
close to QTLs
b Two PCR products were ampliWed in all opaque pools, whereas a single product was ampliWed in all vitreous pools, and it was therefore not
possible to obtain an expression ratio
c The 27-kDa �-zein gene and the ethylene-responsive element binding protein gene are in the same BAC contig (#314) and were identiWed as
diVerentially expressed by real-time PCR
d These genes have diVerent map coordinates and no sequence homology

Putative Gene Identity Array ID mRNA 
accession #

Bin Coordinate Fold increase in 
vitreous pools 
(microarray)

Fold increase 
in vitreous pools 
(real time PCR)

NADH: ubiquinone oxidoreductase subunit 4 MZ00036508 AY104931 1.05 439.1 1.5 ¡1.4 (§ 0.2)a

Probable small nucleolar RNA associated protein 1a MZ00014004 DQ245612 5.03 232.03 3.3 NAa,b

Endomembrane protein 70-like protein MZ00027277 BT024118 6.06 435.05 1.9 2.1 (§ 0.6)

Glucose transporter MZ00029899 AY106711 7.02 253.05 1.9 1.5 (§ 0.2)

27-kDa �-zeinc NAc AY109329 7.02c 258.4 – 4.1 (§ 0.1)

Ethylene-responsive element binding proteinc NAc AY105702 7.02c 258.4 – 2.6 (§ 0.3)

Alanine aminotransferasec NAc AY105956 7.02c 258.4 – ¡2.6 (§ 0.7)

26S proteasome regulatory subunit-like proteind MZ00025689 DQ245134 7.02d 254.05 3.5 14.9 (§ 1.2)

26S proteasome regulatory particle 
non-ATPase subunit3d

MZ00024036 AY103743 7.02d 193.00 4.1 ¡1.3 (§ 0.2)a

Putative protein phosphatase type 2C MZ00016817 BT02415 7.03 384.03 2.0 56.4 (§ 5.6)

Weakly similar to soybean sorbitol-like transporter MZ00020679 AY111942 7.04 431.1 1.8 4.5 (§ 1.0)

Plenty-of-prolines-101 MZ00056560 DR828623 7.05 548.17 1.4 1.4 (§ 0.2)

Pyrophosphate–fructose 6-phosphate 
1-phosphotransferase � subunit

MZ00015645 BT017003 9.03 226.04 5.2 16.0 (§ 1.7)

Zinc Wnger protein MZ00038867 CD966007 9.03 254.03 1.9 1.7 (§ 0.1)

�, �-fold hydrolase 1 MZ00025901 AY105548 9.04 317.04 2.5 4.9 (§ 0.2)

EIN3-like protein MZ00042403 CFO56286 9.05 342.04 3.3 1.4 (§ 0.1)
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Although the EREBP gene does not occur in BAC
ZMMBBb0049I19 (Fig. 2), it occurs in a diVerent BAC
(ZMMBBc0273I06; Accession #AC197252-3) that
includes the 27-kDa �-zein gene where they are separated
by approximately 104 kb. The gene encoding the 50-kDa
�-zein in BAC ZMMBBb0049I19 and eight other predicted
genes in contig 314 showed no diVerence in expression
between the vitreous and opaque phenotypic classes (data
not shown). The alanine aminotransferase gene in BAC
ZMMBBb0049I19 is down-regulated in the vitreous pools
(Table 6), further demonstrating that increased transcrip-
tion is not a general feature of the genes in this region.

Discussion

The nature and relationships between Opm genes in most
QPM germplasms is unknown. Early studies suggested
there were likely to be multiple un-linked Opm loci with
positive and negative eVects. Belousov (1987) reported that
many of these genotypes have a complex system of genetic
control, with dosage eVects, cytoplasmic eVects, and
incomplete and unstable penetrance of the Opm genes.
Additive, dominant, semi-dominant and recessive gene
action was postulated for diVerent genetic backgrounds. We
reported the phenotypic and genotypic analysis of Opm loci
in CIMMYT’s Pool 33 based on the BSA approach and a
limited set of RFLP markers (Lopes and Larkins 1995;
Lopes et al. 1995). The phenotypic analysis suggested two
independent loci aVecting seed density and opacity, and
two QTLs aVecting these traits were found, one near the
centromere of chromosome 7 that is linked with the 27-kDa
�-zein gene, and a second locus near the telomere of the
long arm of chromosome 7. The nature of this analysis did
not allow us to assess the relative contribution of each of
these loci to the modiWed o2 phenotype.

The initial goal of this study was to investigate the rela-
tionships between Opm loci in CM105Mo2 (Pool 33 QPM)
and a South African QPM, K0326Y. We used W64Ao2 as
the common soft o2 parent for these experiments, because
it diVers markedly from the QPM inbreds in vitreousness,
density and hardness (Tables 1, 2), and we hoped to be able
to determine if there were common genetic determinants
inXuencing each of these traits. Seed density and vitreous-
ness appear to be correlated (Lopes and Larkins 1995), but
it is technically easier to measure density. We found that
the simplest method to measure vitreousness was to place
kernels on a light box and photograph them with a digital
camera, and then measure light transmission in arbitrary
units using Adobe Photoshop. We later became aware of a
study by Erasmus and Taylor (2004) that described a very
similar method for measuring vitreousness.

Using the BSA approach to compare the K0326Y QPM
and CM105Mo2 by W64Ao2 crosses, we were able to iden-
tify three Opm QTLs in each genetic background: the
K0326Y QPM by W64Ao2 cross revealed QTLs in bins
7.02, 9.03 and 9.05, while the CM105Mo2 by W64Ao2
cross identiWed QTLs in bins 7.02, 6.03/6.04 and 6.05. The
QTL in bin 7.02 appears to be common to both genetic
backgrounds, as it was identiWed with many of the same
SSR markers (Tables 3, 4); it is likely that this locus corre-
sponds to the QTL identiWed by Lopes et al. (1995).

We extended the analysis of the K0326Y QPM by
W64Ao2 cross by analyzing single kernels of an F2 ear. In
addition to measuring light transmission (vitreousness)
with a digital camera, we also made Instron measurements
to determine kernel hardness. The results showed a 50-fold
range in light transmission, with the vitreous kernels tend-
ing to be harder than the opaque kernels. There was a low
correlation (R2 = 0.11) between vitreousness and hardness,
but it is possible that the hardness data are unreliable, since
only a single kernel breakage measurement could be made.
We are developing recombinant inbred lines from the prog-
eny of this cross, and they will allow us to collect hardness
data for a larger number of kernels with a uniform geno-
type.

Based on segregation of vitreousness in the F2 popula-
tion, seven Opm QTLs were identiWed that accounted for
approximately 75% of the phenotypic variation. The loci in
bins 7.02 and 9.04/9.05, which correspond to the QTLs
identiWed in the BSA, had LRS values of 75.3 and 29.4,
respectively, and thus are strong candidates for QTLs.
These two QTLs accounted for 40% of the phenotypic vari-
ation. The QTLs in bins 1.05/1.06, 1.07/1.08, 5.01/5.02 and
10.02 have smaller LRS values and therefore might be dis-
counted. However, other evidence suggests their validity
(see below). There are gaps in some of the chromosome
linkage maps due to a limited number of markers in certain
regions. Thus, the QTLs that account for the remaining

Fig. 2 Physical map of BAC clone ZMbb049I19. The BAC occurs in
contig 314 with genetic marker umc1393 (258.4 cM) and the following
physical markers: CL2764, CL1979, PCO123780, PCO137477 and
zp27. The Xanking genetic markers are umc1929 (249.1 cM) in contig
310 and bnlg1022a (274 cM) in contig 316. The orientation of the pre-
dicted genes is indicated with solid black arrows and they are num-
bered as follows: 1, putative 5�-phosphoribosyl-5-aminoimidazole
synthetase; 2, putative alanine aminotransferase; 3, 50-kDa �-zein; 4,
27-kDa �-zein; 5, hypothetical protein (Wber protein-like). The upward
pointing arrows indicate increased expression; downward arrows indi-
cate reduced expression and horizontal lines indicate no change in
expression. Dark shaded boxes show Ty3/gypsy retrotransposons, and
light shaded boxes show Ty1/copia retrotransposons
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25% of variation in the vitreous phenotype could have been
missed.

In the analysis of Pool 33 QPM, Lopes et al. (1995)
reported a QTL near the telomere of the long arm of chro-
mosome 7 that was identiWed by a single RFLP marker,
umc35. This locus was detected in the BSA of a Pool 33 by
W22o2 cross, but not the Pool 33 by W64Ao2 cross. The
umc35 marker is in bin 7.05, and the size of the eVect of
this QTL, as measured in the F2 population derived from
the cross between K0326Y QPM and W64Ao2 (Table 5),
could explain why it might not have been detected by BSA.
The microarry analysis (see below) identiWed candidate
genes that map to bins 1.05/1.06 and 9.04/9.05, which sup-
ports the validity of these QTLs.

The mechanism by which Opm genes create a vitreous
kernel phenotype is not understood. Although they could be
related, it is possible that the genes responsible for o2 mod-
iWcation are diVerent from those that cause the wild type
vitreous phenotype (Séne et al. 2001). To a large extent the
mechanisms that cause a starchy endosperm in opaque
mutants are not well characterized (Hunter et al. 2002). The
O2 gene encodes a transcription factor that regulates a
number of genes expressed in the endosperm, including
those encoding 22-kDa �-zein proteins (Schmidt 1993).
The reduced size of zein protein bodies in o2 mutants was
thought to explain the opaque kernel phenotype (Geetha
et al. 1991), although this was a tenuous hypothesis,
because the o2 mutation inXuences expression of many
genes (Hunter et al. 2002; Gibbon et al., unpublished data).
However, it was shown that silencing the genes encoding
22-kDa �-zeins by RNAi was suYcient to create an opaque
kernel phenotype (Segal et al. 2003). The abnormal locali-
zation of 22-kDa �-zeins in Xoury1 appears to be responsi-
ble for the starchy endosperm of this mutant (Holding et al.
2007). Thus, the reduced synthesis or altered deposition of
22-kDa �-zeins could be responsible for a starchy endo-
sperm phenotype.

Other mutations that alter zein synthesis or disrupt pro-
tein body structure are associated with an opaque endo-
sperm phenotype. For example, the Xoury2 (X2) and
Defective endosperm B30 (De-B30) mutations, which cause
defective signal peptides in �-zeins (Coleman et al. 1997;
Kim et al. 2004), disrupt the organization of zeins in the
protein body and cause an elevated unfolded protein
response (UPR) (Kaufman 1999). Reduced levels of the 27-
kDa �-zein in the o15 mutant (DannenhoVer et al. 1995)
and a deletion mutation in the 16-kDa �-zein in the Mucur-
onate (Mc) mutant (Kim et al. 2006) are also associated
with the UPR and a starchy endosperm phenotype. These
observations are consistent with the hypothesis that the
size, number and structure of protein bodies inXuence the
texture and vitreous phenotype of the mature endosperm
(Kim et al. 2004, 2006).

Biochemical characterization of QPM showed a distinc-
tive diVerence in zein composition relative to soft o2
mutants. Although QPMs have reduced levels of 22-kDa �-
zeins, typical of o2 mutants, they contain approximately
twice as much 27-kDa �-zein as starchy o2 genotypes (Ort-
ega and Bates 1983; Wallace et al. 1990). Two studies
demonstrated a positive relationship between the content of
27-kDa �-zein and Opm gene dosage (Geetha et al. 1991;
Lopes and Larkins 1995). The 27-kDa �-zein appears to ini-
tiate the formation of protein bodies (Lending and Larkins
1989; Coleman et al. 1996), and endosperms with increased
amounts of this protein contain more protein bodies (Dan-
nenhoVer et al. 1995). Because the 27-kDa �-zein becomes
cross-linked by disulWde bonds during kernel desiccation
(Lopes and Larkins 1991), it was hypothesized that it, along
with other cysteine-rich proteins, contributes to the forma-
tion of a covalently linked proteinaceous network around
the starch grains (DannenhoVer et al. 1995). Thus, the level
of 27-kDa �-zein could be an important component of
endosperm modiWcation in QPM, and the increased tran-
scription of genes encoding this protein (Table 6) is consis-
tent with this hypothesis.

A QTL identiWed by BSA mapped to bin 9.03, which
includes the waxy1 (wx1) locus as well as several other
genes involved in starch biosynthesis. We previously
reported a link between starch structure and vitreousness in
QPM (Gibbon et al. 2003), and there is other evidence sup-
porting such a relationship. wx1 is a mutation of the gene
encoding granule-bound starch synthase (GBSS I), and
starch grains in homozygous mutants contain amylopectin
but not amylose (Nelson and Rines 1962). How this compo-
sitional change aVects the molecular structure of the starch
grain is poorly understood, but when placed on a light box
the mutant kernels are opaque. Many starch mutants have a
reduced zein content (Tsai et al. 1978; Giroux et al. 1994),
which complicates interpretation of their phenotypes based
solely on changes in starch synthesis.

To identify potential candidate genes for the Opm QTLs in
our mapping populations, we conducted a microarray experi-
ment in which we made use of the individuals composing the
true-breeding vitreous and opaque bulks made from the
K0326Y QPM by W64Ao2 cross. The design of this experi-
ment provided eVective selection for genes associated with o2
endosperm modiWcation that are diVerentially expressed in
what will become vitreous versus opaque endosperm at kernel
maturity. Endosperm from 18-DAP kernels was chosen for
this analysis, because it represents a mid-development stage
with the highest levels of mRNA transcripts.

Surprisingly, a relatively small number of diVerentially
expressed genes were identiWed with an oligonucleotide
array of 46,128 probes. This may reXect the eVectiveness of
the pooling in our experimental design, but it is likely that
there were many minor changes in transcript levels that
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could not be detected by this analysis. The 27-kDa �-zein is
a good example. This gene is highly expressed in modiWed
and starchy o2 endosperm but was not identiWed as diVer-
entially expressed in the microarray analysis, probably as a
result of signal saturation at the chosen laser scanning level.
It is possible that additional and perhaps more extensive
changes in gene expression would be detected by examin-
ing later stages of development; however, following 18-
DAP the endosperm contains an increasing proportion of
cells undergoing programmed cell death (PCD) (Woo et al.
2001) and this would create another factor aVecting the
results. The fact that genes with both abundant and rare
transcript levels were detected by this analysis, and that
there is a physiological connection between many of them,
supports the validity of the microarray results.

Several of the diVerentially expressed genes map coinci-
dentally with the Opm QTLs in bins 1.05, 7.02 and 9.05
(Tables 5, 6). The QTL in bin 7.02 occurs near the 27-kDa �-
zein locus, similar to our previous results (Lopes et al. 1995).
The level of the 27-kDa �-zein protein is consistently
increased in modiWed o2 kernels (Lopes and Larkins 1995),
but whether the higher amount of 27-kDa �-zein is the cause
or an eVect of Opm gene activity remains to be established.
When a QTL is coincident with a modiWer gene, there should
be an identiWable sequence diVerence associated with the
gene or its regulatory region between the o2 and modiWed o2
backgrounds. Such a mutation would be deWned as cis-acting
and because it could be within the transcribed sequence or its
regulatory regions, it could be hundreds of kb away and very
diYcult to deWne. DiVerentially expressed genes that do not
map to QTLs may be under the direct control of trans-acting
modifying factors, or their altered expression may simply be
indirect, reXecting downstream eVects of changes in kernel
composition or modiWer gene expression.

In an attempt to identify genetic changes in the 27-kDa
�-zein gene that might help to explain its role in modiWca-
tion, we sequenced its coding and 5�-Xanking regions and
made comparisons between W64A+, W64Ao2 and several
diVerent QPM lines. We found no consistent sequence
diVerences that could potentially account for a QTL (data
not shown), although we cannot rule out the possibility that
one or more QTLs reside in a distant regulatory sequence.
It is also possible that the diVerential expression of the 27-
kDa �-zein gene results from trans-acting factors, which
could be QTLs. To establish whether the expression of
modiWer genes is aVected by cis-acting mutations or by
trans-acting factors, we will need to perform allele speciWc
expression analysis between the modiWed o2 and o2 paren-
tal lines and determine the ratios of the parental transcripts
in reciprocal F1 s (Hochholdinger and Hoecker 2007).

A number of the diVerentially expressed genes identiWed
in the microarray experiment have been implicated in PCD.
PCD is a normal part of maize endosperm development; it

begins in the center during early development and eventu-
ally spreads as far as the aleurone cells. Ethylene signaling
was shown to be involved in endosperm PCD (Young et al.
1997), and it is interesting that two genes involved in ethyl-
ene signaling (an EIN3-like gene and an ethylene-respon-
sive element binding-protein, EREBP) are up-regulated in
modiWed o2. In Arabidopsis, EIN3 serves as a primary tran-
scription factor that plays a central role in ethylene signal-
ing by activating secondary transcription factors, including
EREBPs, which activate the ultimate eVectors of the ethyl-
ene response (Guo and Ecker 2004). Both of these compo-
nents of ethylene signaling were found to be up-regulated
in recent transcript proWling experiments focusing on PCD
in barley endosperm (Sreenivasulu et al. 2006). The type 2c
protein phosphatase has similarity to ABI1 and ABI2 pro-
teins, which are negative regulators of ABA signaling
(Hirayama and Shinozaki 2007), and it is strongly up-regu-
lated in modiWed o2. Interestingly, ABA has been shown to
have an inverse eVect to ethylene, since it represses PCD in
the endosperm (Young and Gallie 2000). Glucose is known
to play an antagonistic role to ethylene in that it promotes
the degradation of the EIN3 protein (Yanagisawa et al.
2003). Several genes encoding proteins that may play a role
in glucose homeostasis are also up-regulated. These include
pyrophosphate-fructose 6-phosphate 1-phosphotransferase,
which, along with ATP-dependent phosphofructokinase,
catalyzes the Wrst committed step of glycolysis. The �-sub-
unit of the 26S proteasome was found to be strongly up-
regulated in modiWed o2, and there is evidence that the 26S
proteasome complex is involved in the protein turnover that
occurs during PCD (Smalle and Vierstra 2004). Exactly
how increasing PCD might promote the formation of vitre-
ous endosperm in modiWed o2 is unclear, but studies aimed
at investigating this possibility are underway. As several of
the candidate genes may be linked to ethylene and ABA
signaling, which could aVect a variety of cellular processes,
it is possible that other pathways associated with these hor-
mones play a role in o2 endosperm modiWcation.
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