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Abstract Heterosis, or hybrid vigor, has been widely
exploited in plant breeding for many decades, but the
molecular mechanisms underlying the phenomenon
remain unknown. In this study, we applied genome-
wide transcript profiling to gain a global picture of the
ways in which a large proportion of genes are
expressed in the immature ear tissues of a series of 16
maize hybrids that vary in their degree of heterosis.
Key observations include: (1) the proportion of allelic
additively expressed genes is positively associated with
hybrid yield and heterosis; (2) the proportion of genes
that exhibit a bias towards the expression level of the
paternal parent is negatively correlated with hybrid
yield and heterosis; and (3) there is no correlation
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between the over- or under-expression of specific
genes in maize hybrids with either yield or heterosis.
The relationship of the expression patterns with hybrid
performance is substantiated by analysis of a geneti-
cally improved modern hybrid (Pioneer® hybrid 3394)
versus a less improved older hybrid (Pioneer® hybrid
3306) grown at different levels of plant density stress.
The proportion of allelic additively expressed genes is
positively associated with the modern high yielding
hybrid, heterosis and high yielding environments,
whereas the converse is true for the paternally biased
gene expression. The dynamic changes of gene expres-
sion in hybrids responding to genotype and environ-
ment may result from differential regulation of the two
parental alleles. Our findings suggest that differential
allele regulation may play an important role in hybrid
yield or heterosis, and provide a new insight to the
molecular understanding of the underlying mecha-
nisms of heterosis.

Introduction

Heterosis is a term first introduced by Shull (1908) to
describe the superior performance of hybrid progeny
compared to their inbred parents. Heterosis in plants is
associated with increases in grain yield, vegetative
growth rate, tolerance to pests and environmental
stress, accelerated maturity, and many other changes in
desirable agronomic characteristics. In maize breeding,
heterosis has been widely exploited for many decades,
but there is still a very limited understanding of the
underlying genetic or molecular mechanisms.

Two fundamental questions regarding the molecular
mechanism of heterosis are the relationship between
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yield heterosis and gene expression in the hybrids, and
how the two different alleles brought together in the
hybrids are expressed. The superior performance of
the hybrid over the mean of the inbred parents may
result from the altered regulation of gene expression in
the hybrids, either at the global level or for specific
classes of genes. One possible scenario is that the two
different alleles brought together in the hybrid create a
combined allelic expression pattern in hybrids. Com-
plementation of the allelic expression differences may
result in different overall developmental expression
patterns in the hybrid compared to the inbred parents.
For example, the timing of gene expression may differ
in the parents such that the expression pattern in the
hybrid results in an extended time of gene expression.
Alternatively, at some loci, allelic interaction or a
change in the spectrum of trans-acting factors causes
gene expression in the hybrid to deviate from simple
additive allelic expression patterns of the parents
(Birchler et al. 2003; Gibson and Weir 2005).

Early studies reported examples of increased
mRNA quantity or protein amount expressed in
hybrids as compared to their inbred parents (Leonardi
et al. 1991; Romagnoli et al. 1990; Tsaftaris et al. 1995,
1999) and suggested that increased gene expression
level in the hybrids may contribute to heterosis. More
recent studies of gene expression in hybrid maize have
shown both allelic additive types of expression regula-
tion and deviation from it in the triploid endosperm tis-
sue (Guo et al. 2003; Son and Messing 2003) and in leaf
tissue (Auger et al. 2005). However, there is still a pau-
city of data demonstrating any relationship between
any expression patterns in maize or those documented
in other plants (Bao et al. 2005; Vuylsteke et al. 2005)
and yield heterosis.

We have previously shown with a subset of ran-
domly selected genes that the two parental alleles in
maize hybrids can be regulated differentially, at the
cumulated transcript level, in different tissues and in
different environments (Guo et al. 2004). The study
shows that transcript regulation can be allele-specific
and that specific expression patterns of the two paren-
tal alleles in the hybrid manifest during development
and in different environments is possibly associated
with hybrid performance.

In the present study, we used GeneCalling technol-
ogy (Shimkets et al. 1999) to profile mRNA expressed
in the immature ear tissue (before pollination) of a
series of 16 maize hybrids that varied in yield heterosis.
GeneCalling technology is an open-ended, gel-based
method that permits comprehensive profiling of
mRNA abundance for both known and novel genes in
an unbiased way (Crasta and Folkerts 2003), although
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identification of corresponding genes of profiled cDNA
fragments requires additional process (such as isola-
tion, cloning and sequencing). This technology detects
80-90% of expressed genes in a given tissue (Shimkets
etal. 1999). GeneCalling mRNA profiling has been
successfully used in various maize gene expression
studies, identifying genes involved in flavonoid biosyn-
thesis (Bruce etal. 2000), root-lodging resistance
(Bruce et al. 2001), stress response during maize seed
maturation and germination (Kollipara et al. 2002),
and demonstrating allelic expression in the maize
endosperm of reciprocal hybrids and inbred parents
(Guo et al. 2003).

In the present study, we used GeneCalling mRNA
profiling technology to analyze a series of 16 maize
hybrids that shared a common female parent and vary
in the degree of yield heterosis. The objectives of this
study are (1) to gain a global view of the level of
expression of genes during one stage of development
(immature ear tissue at stage V19) in a series of maize
hybrids and their inbred parents; (2) to determine
whether specific gene expression patterns in the
hybrid are associated with differences in heterosis
and/or hybrid yield both among genotypes and in
different environments with varying levels of stress;
(3) whether up- or down-regulated gene expression in
the hybrid correlates with heterosis; and (4) what are
the effects of differential regulation of the two paren-
tal alleles on gene expression in the hybrid back-
ground.

Materials and methods
Experimental design and tissue sampling

A series of 16 maize (Zea mays L.) hybrids and their
respective inbred parents were selected from the col-
lection at Pioneer Hi-Bred International, Inc.
(Table 1). The parental inbreds are either Stiff Stalk
Towa Synthetic (S) or Non-Stiff Stalk (NS) lines, which
comprise two heterotic pools used widely in maize
breeding (Labate et al. 1997). Hybrids were produced
by crossing a common female inbred (S1) with a series
of male inbreds that share different percentages of ped-
igree relationship with the female parent. The crosses
were either between different heterotic pools (S/NS),
or within a heterotic pool (S/S). The resulting hybrids
therefore range from highly heterotic to hybrids exhib-
iting little heterosis. Yield trials were conducted for all
16 hybrids and 17 inbreds in 1997 and 1999. There were
four locations and two replicates per location in each
year. At one of these four locations where yield trials
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Table 1 Description of inbred parents, their pedigree relationships with inbred S1, and the grain yield of their hybrids when crossed as

a male to inbred S1

Characteristics Pedigree relationship Hybrid yield Heterosis
to S1 inbred (%) (bu/acr) (bu/acr)

Male parent

S3 Mid maturity SS (YD) type 85.5 67.7 24.9
Central/eastern US CB adaptation

S4 Mid maturity SS (YD) type 459 75.3 15.6
Central/western US CB adaptation

S5 Mid/early maturity SS (YD) type 473 82.4 36.1

S6 Public line from Towa SS (100%), YD type 63.9 93.8 52.4

S7 Public line from Towa SS (100%), YD type 60.5 98.6 60.6

S8 Mid maturity SS (YD) type 48.8 105.9 56.0
Eastern/central US CB adaptation

S9 Mid maturity SS (YD) type 62.4 112.4 443
B37 derivative

S10 Mid maturity SS (YD) type 48.1 113.5 55.2
B73 derivative

S11 Mid maturity SS (YD) type 71.0 118.0 66.0
Western US CB adaptation

B73 Public US Towa SS (100%), YD type 20.7 131.9 68.1

NS3 Mid maturity NS (YD) type 3.1 136.7 53.6
Central US adaptation

NS4 Mid maturity NS (YD) type 1.1 142.2 87.1
Central US adaptation

NS1 Mid maturity NS (YD) type 0.8 142.6 87.4
Central US adaptation

NS5 Mid maturity NS (YD) type 4.5 148.0 88.5
Central US adaptation

NS6 Mid maturity NS (YD) type 1.5 156.0 90.8
Central US adaptation

NS7 Mid maturity NS (YD) type 2.4 157.8 98.2

Central US adaptation

Female parent

S1 Mid maturity Stiff Stalk (YD) type
Central/eastern US CB adaptation

S stiff stalk synthetic, NS non-stiff stalk, YD reid yellow dent, CB corn belt, S the common female parent for the 16 hybrids. Pedigree
was used to estimate percentage relationship to the common female parent, S1. Yield heterosis (F1 yield—mid-parent yield) is expressed

as bushels/acre (bu/acr)

were conducted, tissue samples were collected for
RNA analysis (see below).

For tissue sampling and RNA profiling in 1997,
hybrids and inbreds were grown in the field at John-
ston, A and planted at three different times, in the
months of April, May and June, approximately one
month apart. Such an experimental design was
intended to create growing environment variations;
thus, we refer to these different plantings as three envi-
ronmental replicates. Three primary, immature ears of
pre-pollination (approximately 6-8 cm in length) at the
stage of V19 were collected from three individual
plants and pooled as one biological sample from each
environmental replicate. One biological sample from
each environmental replicate was used for RNA profil-
ing in 1997 except for the common female S1 inbred, in
which three biological replicates were submitted for
GeneCalling. In 1999, five of the 16 hybrids and their

respective inbred parents: S1/S3, S1/S4, S1/S11, S1/
NS1, and S1/NS4 were grown in the field at Johnston,
IA. Reciprocal hybrids (made by crossing the S1
inbred as a common male parent) of these five were
also grown in the same location. Three primary imma-
ture ears of pre-pollination at the stage of V19 were
collected from three individual plants and pooled as
one biological replicate, and three biological replicates
were sampled for GeneCalling RNA profiling.

In the density stress treatment experiment, we
selected two commercial maize hybrids, SI/NS1 (Pio-
neer® hybrid 3394) and S2/NS2 (Pioneer® hybrid 3306)
that were developed in the 1990s and 1960s, respec-
tively. The parental inbreds S1 and NS1 are described
in Table 1. S2 is in the parentage of S1, and both are
derived from the same public line plus other Stiff Stalk
public and proprietary lines. The NS2 inbred is a Non-
Stiff Stalk line (Labate et al. 1997) and is derived from
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a cross of two first-cycle lines out of Midwestern dent
open-pollinated populations. The NS1 inbred is a line
of complex parentage involving NS2. The inbred par-
ents of both hybrids are adapted to the central US
Corn Belt and have very similar maturity. The hybrid
3306 is one of the earliest single cross hybrids released
commercially by Pioneer Hi-Bred International and is
typical of the germplasm that farmers used in the mid-
late 1960s, whereas hybrid 3394 was grown most widely
in the early 1990s. In contrast to 3306, the improved
yield characteristics of 3394 were selected using very
different agronomic management practices, including
higher plant density and increased levels of nitrogen
fertilizer application. The two hybrids, 3394 and 3306
were grown at Johnston, TA in 1999 at three plant den-
sities: 4,000, 18,000, and 35,000 plants per acre, respec-
tively. The same tissue sampling protocol as above was
used for RNA expression profiling. Three primary,
immature ears of pre-pollination at the stage of V19
were collected from three individual plants and pooled
as one biological sample and three biological replicates
were used for GeneCalling analysis.

RNA isolation and transcript profiling

Protocols for RNA isolation and GeneCalling profiling
have previously been described (Guo et al. 2003, 2004)
The tissue was ground to a fine powder in liquid N,.
Total RNA was extracted using TriPure reagent
(Roche Molecular Biochemicals, Indianapolis, IN,
USA) according to the manufacturer’s protocol. Poly-
A* RNA was purified from total RNA using oligo (dT)
magnetic beads (PerSeptive, Cambridge, MA, USA)
and quantified by fluorometry. Poly-A* RNA was then
subjected to GeneCalling analysis as described in
Shimkets et al. (1999). Briefly, the following steps were
involved in the GeneCalling process. Double-stranded
cDNA was synthesized from the mRNA and digested
with 48 different pairs of restriction enzymes (6-bp rec-
ognition sites). Adapters were ligated to the cDNA
fragments, which was then PCR amplified for 20-cycles
using adapter-specific primers. After size fractionation
on an electrophoresis gel, the fluorescamine (FAM)-
labeled PCR products were quantified by a laser scan-
ner into digital tracefiles. The fluorescent intensity
from FAM-labeled cDNA fragments is proportional to
the abundance of the corresponding mRNA expressed
in the given tissue.

The same 48 pairs of PCR primers were used for all
the samples in this study, and these cover 80-90% of
the expressed genes represented in the mRNA pool
from the tissue analyzed (Shimkets et al. 1999). For
each primer pair, three independent PCRs were made
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from an individual mRNA sample. A composite trace
is calculated based on the average peak height and var-
iance of the three PCR reactions from each sample
(Shimkets et al. 1999). One mRNA sample from each
genotype per environmental replicate was analyzed
(three PCR reactions), except for one genotype (the S1
inbred) in which three experimental replicates consist-
ing of nine PCR reactions were profiled. We analyzed
the three biological replicates of the S1 genotype and
did not find a significant difference between the repli-
cates (see Fig. 3d for representative traces).

Data analysis

Using the original GeneCalling data, we selected inter-
parental differentially expressed (IPDE) cDNA frag-
ments based on the criteria that the average intensities
of the cDNA fragments differed by at least two fold
and a P-value of 0.01. The IPDE cDNA fragments
could be due to expression level differences as well as
allelic sequence polymorphism. We chose two fold as
an empirical cut-off based on CuraGen’s prior analysis
on the reproducibility, sensitivity and false-positive
rate of the GeneCalling technology (Shimkets et al.
1999). The two fold cut-off is somewhat arbitrary, but is
used here, as it has also been used in other studies from
maize (Bruce etal. 2000, 2001; Guo etal. 2003).
Depending on the expression level of each gene, how-
ever, a lower fold change cut-off would favor false posi-
tives and a higher fold change cut-off would increase
the chance of missing differentially expressed genes.

In order to obtain a quantitative measurement of
the F; hybrid expression level relative to the mid-
parental level for each IPDE cDNA fragment, we
adapted the d/a ratio from quantitative genetics as a
metric. In this measurement, d (dominant gene
action) = F; (hybrid) — p (average of the parents); a
(additive gene action) = P; (parent 1) — p. In the case
of a complete dominant gene action of the P, allele,
F, =P, then, d/a=1; similarly, d/a=-1 if the other
parental allele (P,) is dominant. In the case of additive
gene action, F; = i, then, d/a = 0. Using this concept,
we considered the RNA expression level as a pheno-
type of each gene and measured the F1 hybrid expres-
sion level relative to the allelic additive expression
(Guo etal. 2003). Transcript expression may be
affected by multiple loci, the estimates for “a” and “d”
for each transcript of interest would represent compos-
ite additive and dominance genetic effects, respectively.
In the hybrid, the two parents contribute one dose each
to the genetic constitution. Additive allelic expression
in the hybrid would give a mid-parent level (p) of
(Pfemate + Pimate)/2- For each IPDE cDNA fragment, we
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first calculated the deviation of the actual hybrid
expression level from the average of the parents, as
d=F; — |, and then calculated the deviation of the
male parent from the average as a = P,,;. — 1. The d/a
ratio was then used to measure the hybrid expression
level relative to the average of the parental level. If the
hybrid expression level is equal to the average expres-
sion level, then d = F; — p =0, which results in d/a = 0.
Therefore, a zero value of the d/a ratio indicates that
the level of expression in the hybrid is the same as the
mid-parent value and fits the prediction of allelic addi-
tive expression. If the hybrid expression deviates from
the average expression level and is biased towards the
male parent’s level, then the values d =F, — p and
a =P, — 1, would be both negative or both positive,
resulting in d/a > 0. Likewise, d/a < O will be obtained if
the hybrid expression is biased towards the female par-
ent’s level, where the values d=F,—p and
a =P, ... — I, would be opposite in sign, one is negative
and the other is positive. While the absolute value of
the d/a ratio indicates the degree of the deviation from
allelic additive expression, the sign of the d/a ratio
indicates the direction of the deviation, maternal or
paternal.

Results
Hybrid yields and heterosis

In order to examine gene expression patterns in
hybrids in relation to heterosis, we crossed a Stiff
Stalk (S1) line as a common female parent with 16
different inbred lines as males, that include Stiff Stalk
and non-stiff stalk (NS) lines sharing different per-
centages of pedigree relationship with the female par-
ent (Table 1). This experimental design created a
series of hybrids that share a common parent with a
wide range in yield and heterosis. Grain yield of
hybrids and their inbred parents was tested in 2 years,
1997 and 1999 in four locations with two replicates
per location in each year. The grain yield of all
hybrids was lower in 1997 than in 1999. In general,
1997 was a low yielding season due to various envi-
ronmental stresses, including a combination of low
temperature and frost early in the season, prolonged
local flooding, and water-deficient conditions later in
the season. The growing season of 1999 in contrast,
was a mild season and resulted in a higher grain yield
(Fig. 1). The average yield and heterosis data from
the 2 years are shown in Table 1. Yield heterosis was
calculated by the yield advantage of the hybrid over
the mid-parent values.

| | O Low yielding year (1997)
M High yielding year (1999)

120 T

80 7
60 7
40
20

Hybrid Yield (bu/acr)
]
s}

5 6 7 8 9 10 11 12 13 14 15 16
Hybrids

Fig. 1 Hybrid yields from a high yielding year (1997) and a low
yielding year (1999). The hybrids are listed in Table 1. Yield was
measured in bushels/acre (bu/acr) at four locations per year and
in two replicates per location. Hybrids are ranked by yield data
from 1999. All hybrids yielded higher in 1999 than in 1997

Gene expression differences between the inbred
parents

Poly (A)" RNA from non-pollinated immature ear tis-
sues (V19 stage) of 16 hybrids and 17 inbred parents
harvested in 1997 was subjected to GeneCalling analy-
sis as described in Shimkets et al. (1999, Materials and
methods). In this study, we used the original GeneCall-
ing data, the profile of each sample consisted of
approximately 70,000 cDNA fragments. As described
by Shimkets etal. (1999), each transcript can fre-
quently be represented by more than one cDNA frag-
ment using the GeneCalling approach since several
restriction fragments from each cDNA can be ampli-
fied by this method. In comparing cDNA fragments
from different genotypes using GeneCalling, cDNA
sequence polymorphism can further complicate the
expression analysis. Such polymorphisms can exist at
the restriction site used prior to amplification or
between sites to generate a restriction fragment length
polymorphism. When comparing two inbreds of differ-
ent genotypes with their F; hybrid, a cDNA sequence
with no polymorphism will appear as one fragment size
in all three genotypes. In contrast, a cDNA fragment
that exhibits a sequence polymorphism detected by
GeneCalling will yield two fragments of different
lengths in the F1 hybrid, but only one or the other of
these two fragments in each parental inbred. In either
case, it is still valid to determine if the expression level
of the hybrid bands deviates from the mid-parent.
Indeed, sequence polymorphisms provide an opportu-
nity to determine allele-specific levels of expression in
the F, hybrid rather than the total expression level pro-
duced by the two combined alleles at a given locus.
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IPDE cDNA Fragments as % of Total

60 80 100 120 140 160
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Fig. 2 Correlation between the proportion of Inter-Parental
Differentially Expressed (IPDE) cDNA fragments with yield het-
erosis (upper panel) and hybrid yield (lower panel). Heterosis was
calculated as yield of single cross minus mid-parent yield as
shown in Table 1. Yield was measured in bushels/acre (bu/acr) in
two years, 1997 and 1999, at four locations per year, and two rep-
licates per location. Yield and heterosis data shown are the mean
values of the two years

mRNA profiles of the hybrids and inbreds grown in
1997 were obtained from three environmental repli-
cates, and each environmental replicate was sampled
as three RT-PCR replicates in GeneCalling analysis.
The cDNA fragments that are differentially expressed
between the inbred parents by at least two fold were
selected for expression analysis in the hybrids, and are
hereafter referred to as IPDE (Inter-Parental Differen-
tially Expressed) cDNA (Materials and methods). We
found that the proportion of IPDE cDNA fragments
varied between 1 and 10% among the different pairs of
inbreds chosen as hybrid parents. The percentage of
IPDE cDNA fragments correlated positively with
hybrid yield and yield heterosis (Fig. 2).
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Gene expression in F; hybrids relative to the
mid-parent prediction

In order to obtain a quantitative measurement of the
F, hybrid expression level relative to the average of the
parental levels for each IPDE cDNA fragment, the d/a
ratio, a metric often employed in quantitative genetics,
was used, where “d” and “a” stand for a dominant and
an additive gene action, respectively (Comstock and
Robinson 1952; Gardner et al. 1953). This metric has
been used for quantitative analysis of transcript level
relative to allelic dosage regulation in the maize endo-
sperm (Guo et al. 2003). The d/a ratio is a measure of
the level of gene expression in the hybrid in relation to
the allelic dosage, i.e. the mid-parent value. The farther
the deviation of the F; expression from the mid-parent,
the greater the absolute d/a value. For example, when
the F, hybrid expresses at the same level as the mater-
nal parent, the d/a ratio is — 1. When the F; hybrid
expression level is the same as the paternal parent, the
d/a ratio is + 1. If the hybrid expression level is outside
the range of the parents, the d/a ratio is < — 1, if the
deviation is towards the maternal parent, and >+ 1 if
towards the paternal parent. The d/a ratio is O when the
F, expression level is the same as the mean of the
expression level of the two parents.

If most of the IPDE cDNA fragments exhibit allelic
additive expression in the F; hybrid, the d/a ratios
should exhibit a normal distribution with the peak at
zero and a narrow variance (mostly due to inherent
variation of the GeneCalling method). We calculated
the d/a ratio for every IPDE cDNA fragment in each
individual hybrid and the distributions of the d/a ratios
from all 16 hybrids (approximately 125,000 data points
total) are shown in Fig. 3a. The majority (~ 80%) of
the IPDE cDNA fragments have a d/a ratio between
— 1 and + 1, indicating that, for most genes, the expres-
sion level in the hybrid was within the range of the par-
ents. To estimate the proportion of genes that
expressed at the approximate mid-parent level, we set
an arbitrary cutoff of a d/a ratio between — 0.5 and
+ 0.5 and found that among the different hybrids 35—
55% of IPDE cDNAs fell within this range of approxi-
mate mid-parent expression. The remaining IPDE
cDNAs (~20%) were expressed at a level in the F;
hybrid beyond the range of the two parents, either
higher than the higher parent, or lower than the lower
parent (d/a ratio>+1 or < — 1), but none of these
fragments was uniformly under- or over-expressed in
all or even a majority of the hybrids analyzed.

We also looked for IPDE cDNA fragments that
exhibited similar d/a ratios between — 1 and + 1 among
all hybrids analyzed, but none were conclusively identi-
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Fig. 3 Distributions of d/a ratio for IPDE cDNA fragments from
16 hybrids grown in 1997. a Hybrid d/a ratio distribution of all
IPDE c¢DNAs. For each hybrid, IPDE cDNAs were binned by d/
a ratio interval of 0.10. The percentages of IPDE cDNAs in each
bin were calculated from the total IPDE cDNA fragments of each
individual hybrid. Each data point in a—c represents the percent-
age of IPDE cDNAs in each bin per hybrid, but the total number
of IPDE d/a ratios computed in (a) was near 125,000, the summa-
tion of all 16 hybrids. b Hybrid d/a ratio distribution of IPDE cD-
NAs where the level of maternal parent expression was higher
than the paternal parent. The diagram above the distribution chart
illustrates the predominant pattern where the S1-derived maternal
alleles were expressed below mid-parent prediction in the F; hy-
brid. GE on the y-axis of the chart represents Gene Expression
level. The predominance of this type of gene expression contrib-
uted to the bias in the d/a ratio distribution towards the paternal
parent in (a). See also Supplemental Fig. 1. ¢ Hybrid d/a ratio dis-
tribution of IPDE cDNAs where the level of paternal parent
expression was higher than the maternal parent. The diagram
above the distribution chart illustrates expression of these pater-
nal alleles at the mid-parent level in the F, hybrid. The predomi-
nance of this type of expression results in the symmetric d/a ratio
distribution for cDNAs in which the paternal parent expression
was higher than the maternal parent. d GeneCalling trace presen-

310315 320 325 330 335

F1 (SI/NS1) Paternal (NS1)

tation of examples of three expression scenarios in F1 hybrid (S1/
NS1) where the expression of an IPDE cDNA fragment is higher
in the S1 parent (the common maternal parent) than in the other
parent. The top panel represents an IPDE cDNA fragment where
the maternal (S1) allele in the hybrid is expressed at a level higher
than the mid-parent and biased to the maternal parent’s level,
resulting in a d/a ratio of —1.62. The middle panel depicts an in-
stance of additive or mid-parent expression for an IPDE cDNA
fragment with a d/a ratio of —0.2 (near 0). The bottom panel shows
the F1 hybrid expression level of an IPDE cDNA fragment below
the mid-parent prediction and biased toward the paternal level,
resulting in a d/a ratio of + 1.82. . The higher frequency of genes
with under-expression of the maternal S1 allele in the F1 hybrid
(as depicted in the bottom panel) contributed to the paternally bi-
ased distribution in the d/a ratio seen in (a) and (b). The y-axis of
the GeneCalling traces is RNA expression level in arbitrary units.
GeneCalling traces were composite of three PCR replications. For
the S1 parent, three biological replicate traces, each a composite of
three PCR replications, are shown to indicate reproducibility of
the GeneCalling procedure. The traces highlighted with a line cor-
respond to the IPDE cDNA fragments described. The schematic
diagrams on the left of each panel depict simplified versions of the
expression patterns shown. GE on the y-axis of the diagram repre-
sents Gene Expression level
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fied. Unfortunately, both the high rate of sequence
polymorphism in maize and the nature and resolution
of the GeneCalling methodology made it difficult to
confirm if IPDE cDNA fragments of a given size (£ 0.5
base pair; Shimkets et al. 1999) that exhibited similar d/
a ratios among several hybrids were identical in
sequence in every electrophoresis lane. Considerable
further work (i.e., fragment isolation, cloning and
sequencing) would be required to investigate this in
each instance. Thus, the focus for the remainder of this
study was on global trends in expression rather than on
the correlation between the expression pattern of any
specific gene and heterosis.

Deviation of hybrid gene expression from the
mid-parent prediction and allele-specific regulation

The data in Fig. 3a indicate that hybrid gene expression
can approximate the mid-parental level, be similar to
either the maternal or paternal level or fall outside the
parental range. However, the distribution of the d/a
ratios in Fig. 3a is noticeably biased towards the pater-
nal parent. To investigate this further, we analyzed d/a
ratios of IPDE cDNA fragments separated into two
groups: those where the expression level in the mater-
nal parent is higher than the paternal parent (Fig. 3b)
and vice versa (Fig.3c). This analysis showed that
IPDE cDNAs that had a higher expression level in the
maternal parent (inbred S1) are mainly responsible for
the biased d/a distribution seen in Fig.3a (Fig. 3b),
whereas those IPDE cDNAs expressed at a higher
level in the paternal parents generally exhibit mid-par-
ent expression and the d/a ratio distribution for this
class of IPDE cDNAs is symmetric (Fig.3c). The
difference is exemplified by the proportion of IPDE
cDNAs with a d/a ratio between — 0.5 and + 0.5, which
was 32-46% among hybrids for the data in Fig. 3b and
41-54% among hybrids for the data in Fig. 3c. Thus, in
this series of F1 hybrids, maternal S1-derived alleles
that are more highly expressed than their paternal
counterparts are generally expressed at a level lower
than that predicted by the null hypothesis of allelic
additivity. This results in hybrid expression closer to
the paternal level and, as a consequence, the distribu-
tion of the d/a ratio is paternally biased, as seen in
Fig. 3a, b.

Figure 3d shows examples of GeneCalling traces
representing three scenarios of S1-derived maternal
allele expression in a representative F; hybrid (S1/NS1)
from this series: hybrid expression at the same level as
maternal parent S1 (top panel), at the mid-parent level
(middle panel), and below the mid-parent level (bot-
tom panel), respectively. The predominance of genes
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that exhibited under-expression of the more active
maternal Sl-derived allele (as shown in the bottom
panel in Fig. 3d) in this series of F; hybrids contributes
to the biased d/a ratio distribution seen in Fig. 3a, b.

Next, we analyzed the IPDE cDNA d/a ratio distri-
butions for each of the 16 hybrids individually and
found that, in every case, the d/a ratio distribution is
biased towards the non-common, paternal parent, but
varies in the degree, with lower yielding hybrids show-
ing more bias, i.e., having more genes expressed closer
to the paternal level. The trend becomes more obvious
when the d/a ratio distributions of fewer hybrids with
bigger differences in heterosis [(S1/S3, S1/S11 and S1/
NS1) out of the 16 hybrids shown in Fig. 3b] are visual-
ized (Supplemental Fig. 1). We calculated the propor-
tion of the IPDE cDNA fragments that fell into the
range of approximate mid-parent expression (d/a ratio
of — 0.5 to + 0.5) and those that were biased toward the
paternal parent (d/a ratio > + 1), respectively in each
hybrid. The proportion of IPDE c¢cDNA fragments in
the mid-parent expression category is highest in high
yielding hybrids exhibiting the most heterosis. As
shown in Fig. 4a, there is a significant positive correla-
tion between hybrid yield/heterosis and the percentage
of genes with mid-parent expression. In contrast, a sig-
nificant negative correlation is observed between
hybrid yield/heterosis and the percentage of IPDE
cDNA fragments in the paternally biased expression
category (Fig. 4b, Supplemental Fig. 1).

Hybrid gene expression in relation to stress

To test whether different growing environments affect
the gene expression pattern in F; hybrids, we repeated
RNA profiling of five of the initially selected hybrid/
inbred combinations grown in a different year (1999).
Two of the hybrids chosen (S1/S3, S1/S4) were lower
yielding, two (S1/NS1, S1/NS4) were high yielding and
one (S1/S11) had intermediate yield.

IPDE cDNA fragments were selected as before and
the distribution of their d/a ratios is shown in Fig. 5a.
We also included hybrids of the reciprocal crosses (i.e.
hybrids in which S1 was a common female parent, as
well as those in which S1 was a common male parent)
in this second experiment (Fig. 5b). No difference in
the d/a distributions was found between hybrids of
reciprocal crosses in the growing season of 1999.
Among reciprocal hybrids, we found no differences in
the d/a distributions for IPDE cDNA fragments where
expression in the female parent was higher than the
male or vice versa (Supplemental Fig.?2). Similarly,
there was very little difference in the proportion of
IPDE cDNA fragments that showed mid-parent or
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Fig. 4 Correlation between patterns of gene expression with
yield heterosis and hybrid yield. a Significant positive correlations
(P <0.001) between the percentage of IPDE cDNAs with mid-
parent expression and yield heterosis (upper panel) and hybrid
yield (lower panel). b Significant negative correlations (P < 0.001)

paternally biased expression between reciprocal
hybrids (Supplemental Fig. 3).

As compared to the first experiment performed in
1997, the d/a ratio distributions for IPDE cDNA frag-
ments in 1999 peak around zero and are not biased
toward the paternal parent (Fig.5a, b). When we
compared the two seasons for their mid-parent versus
paternally biased gene expression, we found that
hybrids grown in 1999 had a much higher proportion
of genes with the mid-parent expression and a con-
comitantly lower proportion of paternally biased
expression, as compared to those in 1997 (Fig. 6a).
1999 was a mild and high yielding season, whereas
1997 was a stressed and low yielding season. The
difference between the two years’ growing environ-
ment was reflected in the higher grain yields seen in
1999 (Fig. 1). The results suggest that environmental
stress reduced the proportion of genes that were
expressed in an allelic additive manner in the hybrid,
and that at many loci, each parental allele can
respond differentially to environmental stress in
hybrids.
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between the percentage of IPDE cDNAs with paternally biased
expression and yield heterosis (upper panel) and hybrid yield
(lower panel). Expression profiling data from three environmen-

tal replicates were combined. The heterosis of grain yield was cal-
culated in bushel per acre as F; yield-mid-parent yield

To further test whether adverse or stressed environ-
ments can contribute to hybrid gene expression, we
conducted a density study using two contrasting
hybrids, a modern hybrid, Pioneer ® hybrid 3394 (S1/
NS1) and a less improved hybrid, Pioneer ® hybrid
3306 (S2/NS2). The hybrid 3306 is one of the earliest
single cross hybrids released commercially by Pioneer
Hi-Bred International and is typical of the germplasm
that farmers used in the mid-late 1960s, whereas hybrid
3394 was grown most widely in the early 1990s. In con-
trast to 3306, the improved yield characteristics of 3394
were selected using very different agronomic manage-
ment practices, including higher plant density and
increased levels of nitrogen fertilizer application. As
has been noted previously, the yield gains of corn
hybrids over time have primarily resulted from genetic
improvement in tolerance to both biotic and abiotic
stresses (Duvick 2001; Duvick et al. 2004). We sought
to compare the stress-tolerant modern hybrid, 3394,
with the stress-susceptible less improved hybrid, 3306,
by growing them under increasing levels of plant den-
sity. If the deviation of mid-parent expression in the
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Fig. 5 Distributions of the IPDE cDNA d/a ratio for hybrids
grown in 1999. Five of the sixteen hybrids were grown in 1999, as
described in the text. Data for the original hybrids (where S1 was
used as the female parent: upper panel, a) and hybrids of recipro-
cal crosses (where S1 was used as the male parent: lower panel, b)
are shown. All IPDE cDNA fragments (approximately 7,500) are
included in the analysis, and the data were binned for graphical
representation, as described in the legend to Fig. 3

hybrid is related to a stressed growing condition, the
deviation should be greater in both hybrids grown
under higher plant density than in low density, and be
more pronounced in the stress-susceptible hybrid,
3306, than in the more stress-tolerant hybrid, 3394.

We profiled three biological replicates of the two
hybrids and their inbred parents grown at three popu-
lation densities. The relationship between the propor-
tions of these IPDE cDNAs exhibiting mid-parent or
paternally biased gene expression and plant density is
shown in Fig. 6b. In both hybrids, the percentage of
genes with paternally biased expression increased as
the level of plant density stress increased from 4,000 to
35,000 plants per acre. The higher yielding, stress toler-
ant hybrid 3394 had a higher percentage of genes with
mid-parent expression and a lower percentage of
paternally biased expression as compared to the lower
yielding and stress susceptible hybrid, 3306. Thus, the
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results were consistent with our prediction about the
relationship between these two patterns of hybrid gene
expression, hybrid yield and plant density stress (i.e.,
environmental stress).

Discussion

In this study, we used GeneCalling, a genome-wide
transcript profiling method that is widely used in sev-
eral plant species (Crasta and Folkerts 2003; Shimkets
et al. 1999), to gain a global view of the level of expres-
sion of a large proportion of genes during one stage of
development (immature ear tissue at stage V19) in a
carefully chosen series of maize hybrids and their
inbred parents. We also attempted to address whether
specific patterns of expression are associated with
differences in heterosis and/or hybrid yield both among
genotypes and in different environments with varying
levels of stress.

We focused our subsequent analysis on the subset
of cDNA fragments that were differentially expressed
between the parents of each hybrid analyzed (IPDE
cDNA:s, as defined in Results). The majority (~ 80%)
of IPDE cDNAs were expressed in each hybrid at lev-
els between that of the two inbred parents (i.e., where
—1<dla<+1),and 35-55% were expressed more or
less additively at or near the mid-parental value (i.e.,
where — 0.5<d/a<+0.5). About 20% of IPDE
cDNAs were expressed in hybrids at higher or lower
levels than either inbred parent (i.e., where d/a < —1
or d/a>+1). However, we were unable to identify
any specific set of IPDE cDNA fragments that was
consistently up- or down-regulated in all hybrids,
indicating that neither pattern of gene expression in
immature ear tissue is generally associated with either
heterosis or hybrid yield in maize. It should be
pointed out that our analysis was restricted to IPDE
cDNAs: thus, cDNAs that show no difference in
expression between inbred parents but that are con-
sistently up- or down-regulated in hybrids would not
have been identified. In other gene-expression profil-
ing studies of inbreds and hybrids, genes that are up-
or down-regulated in hybrids have been seen previ-
ously, and genes that are consistently up- or down-
regulated between reciprocal crosses have been iden-
tified (Auger et al. 2005; Bao et al. 2005; Gibson et al.
2004; Gibson and Weir 2005; Guo et al. 2003; Kolli-
para et al. 2002; Swanson-Wagner et al. 2006; Vuyls-
teke et al. 2005). However, no previous study has
involved such an extensive series of hybrids as that
presented here, so it will be interesting to see if our
observations hold up in other species.



Theor Appl Genet (2006) 113:831-845

841

a Mid-parent expression Paternally biased expression
100 100
- B High yielding year (1999)
%2 80 {mm ol 80- Low yielding year (1997)
Z
3 60 601
2
& 40 401
®
201  m High yielding year (1999) 200 m
Low yielding year (1997) u . R
0 2 4 6 8 10 12 14 16 0O 2 4 6 8 10 12 14 16
Hybrids Hybrids
b Mid-parent expression Paternally biased expression
100 100
New hybrid (3394
. 80 / 8. * y ! ( )
Z Old hybrid (3306)
Z
2 60+ 60
m
2 401 40
o .
> 20 | & New hybrid (3394) 20
Old hybrid (3306) ‘\a\
0 T T T O T T T
35K 18K 4K 35K 18K 4K
Plant density Plant density
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In contrast to the absence of association between
under- or over-expressed genes and heterosis, we found
that the proportion of additively expressed IPDE
cDNAs correlates well with both yield and heterosis
amongst hybrid genotypes and with yield across envi-
ronments that vary in the overall level of stress. We also
found that a fraction of IPDE cDNAs exhibit a paternal
expression bias in hybrids. This subset of IPDE cDNAs
is not necessarily identical or even extensively overlap-
ping between different hybrids. But, in general, pater-
nally biased IPDE cDNAs are expressed at higher
levels in the female parent than in the male, suggesting
an under expression of the maternal allele in the hybrid.
The proportion of paternally biased IPDE cDNAs cor-
relates negatively with yield and heterosis amongst
hybrid genotypes and between environments. In con-
trast, the proportions of genes with expression biased
toward the maternal parent showed little correlation
with yield or heterosis (data not shown).

Could the associations between different classes of
IPDE cDNA observed in this work be due to system-
atic bias or some other artifact of the GeneCalling

yielding season of 1999, as compared to the low yielding season of
1997. The hybrids were ranked by their yield data from low to
high based on data from 1999 (see Fig. 1). b Gene expression pat-
terns of a modern stress-tolerant hybrid (3394) and an older
stress-susceptible hybrid (3306) grown under three different plant
densities: 35,000 (35 K), 18,000 (18 K), and 4,000 (4 K) plants/
acre

methodology? Systematic bias could arise if the
assumptions of mRNA sampling and normalization are
incorrect or if there were differences in mRNA extrac-
tion or quantitation among genotypes, neither of which
we find convincing as arguments for the trends
observed. With GeneCalling, we used an equal amount
of mRNA from each genotype, extracted and quanti-
fied by uniform methods. The normalization is there-
fore based on the assumption that each hybrid and its
inbred parents express the same amount (i.e., mass) of
total mRNA. This assumption has been the basis of
global normalization in most of the genome-wide RNA
profiling studies involving hybrid-inbred comparisons
(Bao et al. 2005; Guo et al. 2003; Kollipara et al. 2002;
Vuylsteke et al. 2005). An alternative normalization
strategy is based not on mRNA, but on the level of
total RNA (Auger etal. 2005) which is comprised
mostly of ribosomal RNA. Unfortunately, there are no
data to validate which approach is more appropriate
than the other, or if the interpretation of the results
obtained here would be any different following the
alternative normalization strategy.
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By profiling a series of 16 hybrids made between a
common female inbred and 16 different male inbreds
that varied in genetic relatedness to the female parent,
we found that the percentage of IPDE cDNAs was
positively correlated with hybrid yield and yield heter-
osis (Fig.2). This correlation is highly reminiscent of
the correlation between restriction fragment length
polymorphisms and hybrid yields observed previously
(Smith etal. 1990; Smith and Smith 1992), and, as
explained in Results, sequence polymorphism may be a
contributing factor to the trends seen in Fig. 2. Because
there may also be an association between genomic
polymorphism and gene expression variation, the
interpretation of Fig.2 may be further confounded.
However, even if some fraction of the IPDE cDNA
fragments scored by GeneCalling represents allelic
transcripts as a result of sequence polymorphism, this
does not invalidate the subsequent analysis we
employed using the d/a ratio as a metric. Two other
observations further suggest that sequence polymor-
phism may be only a minor contributor to many of the
conclusions we have made in this study. First, if all the
IPDE cDNA fragments were due to sequence poly-
morphism and there was no allele-specific variation in
gene expression, the distribution of d/a ratios should
peak at zero and have a near-zero variance, which we
never observed (Figs. 3a—c and 5; Supplemental Fig. 2).
Second, the fact that the proportions of mid-parent and
paternally biased IPDE cDNA fragments vary not only
between genotypes, but also between different environ-
ments when the genotype is constant (Fig. 6), indicates
that a substantial proportion of IPDE cDNA frag-
ments cannot be due to sequence polymorphism per se,
but must be due to differential regulation of parental
alleles in each hybrid.

To further test the relationship of the expression
patterns with hybrid performance and environmental
stress, we analyzed gene expression of two contrasting
hybrids, a genetically improved modern hybrid (3394)
versus a less improved older hybrid (3306), grown
under different levels of stress imposed by increasing
plant density. The older hybrid 3306 is one of the earli-
est commercially available single-cross hybrids and was
developed in the early 1960s, whereas hybrid 3394 was
developed in the 1990s and is known for its tolerance to
environmental stress. Consistent with our a priori pre-
dictions, the older lower yielding hybrid (3306) had
more paternally biased IPDE cDNAs and fewer addi-
tively expressed IPDE cDNAs than the more modern
higher yielding hybrid (3394) developed some 30 years
later. When both hybrids were deliberately subjected
to environments of elevated stress by increasing plant
density, the proportion of paternally biased IPDE
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cDNAs increased concomitantly with a decrease in
both the proportion of additively expressed IPDE
cDNAs and the yield per plant.

Commercial maize breeding involves selection of
hybrid genotypes that exhibit high yield in both stress-
ful and high yield environments (Janick 1999). The
yield gains of improved hybrids are primarily due to
the genetic improvement in tolerance to both biotic
and abiotic stresses (Duvick 2001; Duvick et al. 2004).
The available data suggest that genetic improvement
through breeding selection might involve selection for
regulatory allelic variants that respond to stress. The
role of selection in shaping gene expression patterns
has been observed previously in various other organ-
isms including Escherichia coli (Gall et al. 2005), Dro-
sophila (Ranz et al. 2003) and primates (Enard et al.
2002; Ogura et al. 2004). Because heterotic combina-
tions of maize inbreds are selected on the basis of test-
cross yield, the method most commonly used in breed-
ing of new maize hybrids may be ideally suited for
selecting patterns of coordinated allelic regulation in
the hybrid state. Previous observations of the contrast-
ing allele-specific expression patterns and stress
responses between the older maize hybrid 3306 and the
modern hybrid 3394 are consistent with this idea (Guo
et al. 2004). Bi-allelic expression is more prevalent in
the high yielding modern hybrid and unstressed envi-
ronments, whereas mono-allelic expression is more
prevalent in the low yielding hybrid and stressed envi-
ronments.

Results from this study and previous work (Guo
et al. 2003, 2004) suggest that deviation from mid-par-
ent expression is due to differential allele regulation in
the hybrids. Our previous GeneCalling study with trip-
loid hybrid endosperm demonstrated that allelic addi-
tive expression is the norm and deviation from allelic
additive gene expression is indicative of down-regula-
tion of one allele in the hybrid state due to either geno-
mic imprinting or heterochronic allelic regulation (Guo
et al. 2003). Similarly, in diploid immature ear and
seedling tissues of maize hybrid S1/NS1 (3394), differ-
ential allelic expression has been documented at the
cumulative transcript level both during development
and in response to stress (Guo et al. 2004).

Several additional findings from our previous studies
(Guo etal. 2003, 2004) are also consistent with the
results of this work: (1) alleles are often differentially
regulated in different tissues of maize hybrids; (2) the
S1 inbred alleles appear to be down-regulated more
often than the allele of other parent [among eleven
examples of allele-specific regulation documented by
Guo et al. (2004), nine exhibit down-regulation of the
S1 allele]; (3) mono-allelic expression is more frequent
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in 3306 than in 3394 and in stressed versus unstressed
environments; and (4) analysis of reciprocal cross
hybrids showed that a parental effect was not involved
in the differential allele regulation. In summary, our
data suggest that deviations from mid-parent gene
expression observed in the current study reflect the
differential regulation and environmental responses of
the parental alleles at multiple loci in each hybrid. The
paternally biased expression is likely attributed to the
under expression of the allele of the common maternal
parent.

Two key questions that remain to be answered are:
(1) what are the regulatory mechanisms responsible for
the deviation from allelic additive expression in maize
hybrids; and (2) are the patterns of additive and pater-
nally biased gene expression observed here in maize
hybrids the cause or consequence of heterosis and/or
higher yield.

If differences in allelic regulation are due to cis-regu-
latory divergence, allelic expression is expected to be
additive in the hybrids. Numerous studies (Cowles
et al. 2002; Doss et al. 2005; Gibson and Weir 2005;
Guo etal. 2004; Schadt et al. 2003; Wittkopp et al.
2004; Yan et al. 2002) have shown that such cis-regula-
tory differences play a major role in the regulation of
allelic expression regulation in hybrids of yeast, plants,
insects and mammals. Recent findings have shown that
genomic DNA sequences among maize inbred lines
not only differ by single nucleotide polymorphisms and
other minor insertions or deletions (Bhattramakki
et al. 2002; Ching et al. 2002), but also exhibit rear-
rangements, are non-collinear, and can show differ-
ences in gene copy number, all of which may be
important genetic factors affecting allele-specific
expression (Brunner et al. 2005; Fu and Dooner 2002;
Song and Messing 2003). However, when alleles are
brought together in hybrid combination, they may also
be exposed to a different spectrum of trans-acting fac-
tors as compared to those in the parental inbreds. As a
result, allelic expression in inbred parents could be
different from that in the hybrid and the combined alle-
lic expression at any given locus may deviate signifi-
cantly from additivity (Auger et al. 2005; Birchler et al.
2005; Bao et al. 2005; Gibson et al. 2004; Gibson and
Weir 2005; Vuylsteke et al. 2005). Trans-regulation has
been shown to affect 55% of the genes with divergent
expression between Drosophila species (Wittkopp
et al. 2004) and up to 80% of the genes segregating in
an Arabidopsis recombinant inbred population (B.
Bowen, C. Haudenschild, S. DeCola, J-Z. Lin, B. Rauh
and E. Buckler IV, unpublished data). Trans-acting
factors are also known to play an important role in alle-
lic regulation in maize (Birchler et al. 2005; Doebley

2004; Guo and Birchler 1994; Szalma et al. 2005), yeast
(Papp etal. 2003; Yvert etal. 2003) and mammals
(Schadt et al. 2003). Finally, the interaction between
different sets of trans-acting factors and allele-specific
cis-regulatory sequences may contribute further to the
dynamics of the allelic additive expression and its devi-
ation. However, whether the regulatory mechanisms
occur at the level of transcription initiation, rate of
transcription, post-transcription (RNA stability), or
involve epigenetic regulation, remains to be investi-
gated.

The key observations made in this study are: (1) the
proportion of additively expressed genes appears to be
positively associated with maize yield and heterosis; (2)
there exists a fraction of genes that exhibit a bias
towards the expression level of the paternal parent and
an increase in proportion of these genes is negatively
correlated with maize yield and heterosis; and (3) there
does not appear to be any relationship between the
over- or under-expression of specific genes in maize
hybrids and either yield or heterosis. In addition, our
observations have added to the growing body of evi-
dence that differential allelic expression is not only
commonly seen in diploid plant and animal tissues, but
also is an important contributor to the natural genetic
variation of quantitative traits and human diseases
(Cong et al. 2002; Doebley 2004; Knight 2004; Yan
et al. 2002). Whether these associations are responsible
for heterosis and/or increased yield in maize or are
merely an additional consequence of these phenotypes
remains to be determined. At the very least, however,
any model attempting to explain heterosis in maize at
the molecular level must account for these associations
in addition to other parameters associated with this
phenomenon that have been documented in the litera-
ture (Birchler et al. 2003; Duvick et al. 2004). Given
that a 50% yield increase in grain production is esti-
mated to be required by the year 2030 to meet the
demand from worldwide population growth (Horton
2000), and that breeders have apparently improved
maize yields in the past without increasing heterosis
except when hybrids are grown under severe abiotic
stress (Duvick etal. 2004; Duvick 2005), future
research in this area may lead to novel methods that
will accelerate genetic gain.

Novel materials described in this publication may be
available for non-commercial research purposes upon
acceptance and signing of a material transfer agree-
ment. In some cases, such materials may contain or be
derived from materials obtained from a third party. In
such cases, distribution of material will be subject to
the requisite permission from any third-party owners,
licensors or controllers of all or parts of the material.
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Obtaining any permission will be the sole responsibility
of the requestor. Plant germplasm and transgenic
material will not be made available except at the dis-
cretion of the owner, and then only in accordance with
all applicable governmental regulations.
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