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Abstract Heterosis and polyploidy are two important
aspects of plant evolution. To examine these issues, we
conducted a global gene expression study of a maize ploidy
series as well as a set of tetraploid inbred and hybrid lines.
This gene expression analysis complements an earlier phe-
notypic study of these same materials. We Wnd that ploidy
change aVects a large fraction of the genome, albeit at low
levels; gene expression changes rarely exceed 2-fold and

are typically not statistically signiWcant. The most common
gene expression proWle we detected is greater than linear
increase from monoploid to diploid, and reductions from
diploid to triploid and from triploid to tetraploid, a trend
that mirrors plant stature. When examining heterosis in tet-
raploid maize lines, we found a large fraction of the
genome impacted but the majority of changes were not sta-
tistically signiWcant at 2-fold or less. Non-additive expres-
sion was common in the hybrids, and the extent of
non-additivity increased both in number and magnitude
from duplex to quadruplex hybrids. Overall, we Wnd that
gene expression trends mirror observations from the pheno-
typic studies; however, obvious mechanistic connections
remain unknown.

Introduction

Polyploidy has played an important role in plant evolution
having occurred repeatedly followed by diploidization,
which happens by gene loss with retention of selected gene
categories (Freeling and Thomas 2006). An interesting
issue concerns the reasons for the success of polyploids,
which may intersect with the phenomenon of hybrid
vigor—the superior performance of hybrid individuals over
more inbred parents.

Previous studies have characterized the phenotypes of a
maize ploidy series as well as tetraploid inbreds and
hybrids (Riddle et al. 2006; Riddle and Birchler 2008). In a
1–4x ploidy series of inbred lines, the monoploid shows a
reduced but not highly detrimental stature compared to dip-
loids. Increases in ploidy above the diploid using inbred
derivatives always produced a decline in stature and vigor.
However, with hybrids at the tetraploid level, duplex
hybrids exhibit heterosis more or less comparable to
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diploids but in quadruplex tetraploid hybrids with four
potential alleles at each locus, even greater heterosis is
found for several characteristics (Riddle and Birchler 2008;
Levings et al. 1967; Sockness and Dudley 1989a, b). This
phenomenon of progressive heterosis parallels results from
other species (Busbice and Wilsie 1966; Groose et al. 1989;
Mok and Peloquin 1975; Bingham et al. 1994).

Recent studies have compared gene expression in dip-
loid inbreds and hybrids (Swanson-Wagner et al. 2006;
Guo et al. 2006; Stupar and Springer 2006; Huang et al.
2006; Uzarowska et al. 2007; Stupar et al. 2008; Hoecker
et al. 2008). In this study, we examine global patterns of
gene expression in a ploidy series and tetraploid hybrids as
a complement to the phenotypic studies. These patterns
were found to diVer between lines, ploidy levels and
hybrids but without obvious correlations to phenotype.
Nevertheless, the most common trend of gene expression in
the ploidy series involved an increase from monoploid to
diploid followed by a progressive decline to the triploid and
tetraploid, which mirrors the plant stature trend. In tetra-
ploid hybrids, non-additive expression of some genes was
observed in hybrids with a greater number and of increas-
ing magnitude in the quadruplex hybrids, again mirroring
the plant stature trend but without obvious connections
between the phenotype and gene expression.

Materials and methods

Plant material

Plant material for the B73 ploidy series is derived from the
standard diploid inbred line B73 of Zea mays. The four
genotypes included in this study are monoploid B73 (1x),
diploid B73 (2x, the progenitor to the other three geno-
types), triploid B73 (3x), and tetraploids B73 (4x). The
monoploid B73 material was generated using the method
described (Auger et al. 2004). Triploid B73 plants were
generated by treatment of tassels with triXuralin (Kato
1997, 1999a, b) to generate diploid sperm that produce trip-
loid zygotes upon fertilization. Tetraploids were derived
from diploid B73 (Kato and Birchler 2006).

The A188, W22, and Oh43 tetraploid lines were derived
from the standard diploid lines (Kato and Birchler 2006).
The tetraploids inbred lines were crossed to generate sin-
gle-cross F1 hybrids (A188/Oh43 [AO] and B73/W22
[BW]). The F1 hybrids were crossed to each other to create
the double-cross quadruplex hybrid A188/Oh443/W22/B73
(AOWB; A188/Oh43 £ W22/B73).

All plants for tissue collection were grown in the Sears
greenhouse at the University of Missouri, Columbia with
16-h light per day. ProMix BX General Purpose Growing
Medium (Premier Horticulture) supplemented with iron

sulfate, DynaGreenTM 12-12-12 (Hummert) fertilizer and
greensand was used and additional liquid fertilizer (a 0.3%
solution of Peter’s general purpose 20-20-20 fertilizer;
Hummert).

RNA isolation

Leaf tissue was collected by harvesting adult, fully
expanded leaves from 10 plants per genotype between 2
and 3 p.m. (the plants were approximately 1 month old).
The pooled tissue was frozen in liquid nitrogen and stored
at ¡80°C until processing. Frozen leaf tissue, excluding
midribs, was ground to a Wne powder in liquid nitrogen
using a mortar and pestle. Total RNA was isolated from the
leaf tissue using Trizol (Invitrogen) following the manufac-
turer’s recommendation with minor modiWcations. In par-
ticular, a 1-h incubation on ice was performed after the
addition of isopropanol to the sample, prior to the precipita-
tion of the RNA. The RNA was resuspended in water and
stored at ¡80°C until processing. For each genotype, two
independent RNA samples (A and B) were prepared.

Microarray preparation

Oligonucleotide microarrays were obtained from the Maize
Oligonucleotide Array Project at the University of Arizona.
An array set consisting of two slides contains 57,452 70mer
oligonucleotides. Before hybridization, the microarray
slides were post-processed according to the manufacturer’s
recommendations. In brief, they were rehydrated by hold-
ing them DNA side down over a 50°C water bath for 10 s,
followed by snap-drying on a 65°C heat block for 10 s.
These two steps were repeated a total of four times. Subse-
quently, the DNA was immobilized on the glass slide in a
UV crosslinker at 65 mJ. Excess oligonucleotides were
removed by washing the slides for 5 min in 1% sodium
dodecyl sulfate (SDS), while traces of SDS were removed
by dipping the slides in water. Before drying the arrays
with a short spin in a slide centrifuge, the arrays were
washed with 95% ethanol for 3 min.

Probe preparation

An indirect labeling method using amino-allyl-dUTP fol-
lowed by coupling to Cy3/Cy5 was carried out according to
a modiWed protocol (Catts et al. 2005). To generate cDNA,
20 �g of total RNA were incubated in 1£ First Strand
BuVer (supplied with the RT (reverse transcriptase) enzyme
from Invitrogen), 5-mM DTT (dithiothreitol), 3.75 �M of
an anchored oligo dT primer (dT20VN; IDT) for 5 min at
65°C, followed by another 5-min incubation at 42°C (con-
centrations given refer to the concentration in the complete
reaction after the addition of the reverse transcriptase
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enzyme). dGTP, dATP, and dCTP were added to a Wnal
concentration of 0.5 mM, dTTP to a Wnal concentration of
0.16 mM, and amino-allyl-dUTP to a concentration of
0.338 mM (dNTPs: Invitrogen; aa-dUPT: Sigma). Finally,
400 U of Superscript III RT (Invitrogen) were added. The
reactions were incubated overnight at 42°C. The RNA was
destroyed by adding 4 �l 50-mM ethylenediaminetetraace-
tic acid (EDTA), 2 �l 10-M NaOH (sodium hydroxide) and
incubated the samples at 65°C for 20 min. The pH was neu-
tralized by the addition of 4 �l 5-M acetic acid. The RT
reactions were puriWed using the QIAquick PCR puriWca-
tion kit (QIAGEN) according to the manufacturer’s recom-
mendations with the following modiWcations: (1) two 70%
ethanol washes were used to wash the column instead of the
recommended wash with buVer PE. (2) The cDNA was
eluted from the column using 30 �l of water twice. Using a
vacuum concentrator, the sample was dried to approxi-
mately 2–3 �l. Cy3 and Cy5 Xuorescent dyes are coupled to
the amino-allyl-labeled cDNA by incubating the cDNA
with 9 �l 0.1-M NaHCO3, pH 9.0 and 2-�l Cy3 or Cy5 N-
hydroxy succinimide ester [dye-packs from Amersham;
each vial resuspended in 18-�l DMSO (dimethyl sulfox-
ide)]. This reaction was incubated at room temperature in
the dark for 45 min. The coupling reactions were washed
using the QIAquick PCR puriWcation kit (QIAGEN)
according to the manufacturer’s recommendations with the
same modiWcations given above. Each Cy3/Cy5 labeled
sample was then dried to 2–5 �l in a vacuum concentrator.

Hybridization

The hybridization mix consisted of DIG Easy Hyb (Roche)
supplemented with 500-�g/ml yeast tRNA and 500-�g/ml
salmon sperm DNA for blocking. Two Cy3 and two Cy5
labeled probes were combined with 120 �l of this mix to be
used on one slide set. The hybridization mix was heated to
65°C for 5 min and then cooled to room temperature before
loading onto the microarray slide. The array surface was
covered with a coverslip (Lifterslip, Erie ScientiWc), the
array was moved into a hybridization chamber (Corning)
and incubated at 37°C for approximately 15 h. After
hybridization, the coverslip was removed by immersing the
array into 1£ sodium chloride/sodium citrate buVer (SSC)
at room temperature. The slide was washed thrice 10–
15 min in 1£ SSC, 0.1% SDS at 50°C (10% SDS, 20£
SSC from Ambion). After the last wash, residual SDS was
removed by a quick rinse in 1£ SSC at room temperature.
The slide was dried by centrifugation in a slide centrifuge.

Scanning

An Axon GenePix 4000B scanner was used to scan all micro-
arrays. Unless otherwise noted, three scans were performed

per slide, all at 100% laser power: (1) A scan where the Cy3/
Cy5 ratio had been adjusted to approximately 1 using a pre-
scan at low resolution by altering the photo multiplier tube
(PMT) gain. (2) A scan where the gain settings were constant
among all slides (500 for 532/Cy3 and 600 for 635/Cy5). (3)
A scan where the PMT was determined by the automatic set-
ting of the scanner, with a pixel saturation level of 0.005%.
For experiments 1 and 2, two additional scans were per-
formed: a scan with the Cy3/Cy5 ratio adjusted to 1 at 33%
laser power and a high-intensity scan which had the PMT
gain of scan two from above increased by 100 for either chan-
nel. GenePix software was used to grid the arrays.

Experimental design

A loop experimental design consisting of dye swaps was
employed to study gene expression diVerences of the various
genotypes (illustrated in Fig. 1) allowing comparisons such
as monoploid B73, diploid B73, triploid B73, and tetraploid
B73. The statistical details of these analyses are in the
Supplemental Materials. Sixteen slide sets were utilized for
each dye swap experiment. SpeciWcally, four slide sets of
sample 1A were labeled with Cy3. Similarly, sample 2A was
labeled with Cy5. The samples and dyes were then switched
and another four slide sets were employed. Samples 1B and
2B were handled in a similar manner, leading to a total of 16
slide sets per comparison. Samples with A and B here refer to
the duplicate RNA preps per genotype. Due to problems with
individual arrays, for the comparison between monoploid
and diploid B73, only 14 slide sets were used for the analysis.
For all other comparisons, 16 slide sets were used.

The loop design (Fig. 1) allowed comparisons between
tetraploid inbreds A188 and Oh43 or B73 and W22 to their

Fig. 1 Experimental design. The comparisons of gene expression
levels between B73 lines of varying ploidy and inbreds with hybrid
tetraploid lines was carried out in the loop design shown in the
diagram. Each line connecting two genotypes represents dye-swap
experiments with 16 slide sets
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respective F1 hybrid. Sixteen slide sets were utilized for each
of the three comparisons in each loop. In the A188/Oh43
loop, there were two instances of data loss. For the compari-
son between Oh43 and the A188/Oh43 hybrid, one set of data
for slide B with scan setting 1 was missing due to a corrupted
data Wle; its dye swap partner was excluded to achieve a bal-
anced design. In the experiments comparing A188 and the
A188/Oh43 hybrid, two slides A datasets were excluded due
to technical problems. In the second loop, for the comparison
between the B73 and W22 with scan setting 3 only seven dye
swaps were analyzed (for slide B). Similarly, in the compari-
son between B73 and the B73/W22 hybrid only seven dye
swaps were analyzed for all scan settings (for slide A).

For the remaining comparisons the following analyses
did not include the full eight dye swap datasets: in the com-
parison between B73/W22 hybrid to the double-cross
hybrid, seven dye swaps were analyzed for slide B; in the
comparison between B73 diploids and B73 tetraploids,
seven dye swaps were analyzed for slide B; and in the com-
parison between B73 monoploids and triploids, seven data-
sets were analyzed for both slides A and B.

Statistical analysis

Statistical analyses were performed as described in Supple-
mental Materials. BrieXy, background-subtracted median
signal intensity values for each of the 54,492 features were
log2 transformed prior to analysis. Two types of analysis of
variance (ANOVA) were carried out, one assuming a com-
mon variance for all features and one using a feature-spe-
ciWc variance. Statistical signiWcance using a multiple
comparison correction was determined in two ways, a
Bonferroni correction with � = 0.05, and false discovery
rate (FDR) controlling procedure (Benjamini and Hochberg
1995), again with � = 0.05. Both approaches control for
false positives (i.e., Type I error, gene is statistically diVer-
entially expressed when in fact it is not) when performing
multiple tests. The Bonferroni method is used to control the
family wise error rate, the probability of having any false
positives, while the FDR controlling procedure is used to
control the FDR, the expected proportion of false positives
among all the rejected hypotheses. The Bonferroni method
is more conservative in the sense that the statistically sig-
niWcant results detected by the Bonferroni method are also
statistically signiWcant under the FDR criterion.

Results

Ploidy series

The steady state mRNA levels in monoploid, diploid, trip-
loid, and tetraploids of the B73 maize line was examined

using oligonucleotide microarrays (for summary statistics,
see Supplemental Table 1). While the diVerences in ploidy
aVect many plant characteristics and also developmental
timing, we chose fully expanded adult leaves as the source
of RNA, because they can be readily harvested in large
quantities. Six comparisons were carried out: monoploid to
diploid, monoploid to triploid, monoploid to tetraploid, dip-
loid to triploid, diploid to tetraploid, and triploid to tetrap-
loids. Four of these comparisons were performed directly
with arrays, while the remaining two were estimated based
on the loop design (see Supplemental Materials).

Comparison of monoploid and diploid

The Wrst comparison performed was between monoploid
and diploid plants (Fig. 2a). Using an FDR multiple testing
correction procedure, we detected 9,132 genes with signiW-
cant expression diVerences between leaf tissue from mono-
ploid and diploid plants. Using a more stringent Bonferroni
correction yielded 775 signiWcant diVerentially expressed
genes, all of which were detected by the FDR procedure. Of
these statistically signiWcant genes 5,190 exhibited a
reduced expression in the monoploid tissue compared to the
diploid tissue, while 3,942 genes increased (FDR). Only 26
of the 5,190 statistically signiWcant genes exhibiting a
decrease in expression were changed by more than 2-fold.
As a point of reference, among the statistically signiWcant
genes the overall average level of reduced expression was
1.27-fold, and 2.37-fold for a majority of the 26 signiWcant
genes that displayed a reduction in expression but exhibited
no apparent functional relationship. Interestingly, a larger
number of statistically signiWcant genes increased by more
than 2-fold when compared to 2-fold down modulated
genes despite there being a much larger number of genes
being reduced overall. The average level of expression
increase was 1.25-fold, which is very similar to the overall
level of reduction. However, 40 statistically signiWcant
genes had an increased expression of more than 2-fold (on
average 2.44-fold). Although statistically signiWcant
expression diVerences were documented in comparisons
between monoploids and diploids, the fold diVerences are
quite small, almost all of them less than 2-fold, and a vari-
ety of gene classes were involved.

Comparison of diploid and triploid

When investigating expression diVerences between diploid
and triploid plants, a large number of statistically signiW-
cant changes were detected (Fig. 2b). Based on a FDR pro-
cedure, 15,413 genes exhibited signiWcant diVerential
expression; this number was reduced to 3,623 genes when
the more conservative Bonferroni procedure was
employed. Only a small fraction of these genes was down
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modulated in triploid B73 plants compared to diploid
plants, namely 667 or 4% (FDR). Among the statistically
signiWcant genes the average level of reduction was 1.26-
fold. Of these, only three were reduced more than 2-fold: a
papain-like cysteine peptidase, a C4 sterol methyl oxidase,
and a subtilisin/chymotrypsin inhibitor. On the other hand,
14,745 genes were signiWcantly increased (FDR), and 51
of these were increased more than 2-fold. The average
increase was 1.30-fold overall. The 51 most increased
genes had an average 2.29-fold change. Thus, when com-
paring triploid gene expression to that of diploid plants,
the most common occurrence was that of greater expres-
sion. This change was less than 2-fold for 99% of genes
that were identiWed.

Comparison of diploid and tetraploid

DiVerential expression was tested between diploid and
tetraploid plants (Fig. 2c). A total of 3,793 genes were

detected with signiWcantly altered gene expression between
the diploid and tetraploid maize lines using the more con-
servative Bonferroni multiple comparison correction, while
14,437 genes were detected with the FDR correction. Simi-
lar to the diploid–triploid comparison, 1,339 genes were
signiWcantly reduced (FDR), 80 of which were modulated
more than 2-fold. The average level of reduction was 1.41-
fold overall, and 2.33-fold among the most highly reduced
genes. Thus, the magnitude of change increased from the
triploid to the tetraploid. The average level of change
among the 13,098 signiWcantly increased genes (FDR) was
1.46-fold, a level that increased to 2.36-fold among the 479
genes with more than a 2-fold change. As noticed for the
reduced genes, we saw an increase in the magnitude of
changed expression when comparing results from the trip-
loid–diploid and tetraploid–diploid. This trend was evident
not only in the increase of average fold change, but also in
the increase in the number of genes with fold changes
greater than 2.

Fig. 2 Gene expression diVerences observed in the B73 ploidy series.
For each comparison (1x vs. 2x, 3x vs. 2x, 4x vs. 2x) genes (features
on the microarray, X-axis) are plotted against the log2 of the fold
change observed between the two genotypes (log2(fold change); Y-axis).

Genes with signiWcant up- or down-regulation are shown in red, non-
signiWcant genes are in gray (data from scan 3). a Monoploid–diploid
comparison, b triploid–diploid comparison, c tetraploid–diploid com-
parison; left: FDR criterion, right: Bonferroni criterion
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Ploidy series—composite analysis

Given the expression level changes in the B73 ploidy
series, we examined data for any patterns in expression
response to ploidy change. The results are illustrated in the
Venn diagram shown in Supplemental Figure S4. There
were 2,729 genes that were identiWed as signiWcantly
changed at all three irregular ploidy levels by the FDR, and
143 such genes according to the more conservative Bonfer-
roni procedure (Supplemental Figure S4). It was also evi-
dent from this simple analysis that triploid and tetraploid
plants share the majority of changed genes. On the other
hand, the monoploid plants exhibited a quite distinct set,
and only a small fraction of the genes changed in the
monoploids was also detected as signiWcant in the plants of
higher ploidy.

The relationship between the genes altered in all three
unnatural ploidy levels is further illustrated in Fig. 3. Plot-
ting the fold-change values for monoploid against the fold
change for either triploid or tetraploid plants resulted in a
very similar slope. The correlation between the two mea-
sures is relatively low at 0.43 for the monoploid–tetraploid
comparison and 0.47 for the monoploid–triploid compari-
son. In contrast, the correlation between fold change mea-
sures for triploid and tetraploid B73 was much higher at
R2 = 0.70, and the slope was signiWcantly greater for this
comparison than for the previous two (compare Fig. 3a–c).
This same relationship was also evident when considering
genes signiWcant by the FDR criteria; a steeper slope and
higher correlation were seen for the triploid and tetraploid
gene expression measures than for the other two compari-
sons (Supplemental Figure S5). A positive slope indicates
that if a gene was increased in the triploids compared to the
diploids, it was increased more so in the tetraploids.

Ploidy series—hierarchical clustering

Another question we addressed was whether there were
certain sets of genes that exhibited a similar response to
changes in ploidy. To achieve this goal, we performed a
hierarchical clustering analysis on the genes that showed
more than minimal expression in all four B73 lines exam-
ined (51,225 genes; minimal expression was deWned as a
signal intensity of 1(=log2(2)) after background subtrac-
tion). Clustering was carried out in two steps. First, genes
were grouped according to their overall expression
response to ploidy change, with three possible responses to
each stepwise change in ploidy, up (U), down (D), or no
change (E). Thus, 3 £ 3 £ 3 = 27 groups were identiWed;
for example “UDU” grouped the genes that increase in
expression from monoploids to diploids, reduced from dip-
loids to triploids, but increased from triploids to tetraploids.
Within each of the 27 groups, we performed hierarchical

clustering to identify subgroups. The distribution of genes
among the 27 main groups and the number of subclusters
are summarized in Supplementary Table 2. Overall, the
majority of genes increased in expression going from
monoploid to diploid (28,397), and the remaining genes
were roughly evenly divided between the reduced (10,768)
and unchanged class (12,060). This distribution contrasted
with that of the other two steps in the ploidy series, diploid
to triploid and triploid to tetraploid. In both latter cases, the
largest class of genes clustered into the decreased class
(23,326 and 23,839 genes, respectively). The remaining
genes again divided fairly evenly into the increased class
(15,941 and 14,974) and the unchanged class (11,958 and
12,412 genes).

Figure 4 illustrates that some classes were clearly under-
and over-represented. The largest group of genes adhered to
the following pattern: increase from monoploid to diploid,
and decrease from diploid to triploid and from triploid to
tetraploid. The 8,424 genes fell into seven clusters, with
three of the clusters containing the majority of genes. In
addition to this predominant group, two groups in particular
had very few members, DDD and UUU. These two groups
represented genes that show a simple linear relationship
with ploidy: either gene expression decreased with increas-
ing ploidy (DDD) or gene expression increased with
increasing ploidy. The clustering data indicate that there
appear to be few genes that exhibited a linear relationship
between expression levels and ploidy.

Hybrid versus inbred tetraploids

To gain insight into the impact of hybridity on gene expres-
sion in tetraploids, we investigated two diVerent sets of
tetraploid hybrids and their parental lines. The analysis was
conducted using a loop design, shown in Fig. 1. The results
of these analyses for the A188/Oh43 experiment are sum-
marized in Supplementary Table 3 and in Fig. 5. A compar-
ison of tetraploid inbred lines A188 and Oh43 revealed in
excess of 75% of the genes assayed could be detected as
showing a signiWcant diVerence between the two lines.
Most of these genes showed small diVerences in expression
levels. A total of 49,801 of the genes exhibited a lower
expression level in A188 than in Oh43 tetraploids, while
4,691 genes were more highly expressed in A188. This bias
in gene expression remained apparent when focusing on
genes with signiWcantly altered gene expression, although
not necessarily as pronounced. The diVerences between the
two lines were extensive but only a small fraction of genes
showed diVerences in excess of 2-fold.

Comparing the A188/Oh43 hybrid to A188 revealed
diVerences for 75% of the transcriptome. A total of 50,671
genes showed lower expression in A188 than in the hybrid,
123
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while only 3,821 genes showed higher expression in A188.
These numbers were very similar to what was observed in
the A188–Oh43 comparison.

In contrast to the previous two comparisons, only a
smaller number of genes were diVerentially expressed
between Oh43 and the A188/Oh43 hybrid. The gene
expression pattern of the hybrid resembled the Oh43 parent
much more than the A188 parent. The average level of
increase among these highly signiWcant genes was greater

than 2-fold, while the average reduction was slightly higher
at greater than 2.4-fold.

The second tetraploid hybrid comparison involved the
B73 and W22 inbreds. The results of these analyses are
summarized in Supplementary Table 4. B73 and W22 are
genetically quite distinct, with large numbers of polymor-
phisms characterizing each line. Overall, we found less
diVerences in gene expression between B73 and W22, than
were identiWed in the A188–Oh43 comparison (compare

Fig. 3 Genes signiWcantly diVerent from the diploid norm in tetrap-
loids and triploids are highly correlated, while the genes with altered
expression in the monoploid show a distinct pattern. Included in this
graph are only genes with signiWcantly altered expression levels in all
three abnormal ploidy levels compared to the diploid (scan 3, Bonfer-
roni correction). In each section, the relative gene expression of one
ploidy compared to diploid (log2 (fold change); X-axis) is plotted
against that of a second ploidy compared to diploid (Y-axis) to gain an

understanding of how the diVerences observed relate to one another.
At the top left of each graph, the equation for the linear trendline as
well as the R2 is given. a X-axis: log2 (fold change) monoploid/dip-
loid; Y-axis: log2 (fold change) triploid/diploid. b X-axis: log2 (fold
change) monoploid/diploid; Y-axis: log2 (fold change) tetraploid/dip-
loid. c X-axis: log2 (fold change) triploid/diploid; Y-axis: log2 (fold
change) tetraploid/diploid
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Supplementary Table 3 to Supplementary Table 4). Over-
all, the diVerences were small (see Fig. 6). A total of 27,624
genes were increased in B73 compared to W22, while
27,654 genes showed the opposite pattern. Using both the
FDR and the Bonferroni multiple comparison corrections,
1,422 were expressed at a higher level in B73, while 1,233
were expressed at higher levels in W22. Thus, the highly
signiWcant genes exhibited the same pattern noticed overall;
there was no strong bias in the genes detected as diVeren-
tially expressed toward one inbred line or the other.

There were 116 genes reduced more than 2-fold in W22
compared to B73, with an average modulation of approxi-
mately 2.4-fold. Among the genes increased in W22, there
were 99 genes with a modulation of more than 2-fold. Their
average increase was approximately 2.4-fold, identical to
the average reduction observed for this experiment. The

genes diVerentially expressed in B73 and W22 tetraploid
inbreds were functionally diverse and most gene expression
diVerences were quite small.

The number of genes detected as signiWcantly diVerent
between the B73 and hybrid genotypes was very similar to
the number detected when comparing B73 and W22 (Sup-
plemental Table 4). There was a relatively equal distribu-
tion of up- and down-modulation. Among these statistically
signiWcant diVerentially expressed (FDR and Bonferroni)
genes, 615 were more highly expressed in the B73 inbred
line, while the remaining 493 genes were more highly
expressed in the hybrid. Only 8 genes showed an increase
of expression in the hybrid in excess of 2-fold (on
average » 2.3-fold).

Lastly, we examined the relationship between gene
expression in the second parent, W22, and the B73/W22

Fig. 4 Gene clusters identiWed 
in the B73 ploidy series. a Over-
view of all clusters and subclus-
ters. Each section (X-axis) 
represents one major cluster, 
while the number of features 
within the major clusters is illus-
trated by its height (Y-axis). The 
number of subclusters and their 
size are illustrated by color with-
in any given bar. b Details of the 
hierarchical clustering results for 
the UDD group. Results of the 
hierarchical clustering carried 
out within the major cluster 
UDD (expression levels go up 
from 1x to 2x, and down from 2x 
to 3x and 3x to 4x). The genes 
are arranged according to their 
subcluster membership along the 
X-axis (see color diagram)
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hybrid. The number of diVerentially expressed genes
detected was very similar to what was found in the compar-
ison of the two inbred parent lines and in the other parent/
hybrid comparison—up to »20% of the transcripts assayed
were detected as signiWcant depending on the analysis
method (Supplemental Table 4; Fig. 6). This result indi-
cated that in terms of gene expression the B73/W22 hybrid
did not favor one of the parents—as was observed in our
experiment with A188 and Oh43—but rather that it was
equally dissimilar to both parents.

Overall, gene expression levels were equally likely to be
either up- or down-modulated in W22 compared to the
B73/W22 hybrid. Focusing on just those genes that were
detected as signiWcantly diVerent between W22 and the
B73/W22 hybrids with the loop analysis and the Bonferroni
correction, we identiWed 1,607 genes. Of these, 866 genes
were increased in W22 compared to the hybrid, while 742
genes were signiWcantly decreased. Among the 68 genes,
whose expression was increased by more than 2-fold in

W22, the average level of modulation was »2.4-fold. Of
the 743 reduced genes, 28 genes were modulated by more
than 2-fold, with an average level of increase of »2.4-fold.

Dominance patterns of gene expression in A188/Oh43 
and B73/W22 hybrids

Next, we investigated the relationship between the gene
expression levels in the inbred tetraploid lines and their F1
hybrid oVspring. The simplest model predicts that gene
expression in the hybrid should be equivalent to the average
between the two parents. However, this model does not
hold true for morphological characters due to heterosis.
Thus, we compared gene expression levels of the A188/
Oh43 hybrid to the average or midparent value between the
A188 and Oh43 lines, and the B73/W22 hybrid to the aver-
age or midparent value between the B73 and W22 lines.
We found that 2,165 genes were signiWcantly diVerent from
the midparent value in the A188/Oh43 hybrid. In the B73/

Fig. 5 Gene expression changes observed in the A188–Oh43 compar-
ison. For each comparison (A188 vs. A188/Oh43 hybrid, A188 vs.
Oh43, and Oh43 vs. A188/Oh43 hybrid), genes (features on the micro-
array, X-axis) are plotted against the log2 of the fold change observed
between the two genotypes (log2 (fold change); Y-axis). Genes with

signiWcant expression modulation are shown in either red (meet both
FDR and Bonferroni criterion) or blue (meet FDR criteria only); non-
signiWcant genes are in gray. The three columns show data from scans
1, 2, and 3. Top: A188 vs. A188/Oh43 hybrid, middle: A188 vs. Oh43,
bottom: Oh43 vs. A188/Oh43 hybrid
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W22 hybrid, we found 7,426 genes that diVered from the
midparent. A total of 780 genes were detected in both com-
parisons.

An analysis of the genes exhibiting non-additive gene
expression levels in the hybrids is shown in Supplemental
Table 5. The genes were classiWed into four categories; Wrst
into “above” or “below”, indicating if the gene expression
level in the hybrid was higher or lower than the midparent
value, and then into “dominant” or “transgressive” depend-
ing on if the expression level for the hybrid was more
extreme than that of both parents (transgressive) or not
(dominant). Interestingly, for both hybrids investigated,
transgressive behavior prevailed among the genes that
diVered signiWcantly from the midparent value. In the
A188/Oh43 hybrid, 770 genes exhibited transgressive gene
expression in excess of the parental values, while 1,289
genes were expressed signiWcantly below the level of both
the A188 and Oh43 parents. In contrast, only 37 and 69

genes, respectively, demonstrated strictly dominant behav-
ior above or below the midparent value. Similar results
were obtained from the analysis of the B73/W22 hybrid.
Most genes signiWcantly diVerent from the midparent val-
ues exhibited transgressive gene expression patterns: 3,060
above the level of both parents, 3,489 below. A total of 452
genes were strictly dominant above the midparent value,
245 were dominant below the midparent value in the B73/
W22 hybrid.

Given the genes detected as signiWcantly diVerent from
the midparent in the A188/Oh43 and the B73/W22 hybrids,
we determined if any of these genes were aVected in both
hybrids, and if so, if the eVects seen were similar. As noted
above, 780 transcripts were identiWed in both hybrid analy-
ses. As shown in Fig. 7, there was no clear relationship
detected between the gene expression diVerences in relation
to the respective midparent exhibited in one hybrid versus
the other. When only the genes detected as signiWcant were

Fig. 6 Gene expression changes observed in the B73–W22 compari-
son. For each comparison (B73 vs. B73/W22 hybrid, B73 vs. W22, and
W22 vs. B73/W22 hybrid), genes (features on the microarray, X-axis)
are plotted against the log2 of the fold change observed between the
two genotypes (log2 (fold change); Y-axis). Genes with signiWcant

modulation are shown in either red (meet both FDR and Bonferroni
criterion) or blue (meet FDR criteria only), nonsigniWcant genes are in
gray. The three columns show data from scans 1, 2, and 3. Top: W22
vs. B73, middle: B73/W22 hybrid vs. W22, bottom: B73/W22 hybrid
vs. B73
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plotted (Fig. 7b), it became obvious that there were some
genes that showed the same gene expression trends in both
hybrids (and thus a positive correlation) and a second group
of gene with opposite trends (leading to a negative correla-
tion). However, the genes did not fall into speciWc groups
that collectively showed a positive or negative correlation
when comparing the two hybrids.

Dominance patterns of gene expression in the quadruplex 
hybrid A188/Oh43/W22/B73

In addition to the duplex hybrids A188/Oh43 and B73/
W22, our study also included the quadruplex hybrid A188/
Oh43/W22/B73 derived from a cross between two duplex
hybrids. Comparing this quadruplex hybrid to the duplex
hybrids as well as to the inbred tetraploid parent lines
allowed for the assessment of the question of gene expres-
sion changes with increased allelic diversity.

First, we compared the gene expression levels observed
in the A188/Oh43/W22/B73 (AOWB) quadruplex hybrid
to four diVerent midparent values: M1, the midparent
between B73 and W22; M2, the midparent between A188
and Oh43; M3, the midparent between the two duplex
hybrids A188/Oh43 (AO) and B73/W22 (BW); and M0, the
midparent among all four tetraploid inbred lines, A188,
Oh43, B73, and W22. A summary of the results is shown in
Supplemental Table 6. Overall, fairly similar numbers of

genes were detected as signiWcantly diVerent from the mid-
parent. As in the analyses of the duplex hybrids, there was a
clear trend that transgressive gene expression was equally
likely to be increased or decreased compared to the respec-
tive midparents.

Combining data from the four quadruplex analyses with
the data from the two duplex analyses, we identiWed a total
of 73 genes with consistent transgressive behavior in all
cases. Of these genes, 7 showed gene expression levels
higher than of any parent, while 66 showed levels below all
parental values. Of the 7 genes showing consistent trans-
gressive gene expression above the parental level, only 2
were annotated, a Zeon1 (a maize retrotransposon) gag pro-
tein, and a beta-carotene hydroxylase. Among the 66 tran-
scripts with expression levels below parental values, 18
transcripts lacked annotation information, and a large clus-
ter of 16 transcripts were annotated as ribosomal proteins.
We also identiWed elongation factors (3), plastidic cysteine
synthases (3), pathogenesis-related proteins (2), chloroplast
proteins (2), an allyl alcohol dehydrogenase, a homocyste-
ine S-methyltransferase, lipoxygenase, a peroxidase, a pro-
tease, and several other proteins.

Lastly, we compared gene expression patterns in duplex
and quadruplex hybrids. Compared to their respective mid-
parent, both types of hybrids exhibited cases of transgres-
sive gene expression, i.e., gene expression that was more
extreme, either positive or negative, than either direct

Fig. 7 Relationship between gene expression diVerences of the A188/
Oh43 and B73/W22 hybrids and their respective midparents. a No cor-
relation is detected when all genes are considered. X-axis: B73/W22
(log2 (fold change) of the hybrid compared to the midparent); Y-axis:
A188/Oh43 (log2 (fold change) of the hybrid compared to the midpar-

ent). b Using the same axes deWnitions as in (a), two groups of genes
are distinguishable when only genes with signiWcant deviation from the
midparent are considered, those with a positive correlation in the two
hybrids, and those with a negative correlation
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parent. We note that in the quadruplex the magnitude of
transgressive behavior was more extreme than in the duplex
hybrid (Fig. 8). We found 2,758 genes that are transgres-
sive both in the AOWB-M1 and BW-M1 comparisons. The
ratio between the diVerence of the hybrid and the midpar-
ents (for the two types of hybrids) was used to create the
bar diagram shown in Fig. 8a. For 84.1% of the genes, the
transgressive behavior was more extreme in magnitude for
the quadruplex (indicated by the right shift in the diagrams
in Fig. 8). An identical analysis for A188/W22 found 1,105
genes to be transgressive in both hybrids. Similar to the
B73/W22 analysis, there were 81.3% of genes with more
extreme transgressive behavior in the quadruplex hybrids
(Fig. 8b).

Discussion

Cell size increases with increasing ploidy (Rhoades and
Dempsey 1966) but the stature of the homozygous materi-
als does not change accordingly (Riddle et al. 2006), indi-
cating that there is an increasing cell size but fewer cells in
various tissues. Thus, comparable RNA expression for a
particular gene indicates a proportional increase per cell per
ploidy (Guo et al. 1996). The global patterns of gene
expression examined here follow similar proWles as exam-
ined previously for speciWc genes in a ploidy series (Guo
et al. 1996; Birchler and Newton 1981). In other words,
there is a generalized proportional increase per cell but
deviation from this trend of small magnitude occurs for
many genes, which are identiWed in this analysis as the sig-
niWcant genes. The degree to which cell volume is not pre-
cisely linearly correlated with ploidy will aVect the

identiWcation of such genes. The most common deviation is
a greater than proportional reduction in monoploids and in
ploidies above the diploid a lesser than proportional
increase. This trend parallels the stature trend of the plants
(Riddle et al. 2006), but we caution that this result should
not necessarily be interpreted as causative. A very similar
relationship of vigor in an autopolyploid series and of the
global patterns of gene expression was reported for potato
(Stupar et al. 2007).

In inbred versus hybrid tetraploids, patterns of gene
expression show some measure of non-additivity. The mag-
nitude of non-additive gene expression in hybrids is not
great, as previously noted (Auger et al. 2005). Also as pre-
viously noted (Auger et al. 2005), the non-additive gene
expression should not necessarily be interpreted as causa-
tive of heterosis. However, in the quadruplex hybrids,
which typically exhibit greater heterosis than duplex
hybrids for some characteristics (Riddle and Birchler 2008;
Levings et al. 1967; Sockness and Dudley 1989a, b), the
number and magnitude of non-additive eVects increased.
Heterosis involves an increase in the number of cells in a
plant without dramatically altering the developmental pro-
gram (East 1936), but this change is unlikely to be propor-
tional for all cell types. Non-additive gene expression, as
typically assayed, might simply reXect a diVerent propor-
tion of cell types in the sampled tissues from hybrids and
inbreds. Alternatively, the changes could be occurring
within each cell type (or a combination of both).

In conclusion, the global patterns of gene expression are
on the whole consistent with previous studies of individual
genes in a ploidy series (Guo et al. 1996) and inbred versus
hybrid conditions (Auger et al. 2005). The spectrum of
genes that are modulated from the null predictions is broad

Fig. 8 Gene expression in quadruplex hybrid is more extreme than in
duplex hybrids. a Quadruplex hybrid compared to the B73/W22
hybrid. X-axis: the ratio of the diVerence of AOWB and midparent M1
to the diVerence of BW and M1 (left panel) was divided into 15 bins
of equal size; Y-axis: number of genes in each bin. b Quadruplex

hybrid compared to the A188/Oh43 hybrid. X-axis: the ratio of the
diVerence of AOWB and midparent M1 to the diVerence of AO and
M1 (left panel) was divided into 15 bins of equal size; Y-axis: number
of genes in each bin
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and does not produce an obvious causative explanation for
the phenotypic trends, although there are correlative trends
for some genes that diVer in their response in the ploidy and
hybrid conditions, respectively.
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