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Distantly related maize (Zea mays) inbred lines display an exceptional degree of genomic diversity. F1 progeny of such inbred
lines are often more vigorous than their parents, a phenomenon known as heterosis. In this study, we investigated how the
genetic divergence of the maize inbred lines B73 and Mo17 and their F1 hybrid progeny is reflected in differential, nonadditive,
and allelic expression patterns in primary root tissues. In pairwise comparisons of the four genotypes, the number of
differentially expressed genes between the two parental inbred lines significantly exceeded those of parent versus hybrid
comparisons in all four tissues under analysis. No differentially expressed genes were detected between reciprocal hybrids,
which share the same nuclear genome. Moreover, hundreds of nonadditive and allelic expression ratios that were different from
the expression ratios of the parents were observed in the reciprocal hybrids. The overlap of both nonadditive and allelic
expression patterns in the reciprocal hybrids significantly exceeded the expected values. For all studied types of expression -
differential, nonadditive, and allelic - substantial tissue-specific plasticity was observed. Significantly, nonsyntenic genes that
evolved after the last whole genome duplication of a maize progenitor from genes with synteny to sorghum (Sorghum bicolor)
were highly overrepresented among differential, nonadditive, and allelic expression patterns compared with the fraction of these
genes among all expressed genes. This observation underscores the role of nonsyntenic genes in shaping the transcriptomic
landscape of maize hybrids during the early developmental manifestation of heterosis in root tissues of maize hybrids.

Maize (Zea mays) is one of themost prolific cropswith
a global production of 1.02 billion tons in 2014. In the
past 50 years, global maize production has increased
almost 5-fold (http://faostat3.fao.org/). Between 50%
to 60% of this increase has been attributed to genetic
improvements in hybrid breeding (Duvick, 2005).

Heterosis, or hybrid vigor, describes the superior
performance of heterozygous F1 hybrid progeny rela-
tive to the average of their homozygous parental inbred
lines (midparent heterosis) or the better performing
parent (best parent heterosis; Falconer and Mackay, 1996).
The phenomenon of heterosis was first scientifically

reported by Charles Darwin after he compared the
performance of self-pollinatedmaize progeny to cross-
pollinated maize plants (Darwin, 1876). In the early
twentieth century, heterosis was rediscovered by Edward
M. East (East, 1908) andGeorgeH. Shull (Shull, 1908). The
first commercial hybrid maize was introduced in the
1930s (Duvick, 2005). Since then, heterosis has been
widely exploited in plant breeding and agriculture.
Approximately 95% of U.S. maize and 55% of the rice
(Oryza sativa) acreage in China are plantedwith hybrid
seeds (Ding et al., 2014).

The phenotypic effect of heterosis is most evident in
adult plants and can be monitored for instance as in-
creased plant height, biomass, yield, fertility, and im-
proved resistance to abiotic or biotic stress (Falconer and
Mackay, 1996). Nevertheless, it has been demonstrated
that heterosis can already be observed a few days after
germination for seedling root traits such as lateral root
density or primary root length (Hoecker et al., 2006). Sev-
eral genetic hypotheses have been proposed that make
the combination of a remarkable number of genes re-
sponsible for heterosis. These genetic hypotheses attribute
heterosis to the complementation of superior dominant
alleles (dominance hypothesis), allelic interactions at one
or multiple loci (overdominance hypothesis), or epistatic
interactions between nonallelic genes (for review, see
Birchler et al., 2006; Hochholdinger and Hoecker, 2007).

On the level of gene expression, the prevalence of
expression patterns in hybrids different from the
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average of their parental values, i.e. nonadditive ex-
pression, widely varied between different species,
tissues, and genotypes (Guo et al., 2006; Stupar and
Springer, 2006; Swanson-Wagner et al., 2006; Uzarowska
et al., 2007; Stupar et al., 2008; Hoecker et al., 2008b;
Paschold et al., 2012). Nonadditive gene expression is the
result of allelic interactions that modify regulatory net-
works that lead to gene activity patterns different from
average parental values (Stupar and Springer, 2006).
Furthermore, unexpected allelic expression patterns
were observed in hybrids that deviated from the allelic
ratios of their parents (Guo et al., 2004; Stupar and
Springer, 2006; Springer and Stupar, 2007; Paschold
et al., 2012; Song et al., 2013). Although nonadditive
expression patterns and unexpected allelic ratios have
been observed in hybrids of different species, none of
these expression types have yet been associated with
the evolutionary origin of these genes.
The evolutionary history of flowering plants included

several rounds of hybridization and polyploidization
events followed by fractionation and rediploidization
(for review, see Doyle et al., 2008). Within the lineage
leading to maize, a last whole genome duplication oc-
curred between;4.8 and;11.9 million years ago by the
hybridization of two progenitors, which led to a tetra-
ploid genome (Swigonová et al., 2004). Comparisons of
the duplicated regions of the genome of modern maize
with orthologous regions of the unduplicated genomes
of rice (Oryza sativa) and sorghum (Sorghum bicolor) in-
dicated that the maize genome had lost many of its
duplicated genes (Haberer et al., 2005). Based on the
synteny to sorghum, the genome of maize can be sub-
divided into two subgenomes, which contain pairs of
duplicated genes shared by both subgenomes but also
single-copy genes present in only one of the two sub-
genomes (Schnable et al., 2011). In total, 19,365 genes,
representing 49% of the 39,656 maize genes of the fil-
tered gene set (FGSv2), were assigned to these two
subgenomes (Schnable et al., 2011). Beside these syn-
tenic maize genes, the genome of modern maize is
complemented by a set of nonsyntenic genes that lack
syntenic orthologs in other grass species (Schnable et al.,
2011). These 20,291 (51%) maize genes (FGSv2) likely
evolved by single gene duplication after the last whole
genome duplication event (Woodhouse et al., 2010).
Along the longitudinal axis, maize roots are structur-

ally divided into a subterminal meristematic zone at the
terminal end, followed by the elongation and differenti-
ation zones (Hochholdinger, 2009). In the meristematic
zone, new root cells are formed by cell division and are
dislocated proximally into the elongation zone, where
they elongate. Finally, cells are translocated into the dif-
ferentiation zone. Cells in the differentiation zone display
diverse functions. In transverse orientation, the stele with
the pericycle as its outermost cell layer contains xylem
and primary phloem elements functioning in the trans-
port of water, nutrients, and photosynthates. The sur-
rounding cortical parenchyma consists of the endodermis,
multiple layers of cortex tissue, and the epidermis that con-
nects the root to the rhizosphere. Hence, roots represent

gradients of development, with very young undifferen-
tiated cells at the distal end near the root cap and fully
differentiated cells toward the proximal end of the root
(Hochholdinger, 2009).

A previous study of our research group revealed
dynamic root tissue-specific patterns of single-parent
expression (SPE), an extreme instance of expression
complementation in which genes are expressed in both
reciprocal hybrids but only in one parental inbred line
(Paschold et al., 2014). In this study, this dataset was
surveyed to determine tissue-specific nonadditive, dif-
ferential, and allelic gene expression patterns and the
relation of these expression patterns to the phyloge-
netic origin of these genes. We demonstrated that
nonsyntenic genes were highly overrepresented
among nonadditive and allelic expression patterns in
hybrids, suggesting a possible role of these genes in
the early developmental manifestation of heterosis
in maize roots.

RESULTS

Transcriptome Relationships and Tissue-Specific
Expression of Four Primary Root Tissues of the Maize
Inbred Lines B73 and Mo17 and Their Reciprocal Hybrids

Relationships of RNA-sequencing (RNA-seq) sam-
ples of the meristematic zone, the elongation zone,
and the cortex and stele of the differentiation zone of
maize primary roots (Fig. 1A) of the inbred lines B73
and Mo17 and their reciprocal F1 hybrids B73xMo17
and Mo17xB73 were explored in a hierarchical cluster
analysis (Fig. 1B) and in amultidimensional scaling plot
(Fig. 1C). Each of the sixteen genotype/tissue combi-
nations was represented by four biological replicates.
The replicated samples of each root tissue marked with
the same color code formed a cluster irrespective of
their genotype. This indicates that the four distinct tis-
sues of a single genotype display a higher degree of
transcriptomic dissimilarity than the same tissues of
different genotypes. Furthermore, among the four tis-
sues, the meristematic and the elongation zone dis-
played the highest similarity (Fig. 1, B and C). On the
genotype level, the transcriptomes of the two recipro-
cal hybrids that contain an identical nuclear genome
were closely related in all four tissues, while the tran-
scriptomes of the parental inbred lines were more dis-
tantly related (Fig. 1B).

Determination of Differentially Expressed Genes between
Different Tissues

To determine the number of differentially expressed
genes between the four different primary root tissues,
six pairwise comparisonswere performed per genotype
(Fig. 2). For each comparison two bars are displayed in
Figure 2 indicating the number of genes preferentially
expressed in the color-coded tissue. In all four geno-
types, the relative number of differentially expressed
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genes in the six comparisonswas similar. The comparison
between cortex and stele, which are both complemen-
tary tissues of the differentiation zone and between the
elongation and the meristematic zone, revealed the
smallest numbers of differentially expressed genes (Fig. 2;
Supplemental Data File S1). In contrast, the highest
numbers of differentially expressed genes were observed
in the comparisons of the meristematic zone with cortex
and with stele. These tissues are located at opposite
poles of the root, and the high number of differentially
expressed genes underscores the dissimilarity between
these primary root tissues. In all three pairwise compari-
sons of the stele with other tissues, a higher number of
genes was preferentially expressed in the stele compared
with the other tissues (Fig. 2). In pairwise comparisons of
the remaining three tissues, a higher number of geneswas
predominantly expressed in the meristematic zone
compared with cortex or elongation zone, while in the
comparison of cortex versus elongation zone a higher
number of differentially expressed genes was preferen-
tially expressed in the cortex. These tendencies were ob-
served for all comparisons andwere statistically significant
for 22 of 24 comparisons (Fig. 2). Cross-comparison of
the differentially expressed genes between the different
root tissues among the fourmaize genotypes B73, Mo17,
and their reciprocal hybrids showed that between 44%
(cortex versus stele) and 68% (cortex versus meristematic
zone) of differentially expressed genes were conserved
among the four genotypes (Supplemental Fig. S1).
Among the genes that were differentially expressed in
only one genotype, the parental inbred lines displayed
between 2 to 5 timesmore such genes than the reciprocal
hybrids (Supplemental Fig. S1).

Determination of Differentially Expressed Genes between
Different Genotypes

Differential gene expression between the four dif-
ferent genotypes was determined for each primary root
tissue (Fig. 3). For all four tissues, the pairwise com-
parison between the two parental inbred lines B73
andMo17 revealed the highest number of differentially
expressed genes. In contrast, no differential gene ex-
pression was observed between the two reciprocal hy-
brids for any of the four tissues. For all four possible
parent-hybrid comparisons, in each tissue between
1,104 (B73 versus B73xMo17 in elongation zone) and
1,582 (Mo17 versus B73xMo17 in stele) differentially
expressed genes were estimated by controlling the false
discovery rate (FDR) at 5% and an absolute log2 fold
change (FC) . 1 (Fig. 3; Supplemental Data File S1).
Hence, the number of differentially expressed genes in
parent-hybrid comparisons was substantially below
parent-parent comparisons but higher than in hybrid-
hybrid comparisons. These numbers reflect the genetic
relationship of the analyzed genotypes. While the re-
ciprocal hybrids, which contain an identical nuclear
genome, did not display any differentially expressed
genes, the genetically distinct parents displayed a high
degree of differential gene expression. Intermediate
numbers of differentially expressed genes were ob-
served in comparisons of hybrids with one of the pa-
rental inbred lines. Hybrids and parental inbred lines
share 50% of their nuclear genomes. In all inbred versus
hybrid comparisons, a significantly higher number
of differentially expressed genes was preferentially
expressed in the hybrids. This conserved trend was

Figure 1. Overview of RNA-seq sample relationship. A, Color-coded schematic of the four mechanically separated maize pri-
mary root tissues: yellow, cortex (C); light green, stele (S); green, elongation zone (EZ); dark green, meristematic zone (MZ). B,
Hierarchical cluster analysis of normalized read counts among all four replicates of each RNA-seq sample. C, Multidimensional
scaling plot of all 64 RNA-seq samples.
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statistically significant for 15 of 16 comparisons (Fig. 3).
Irrespective of the compared genotypes, the overlap of
differentially expressed genes showed that fewer genes
(between 7% and 9%) were differentially expressed in
all four primary root tissues, and a substantially higher
number of genes (between 28% and 47%) was exclu-
sively expressed in one tissue (Supplemental Fig. S2).

Genes Exhibiting Unexpected Allelic Expression Ratios in
Hybrids Are Tissue-Specific

For each tissue, the allelic ratio was determined in the
hybrids and comparedwith the allelic expression ratio of
the two parental inbred lines. The number of genes for
which these ratios were significantly different (unex-
pected allelic ratios) is summarized in Figure 4A. In total,
between 87 (Mo17xB73 in cortex) and 228 (B73xMo17
in stele) genes displayed unexpected allelic ratios
(Supplemental Table S1, column Observed). Overall,
between 39% (41/106 in elongation zone) and 54% (47/
87 in cortex) of unexpected allelic ratios were conserved
between the reciprocal hybrids (Fig. 3A, dark shaded
bars), which was significantly higher than expected
(Supplemental Table S1, column Expected) as calcu-
lated by a x2 test. For each hybrid, the genes displaying
unexpected allelic expression ratios were compared
between the four primary root tissues. For B73xMo17,
this comparison indicated that 74% to 84% of the genes
with unexpected allelic ratios were exclusively ex-
pressed in one primary root tissue and only 1.3%of these
genes were common in all four root tissues (Fig. 4B).
Similarly, for Mo17xB73, between 76% and 89% of the
genes with differential allelic expression were tissue-
specific and only 1.4% of these genes were expressed
in all four tissues (Fig. 4C). In total, 739 unique genes
displaying unexpected allelic expression ratios were
identified in this study (Supplemental Data File S1).

Nonadditive Gene Expression Patterns Are Conserved
between Reciprocal Hybrids in All Four Primary
Root Tissues

For each tissue, gene expression levels in the recip-
rocal hybrids relative to their parental inbred lines were
characterized based on nine gene expression classes,
whichwere derived from the classes previously defined
by Hoecker et al. (2008a). Subsequently, the subset of
genes showing expression levels that deviate signifi-
cantly from the midparent value was determined in
these nine classes. The number of genes in each ex-
pression class was estimated by combining three pair-
wise t tests that compared the expression level of theFigure 2. Differential expression between four different maize primary

root tissues. Differentially expressed genes (DEGs) were identified on
the basis of six pairwise comparisons between the four analyzed root
tissues: cortex (C, yellow), stele (S, light green), elongation zone (EZ,
green), and meristematic zone (MZ, dark green) among the four maize
genotypes B73 (A), Mo17 (B), and their reciprocal hybrids B73xMo17
(C) and Mo17xB73 (D). The number of differentially expressed genes
while controlling the FDR at 5% and with a cutoff of |log2(FC)|. 1 are

shown. For each pairwise comparison, two color-coded bars illustrate
the tissue preference of the differentially expressed genes. Significant
differences (a # 5%) between the two bars per comparison are indi-
cated by an asterisk.
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hybrid with each parent and between both parents
(Supplemental Table S2). According to this classifica-
tion scheme most of the expressed genes in the hybrids
revealed no significant difference in their expression
relative to their parents (class 4). Genes that show ex-
pression levels between the parental values or exhibited
low- or high-parent expression were abundant andwere
assigned to expression classes 1, 2, and 3, respectively.
Genes that exhibited either above high-parent (36 genes
in B73xMo17; 17 genes in Mo17xB73) or below low-
parent (147 genes in B73xMo17; 36 genes in Mo17xB73)
expression in the hybrids were assigned to the expres-
sion classes 5 to 8. Genes with ambiguous gene expres-
sion levels in the hybrids were assigned to class 9. In
total, 1,056 and 824 nonadditively expressed genes
were exclusively identified in the hybrids B73xMo17
and Mo17xB73, respectively. Among those, 439 nonad-
ditive genes overlapped between the reciprocal hybrids,
which substantially exceeded the expected number of
35 overlapping genes as demonstrated by a x2 test
(Supplemental Table S2).

Each expression class contained a subset of genes that
exhibited nonadditive gene expression, i.e. gene ex-
pression in these hybrids was significantly different
from the mean of expression of the two parental inbred
lines. The highest number of nonadditively expressed
genes was observed in gene expression class 1 (between
205 in cortex and 432 in meristematic zone) and class 3
(between 201 in meristematic zone and 339 in elonga-
tion zone; Supplemental Table S2). Within each class,
the overlap of the nonadditively expressed genes be-
tween the two hybrids was significantly higher than
expected. Lower numbers of nonadditively expressed
genes were observed in gene expression class 2 and the
classes to which genes with extreme expression pat-
terns were assigned to (classes 5–8). For each tissue, the
observed number of common genes in both hybrids
significantly exceeded the number of genes expected
purely by chance. Consistent with the definition of the
gene expression pattern of class 4, no nonadditively
expressed genes were observed in this class.

Among the genes with unexpected allelic ratios, be-
tween 26 (Mo17xB73, elongation zone) and 58 (B73xMo17,
meristematic zone) genes showed nonadditive gene
expression patterns (Supplemental Table S1). The com-
parison of the nonadditively expressed genes with un-
expected allelic ratios between the two reciprocal
hybrids B73xMo17 andMo17xB73 within each primary
root tissue revealed that a significantly higher num-
ber of these genes is common in both hybrids than
expected.

Figure 3. Differential expression between four different maize geno-
types. Differentially expressed genes (DEGs) were identified on the
basis of six pairwise comparisons between the four analyzed maize
genotypes: B73 (B, purple), Mo17 (M, dark blue), B73xMo17 (BM,
blue), and Mo17xB73 (MB, light blue) for each of the four primary root

tissues: meristematic zone (A), elongation zone (B), stele (C), and cortex
(D). The number of differentially expressed genes while controlling the
FDR at 5% and with a cutoff of |log2(FC)| . 1 are displayed. For each
pairwise comparison, two color-coded bars illustrate the genotype
preference of the differentially expressed genes. Significant differences
(a # 5%) between the two bars per comparison are indicated by an
asterisk.
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Nonadditively, Allelic, and Differentially Expressed Genes
Are Overrepresented among Nonsyntenic Genes

To study their evolutionary origin, differentially and
nonadditively expressed genes, and genes exhibiting
unexpected allelic ratios, were compared with the set of
nonsyntenic genes that constitute 51% of all genes in the
filtered gene set (FGSv2) of themaize genome (Schnable
et al., 2011). Among the genes expressed in each of the
four tissues, only between 31% (6,653/21,276 in cortex)
and 33% (6,860/20,899 in meristematic zone) were non-
syntenic (Fig. 5A; Supplemental Data File S1). Hence,
nonsyntenic genes were substantially underrepresented
among all expressed genes relative to their fraction of all
genes present in FGSv2. Remarkably, in the elongation
zone, 68% (501/740) of the nonadditively expressed genes
were nonsyntenic and thus significantly overrepresented
compared with their prevalence among all expressed
genes (Fig. 5A). Similar values were observed for non-
additively expressed genes in the remaining three
primary root tissues investigated: cortex 61% (407/666),
meristematic zone 60% (667/1,115), and stele 63% (435/
686). Similarly, nonsyntenic genes were significantly
overrepresented among the genes with unexpected al-
lelic expression ratios relative to all expressed geneswith

single nucleotide polymorphisms (SNPs) in each of the
four root tissues (Fig. 5B). Among the expressed genes
with SNPs, only between 28% (3,596/12,963 in cortex)
and 30% (3,809/12,903 in meristematic zone) were non-
syntenic. In comparison, 47% (78/166) of genes with un-
expected allelic ratioswere nonsyntenic in cortex, 41% (73/
177) in the elongation zone, 58% (118/202) in the meriste-
matic zone, and 39% (124/321) in the stele (Fig. 5B).

Furthermore, nonsyntenic genes were significantly
overrepresented among genes differentially expressed
between the four genotypes compared with all expressed
genes (Fig. 5C; Supplemental Data File S1). Their fraction
ranged from 41% (1,704/4,190 of B73 versus Mo17 in cor-
tex) to 62% (818/1,323 of B73 versus B73xMo17 in meri-
stematic zone; Fig. 5C). However, among all expressed
genes in the different tissues, only between 30% (cortex)
and 33% (meristematic zone) were nonsyntenic.

Functional Classification of Nonsyntenic Nonadditively
Expressed Genes

To identify overrepresented biological andmolecular
functions among the nonsyntenic genes with nonaddi-
tive and allelic expression patterns, a Gene Ontology

Figure 4. Geneswith unexpected allelic expression in the hybrids. A, Number of genes showing unexpected allelic ratios in both
hybrids (plain: B73xMo17; shaded: Mo17xB73) for each primary root tissue. The overlapping genes between the two hybrids
within each tissue are highlighted by the darker color. B and C, Overlap of genes with unexpected allelic ratio between the four
different primary root tissues in B73xMo17 (B) and in Mo17xB73 (C). The numbers in parentheses indicate the total number of
genes with unexpected allelic ratio in the corresponding root tissue.
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Figure 5. Distribution of nonsyntenic genes among different classes of genes. A, Proportion of nonsyntenic genes among non-
additively expressed genes (shaded) in the hybrids relative to all expressed genes (not shaded) in each of the four primary root
tissues. B, Proportion of nonsyntenic genes among genes showing unexpected allelic ratios (shaded) in the hybrids relative to all
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(GO) analysis was performed. Only for the nonsyntenic
nonadditively expressed genes of the cortex and the
elongation zone, significantly enriched GO terms were
identified (Supplemental Table S3). Most prominently,
the biological processes “death” and “cell death” with
the subcategories “programmed cell death” and “apo-
ptosis” were overrepresented in the cortex samples of
the reciprocal hybrids. Moreover, in B73xMo17, the
molecular processes “iron ion binding” and “tetrapyr-
role binding” with its subcategory “heme binding”
were significantly enriched. Furthermore, in the recip-
rocal hybrid Mo17xB73, the molecular process “mon-
ooxygenase activity” was overrepresented. Finally, in
the elongation zone, the molecular process “aspartic-
type peptidase activity” and its subcategory “aspartic-
type endopeptidase activity” were overrepresented
among the nonsyntenic nonadditively expressed genes
in Mo17xB73.

DISCUSSION

In this study, differential, nonadditive, and allelic
gene expression patterns of the maize inbred lines B73
and Mo17 and their reciprocal hybrid progeny were
analyzed in four maize primary root tissues (Fig. 1A),
based on aRNA-seqdataset fromour laboratory (Paschold
et al., 2014).
Hierarchical clustering andmultidimensional scaling

plots of all samples revealed high correlation of gene
expression in the adjacent meristematic and elongation
zones and only low correlation of these zones with
cortex and stele tissue of the differentiation zone (Fig. 1,
B and C). This correlation reflects the developmental
gradient of roots along the longitudinal axis with the
youngest undifferentiated cells in the meristematic
zone of the root tip (Ishikawa and Evans, 1995). More-
over, the low correlation of the cortex and stele can be
explained by the functional differences of the disparate
cell types present in these tissues (Saleem et al., 2010).
As illustrated by these correlation analyses, overall
gene expression is more divergent between different
tissues of a genotype than between different genotypes
within a tissue. This observation is supported by similar
distributions of differentially expressed genes identi-
fied between the four root tissues in the four genotypes
(Fig. 2). Less differentially expressed genes were esti-
mated between adjacent tissues, whereas high numbers
of differentially expressed genes were observed in
comparisons of the differentiation zone with the meri-
stematic or elongation zone. On the proteome level, a
similar distribution of differentially accumulated proteins

between the same four primary root tissues of B73 seed-
lings at the same developmental stage was observed
(Marcon et al., 2015).

Pairwise comparison of gene expression levels re-
vealed a high number of differentially expressed genes
between the two parental inbred lines B73 andMo17 but
nodifferentially expressed genes between the genetically
identical reciprocal hybrids of a specific tissue (Fig. 3).
Phylogenetic analyses demonstrated that the inbred
lines B73 andMo17 are distantly related (Jiao et al., 2012;
Lorenz and Hoegemeyer, 2013). Similarly, mapping of
Mo17 genomic sequences to the B73 reference genome
revealed that only 63% of the sequences were identical in
both genotypes (Wei and Wang, 2013). This finding
supports the notion that transcriptome diversity in the
roots of young maize hybrids is conditioned by genomic
differences of the parental inbred lines. A similar distri-
bution of the differentially expressed genes between the
two maize inbred lines and their reciprocal hybrids was
previously reported for aboveground tissues of 11-d-old
maize seedlings (Stupar et al., 2008) and for whole pri-
mary roots of the samedevelopmental stage as described
here (Paschold et al., 2012). As suggested by the domi-
nance hypothesis, the combination of two diverse ge-
nomes in a hybrid might lead to their integration or the
complementation of deleterious alleles and form a su-
perior plant (Jones, 1917).

Remarkably, when comparing gene expression lev-
els between hybrids and one parent in the four pri-
mary root tissues, in all instances more differentially
expressed genes were preferentially expressed in
hybrids than in the parental inbred line (Fig. 3). This
result is consistent with the previous findings obtained
in maize top ear shoots (Qin et al., 2013), in which ap-
proximately two-thirds of the differentially expressed
genes were up-regulated in the F1 hybrid relative to
the parental inbred lines. Similar results were ob-
served in early maize ear inflorescences (Ding et al.,
2014).

Unexpected allelic gene expression describes the de-
viation of the allelic expression ratios in the hybrids
from the expression ratios of their parental inbred lines
(Hochholdinger and Hoecker, 2007). In whole maize
primary roots, 840 genes were reported for which the
expression ratio of the two parental alleles in the re-
ciprocal hybrids significantly deviated from the ex-
pected allelic ratio of the inbred lines (Paschold et al.,
2012). In this study, a total of 739 genes were identified
that show unexpected allelic expression ratios (Fig. 4).
Unexpected allelic expression patterns might be pre-
determined by the epigenetic status of the parental
genomes and the activation of transposable elements or

Figure 5. (Continued.)
expressed genes containing an SNP (not shaded) in each of the four primary root tissues. C, Proportion of nonsyntenic genes
among differentially expressed genes [FDR # 5%; |log2(FC)| . 1] (not shaded) between the four different genotypes B73 (B),
Mo17 (M), B73xMo17 (BM), and Mo17xB73 (MB) in cortex, stele, elongation, and meristematic zone relative to all expressed
genes in all genotypes (shaded). Significant differences (a # 5%) compared with all expressed genes are indicated with an
asterisk.
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uniparental expression of noncoding RNAs (for review,
see Groszmann et al., 2013). In this study, between 15%
(stele) and 35% (meristematic zone) of genes with un-
expected allelic expression ratios in hybrids revealed
also nonadditive expression patterns, i.e. expression
levels in hybrids that deviated significantly from the
midparent value. This observation supports the notion
that altered allelic activity in hybrids could contribute
to nonadditive gene expression (Paschold et al., 2012).
In this study, approximately 8% of all expressed genes
were nonadditively expressed, which is similar to re-
sults previously observed inwhole primarymaize roots
of the same developmental stage (Paschold et al.,
2012). Another remarkable observation was the high
degree of conservation of both the nonadditively ex-
pressed genes and those showing unexpected allelic
expression ratios between the two reciprocal hybrids
(Fig. 4; Supplemental Tables S1 and S2). This under-
scores the importance of nuclear genome composition
in reciprocal hybrids irrespective of the origin of the
two parental alleles. Such a high degree of expression
conservation between reciprocal hybrids was already
observed in whole primary maize roots (Paschold
et al., 2012).

The genome of an ancient maize progenitor under-
went several duplications, including that of a paleo-
polyploid ancestor (Paterson et al., 2004) and an
additional whole genome duplication ;5 to 12 million
years ago (Blanc and Wolfe, 2004a; Swigonová et al.,
2004). This resulted in the divergence of modern maize
from its close and unduplicated relative sorghum
(Paterson et al., 2009). Comparative analyses of the
maize and sorghum genomes identified syntenic
paralogs between these species and nonsyntenic maize
genes that developed after this genome duplication
event (Woodhouse et al., 2010; Schnable et al., 2011). In
a comparative genomic study in Arabidopsis (Arabi-
dopsis thaliana), it was shown that disease resistance
genes were significantly overrepresented among genes
found in nonsyntenic regions (Freeling et al., 2008). This
indicates that nonsyntenic genes are instrumental to
cope with the selective fluctuating environment, which
requires constant adaptations to new conditions. In
contrast, syntenic genes may encode functions that are
under continuous selection. We determined if the evo-
lutionary origin of genes correlates with the intraspe-
cific transcriptome diversity between parental inbred
lines B73 andMo17 and their reciprocal hybrids. To this
end, all genes displaying differential, nonadditive, or
allelic expression patterns were surveyed concerning
their synteny with sorghum, hence their evolutionary
origin. Syntenic genes were shaped by more than 5
million years of natural selection (Blanc and Wolfe,
2004b). Therefore, they are likely instrumental for
maize development and thus highly conserved be-
tween different maize inbred lines. In general, non-
syntenic genes were expressed significantly less
frequently in this study compared with their relative
genomic proportion in the maize FGSv2. Nevertheless,
nonsyntenic genes were significantly overrepresented

among the nonadditively expressed genes and genes
with unexpected allelic expression ratios in the hybrids
(Fig. 5, A and B). In addition, nonsyntenic genes were
significantly overrepresented among differentially
expressed genes (Fig. 5C). This finding suggests that
genotype-specific gene expression patterns in the in-
bred lines B73 and Mo17 and their hybrid progeny are
determined to a disproportionally high level by evo-
lutionarily younger genes. Although the maize tetra-
ploidy with subsequent genome fractionation occurred
already between 5 and 12 million years ago, there is
evidence that biased gene loss and expression continues
today (Woodhouse et al., 2010; Schnable et al., 2011).
This ongoing change in genome structure might at least
in part explain the remarkable genetic diversity found
among different maize lines and the overrepresentation
of nonsyntenic differentially expressed genes in this
study. A similar observation was made in the four
maize primary root tissues, where nonsyntenic genes
were significantly overrepresented among genes dis-
playing SPE patterns (Paschold et al., 2014). SPE is an
extreme instance of expression complementation in
which genes are expressed in both reciprocal hybrids
but only in one of the two parental inbred lines
(Paschold et al., 2012). Hence, this pattern represents a
special instance of the dominance model of comple-
mentation on the gene expression level.

Among the nonsyntenic nonadditively expressed
genes, the GO terms death and cell death were sig-
nificantly enriched in the cortex in the reciprocal
hybrids. Those genes are involved in several devel-
opmental processes in roots, e.g. the development of
root cortical aerenchyma. Root cortical aerenchyma is
formed by enlarged gas spaces in the root cortex that
are the result of cell death or the separation of cells
(Evans, 2003). It has been demonstrated that maize
genotypes with higher root cortical aerenchyma for-
mation have growth advantages over genotypes with
lower root cortical aerenchyma formation under cer-
tain conditions (Postma and Lynch, 2011). To date no
systematic comparisons of related inbred hybrid com-
binations are available with respect to root cortical
aerenchyma formation. It will therefore be interesting
to see in future experiments if the overrepresentation
of cell death and apoptosis genes in the cortex is a
general feature of maize hybrids and if this observation
is related to an increase in root cortical aerenchyma
in hybrids.

CONCLUSION

In summary, nonsyntenic genes were significantly
overrepresented among nonadditive, differential, and
unexpected allelic expression patterns relative to their
prevalence among all expressed genes. These observa-
tions underscore the role of these genes in shaping
the transcriptomic landscape of the reciprocal maize
hybrids B73xMo17 and Mo17xB73, which might be
associated with the developmental manifestation of
heterosis.
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MATERIALS AND METHODS

RNA-Seq and Allelic Read Calling

The RNA-seq dataset analyzed in this study was generated in our research
group and described in detail by Paschold et al. (2014). In brief, primary roots of
a length of 2 to 4 cm of the inbred lines B73, Mo17, and their reciprocal hybrids
B73xMo17 and Mo17xB73 were separated into meristematic zone, elongation
zone, cortex, and stele. The 64 cDNA libraries were loaded on two flow cells
according to a split plot design (supplemental table S1 in Paschold et al., 2014).
Subsequently, RNA-seq (100 bp, single read) of high-quality RNA (RNA in-
tegrity number $ 7.2; Schroeder et al., 2006) was performed with a GAIIx ge-
nome analyzer equipped with on-instrument sequencing control software SCS
Version 2.8 and real-time analysis RTA1.8.7 in four biological replicates per
tissue and genotype combination. Base calling and run statistics were per-
formed with the genome analyzer data analysis pipeline OLB Version 1.8.0.

High-quality reads of all genotypes were aligned to the B73 reference genome
using the short-read nucleotide alignment program GSNAP (http://research-
pub.gene.com/gmap/ version 2012-01-11; Schnable et al., 2009), which was
indexed by applying GMAP_BUILD (k-mer size of 15 and step size 3). For
subsequent analyses only uniquely mapping reads with a maximum of two
mismatches out of 36 bp and with ideally 5 bp tails for every 76 bp were used.
Furthermore, stacked reads that share the same start and end coordinate, se-
quencing direction, and sequence were discarded from the set of uniquely
mapping reads. The remaining set of reads was aligned to the filtered gene set
(http://ftp.maizesequence.org/release-5b/filtered-set/ release 5b.60) of the
B73 reference genome derived from the Maize Genome Sequencing Project
using a Perl script. Mapping Mo17 reads to the B73 genome introduces a slight
bias because Mo17 reads that contain polymorphisms beyond the parameters
defined above are at disadvantage of being aligned to the B73 genome se-
quence. However, in this dataset this bias is very small. A total of 88.1% of B73
reads mapped to the B73 genomic sequence, while only a slightly smaller
fraction of Mo17 reads (87.4% of reads) mapped to the B73 genome sequence
(see supplemental table S2 in Paschold et al., 2014).The set of allelic reads was
determined with the help of a Perl script by extracting the uniquely mapping
reads to any of the 4,034,683 B73-Mo17 SNP positions, which were previously
identified between B73 andMo17 by the 123SNP software (http://schnablelab.
plantgenomics.iastate.edu/software). Only uniquely mapping reads were
considered, as this mapping procedure did not allow for quantifying sequence
reads that map to repeats throughout the genome. Therefore, transcript iso-
forms of a given gene could not be distinguished.

Analysis of Differential Gene Expression and
Allelic Expression

The following analyseswere applied to genes thatwere declared expressed if
represented by a minimum of five mapped reads in all four replicates of at least
one sample. The raw sequencing reads were normalized by sequencing depth
and were log2-transformed to meet the assumptions of linear models. Fur-
thermore, the mean-variance relationship within the count data were estimated
and precision weights for each observation were computed (Law et al., 2014).
Prior to further data analyses, sample relations were analyzed based on mul-
tidimensional scaling using the plotMDS function of the Bioconductor package
limma (Smyth, 2005) in R (R version 3.1.1 2014-07-10, limma_3.20.9). The dis-
tance between each pair of samples was estimated as the root-mean-square
deviation for the top 500 genes with the largest standard deviations between
samples. Additionally, a hierarchical cluster analysis was performed using the
Euclidean distance of the average values of the four tissues and genotypes. To
analyze the differences in expression between the primary root tissues and
between the four genotypes, two different linear mixed models were fitted
based on the complete dataset within the Bioconductor package limma (Smyth,
2005) in R. According to the experimental design used for sequencing, the
model for the analysis of the differentially expressed genes between the dif-
ferent tissues included fixed effects for tissue, genotype, the interaction of both
treatment factors, and for block. In addition, normally distributed random ef-
fects formain- and subplot were included. Both themain- and subplot represent
in a split plot design a randomization unit and need therefore be represented by
a random error term each. For the estimation of the differences in expression
between the four genotypes within a specific primary root tissue, the statistical
model was in such a way modified that it corresponds to a complete block
design. Therefore, the model included a fixed effect for genotype and block and
a normally distributed random error term. After model fit, an empirical Bayes
approach was applied to shrink the sample variances toward a common value

(Smyth, 2004). Hypothesis tests were performed using the contrasts.fit function
of the Bioconductor package limma (Smyth, 2005). The resulting p values of the
performed pairwise t tests were used to determine the total number of differ-
entially expressed genes for each comparison by controlling the FDR # 5% to
adjust for multiple testing (Benjamini and Hochberg, 1995). Significant differ-
ences in the number of up- and down-regulated genes for each of the tissue and
genotype pairwise comparisons were determined based on a McNemar test
(McNemar, 1947) at a significance level of alpha # 5%.

To estimate the differences in allelic gene expression between the parental
inbred lines and the two reciprocal hybridswithin a specific primary root tissue, a
linear mixed model was fitted in R. The model is composed of a treatment model
explaining the genotypic and allelic effects and of an interaction term of both
factors. Additionally, a fixed effect for block and a normally distributed random
error term were included in the analysis. Using the allelic read counts, the hy-
pothesis test that the ratio of the expression of the parental alleles in both inbred
lines equals to the ratio of the expression of the parental alleles in a specific hybrid
was performed by applying the contrasts.fit function in limma (Smyth, 2005).
The hypothesis test was performed for both reciprocal hybrids separately. The
resulting p values were FDR-adjusted (Benjamini and Hochberg, 1995) and used
to determine the number of genes showing unexpected allelic ratios.

Analysis and Classification of Gene Expression Patterns in
the Hybrids

Gene expression levels in the hybrids were classified according to nine gene
expression classes defined previously (Paschold et al., 2012). The expression
classes describe the level of gene expression in a hybrid relative to the gene
expression level of both parents. The contrasts.fit function of the limma package
estimates coefficients and standard errors for a given set of contrasts (Smyth,
2005). The estimated coefficients that resulted from each hybrid-parent com-
parison within a specific root tissue directly supply the estimated expression
level for each gene separately. The pairwise comparisons between two geno-
types resulting in an adjusted p # 0.05 were used for the classification of the
gene expression in the hybrid. The parental inbred line with the larger esti-
mated expression level within a given gene was termed high parent (HP),
whereas the other parent was labeled as low parent (LP).

In a second step, gene expression levels of the hybrid were compared with
midparent values (MPV) to determine the number of nonadditively expressed
genes. For each hybrid, a contrast was fitted within the linear mixed model
framework of limma to compare the estimated log-expression value of the
hybrid to the mean of the log-expression values of both parents. The determi-
nation of nonadditively expressed genes was performed for each of the nine
gene expression classes separately.

Determination of Syntenic and Nonsyntenic Maize Genes
and Singular Enrichment Analysis

The lists comprising genes with differential, nonadditive, and allelic ex-
pression patterns were compared with the genes assigned to the maize 1 and
maize 2 subgenomes (Schnable et al., 2011; http://www.skraelingmountain.
com/datasets.php).

The Web-based agriGO platform (http://bioinfo.cau.edu.cn/agriGO/
analysis.php) was used to assign GO functional categories to nonsyntenic genes
with nonadditive and allelic expression patterns. Singular enrichment analysis
computed overrepresented categories in these two gene sets by comparing
them with GO terms in the set of all expressed genes using Fisher’s exact test
(Du et al., 2010).

Accession Numbers

Raw sequencing data are stored at the Sequence Read Archive (http://
www.ncbi.nlm.nih.gov/sra) under accession number SRP029742.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Overlap of differentially expressed genes of all
tissue comparisons.

Supplemental Figure S2. Overlap of differentially expressed genes of all
genotype comparisons.
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Supplemental Table S1. Genes showing unexpected allelic expression pat-
terns in each tissue.

Supplemental Table S2. Gene expression classification in the reciprocal
hybrids within each tissue.

Supplemental Table S3. Functional categorization of nonsyntenic non-
additively expressed genes in the reciprocal hybrids.

Supplemental Data File S1. Gene lists for all analyzed expression patterns
in the four tissues of the primary maize roots.
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