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Heterosis is the superior performance of F1 hybrids compared with their homozygous, genetically distinct parents. In this study,
we monitored the transcriptomic divergence of the maize (Zea mays) inbred lines B73 and Mo17 and their reciprocal F1 hybrid
progeny in primary roots under control and water deficit conditions simulated by polyethylene glycol treatment. Single-parent
expression (SPE) of genes is an extreme instance of gene expression complementation, in which genes are active in only one of
two parents but are expressed in both reciprocal hybrids. In this study, 1,997 genes only expressed in B73 and 2,024 genes only
expressed in Mo17 displayed SPE complementation under control and water deficit conditions. As a consequence, the number of
active genes in hybrids exceeded the number of active genes in the parental inbred lines significantly independent of treatment.
SPE patterns were substantially more stable to expression changes by water deficit treatment than other genotype-specific
expression profiles. While, on average, 75% of all SPE patterns were not altered in response to polyethylene glycol treatment,
only 17% of the remaining genotype-specific expression patterns were not changed by water deficit. Nonsyntenic genes that lack
syntenic orthologs in other grass species, and thus evolved late in the grass lineage, were significantly overrepresented among
SPE genes. Hence, the significant overrepresentation of nonsyntenic genes among SPE patterns and their stability under water
limitation might suggest a function of these genes during the early developmental manifestation of heterosis under fluctuating
environmental conditions in hybrid progeny of the inbred lines B73 and Mo17.

Maize (Zeamays) is a fundamental source of food, feed,
and energy (Persson et al., 2009). Maize displays a re-
markable degree of structural intraspecific genomic

diversity, which is likely unparalleled among higher
eukaryotes (Springer et al., 2009; Swanson-Wagner et al.,
2010). The divergence between different maize geno-
types is the consequence of copy number variation,
presence/absence variation (PAV), single-nucleotide
polymorphisms (SNPs), and insertion-deletion poly-
morphisms. Between the widely used inbred lines B73
and Mo17, thousands of structural variations (Springer
et al., 2009; Swanson-Wagner et al., 2010), differences in
total genome size (Laurie andBennett, 1985), and content
of repetitive DNA (Kato et al., 2004) have been detected,
underscoring their high degree of intraspecific variation.
Syntenic genes are defined by their preserved colocali-
zation on chromosomes of different species. A syntenic
comparison of the genomes of grass species demon-
strated that the lineage leading to maize experienced a
whole-genome duplication about 5 to 12 million years
ago (Blanc and Wolfe, 2004; Swigonová et al., 2004).
Comparisons of the duplicated genome ofmodernmaize
with orthologous regions of its unduplicated progenitor
sorghum (Sorghum bicolor) revealed that many of the
duplicated maize genes disappeared in the course of
evolution (Haberer et al., 2005). Nevertheless, 3,000 to
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5,000 pairs of paralogs are retained in modern maize
(Schnable et al., 2011). The synteny to sorghum allows a
subdivision of the maize genome into two distinct sub-
genomes. Each of these subgenomes originally con-
tained a complete set of genomic information. Thus, the
gene complement of modern maize can be divided into
three categories: (1) pairs of duplicate genes that are
shared by both subgenomes; (2) single-copy genes pre-
sent in only one of the two subgenomes; and (3) genes
that cannot be assigned to any subgenome. This third
class of genes is characterized by a lack of syntenic
orthologs in the genomes of other grass species. Most of
these nonsyntenic genes emerged by single-gene dupli-
cation mechanisms, most likely after the last genome
duplication of maize (Woodhouse et al., 2010).

Heterosis or hybrid vigor denotes the superior per-
formance of heterozygous F1 plants compared with
their genetically distinct, homozygous parents (for re-
view, see Falconer and Mackay, 1996). Hybrid vigor
was monitored for traits such as biomass and grain
yield but also resistance to environmental cues, such as
drought stress (Araus et al., 2010). The phenomenon of
heterosis is often associated with transcriptional varia-
tion between inbred lines and hybrids (Hochholdinger
and Hoecker, 2007). For instance, gene expression in
hybrids that is significantly different from the average
of the parental inbred lines (midparent value) is de-
scribed as nonadditive (Birchler et al., 2003; Stupar and
Springer, 2006). Moreover, in maize primary roots and
their tissues, hundreds of genes were expressed exclu-
sively in only one of the two parental inbred lines,
whereas these genes were expressed in both reciprocal
hybrids. This pattern, which is an extreme instance of
complementation at the gene expression level, was
termed single-parent expression (SPE; Paschold et al.,
2012, 2014). As a consequence of SPE, hybrids display
hundreds of more active genes than each of their
parents.

In global agriculture, drought leads tomore yield loss
in crops such as maize than any other stress (Boyer,
1982). Global warming alters precipitation patterns,
and the anticipated world population of nine billion by
2050 requires an estimated increase in crop production
by 70% (Tester and Langridge, 2010). Water shortage
severely influences many physiological and develop-
mental aspects of plants (for review, see de Oliveira
et al., 2013). For instance, continuous primary root
elongation at low water potentials is an important
adaptive trait in maize to access deeper water layers
(Sharp et al., 1988). In rice (Oryza sativa), the recently
characterized protein DEEPER ROOTING1 leads to
enhanced downward directed root growth and avoid-
ance of drought stress (Uga et al., 2013). The mainte-
nance of root growth is mediated by the plant hormone
abscisic acid. Abscisic acid prevents excessive ethylene
production and growth inhibition by promoting the
transport of Pro to the root apex (for review, see
Yamaguchi and Sharp, 2010). Pro contributes to os-
motic adjustment by protecting cellular turgor. Conse-
quently, water influx into cells is enabled by a more

negative water potential compared with the outside
medium (for review, see Yamaguchi and Sharp, 2010).
In contrast to these physiological processes, little is
known about the metabolic and molecular networks
involved in drought adjustment (Spollen et al., 2008;
Krasensky and Jonak, 2012). Drought stress occurring
in drying soil can be simulated by polyethylene glycol
(PEG) treatment of plants (Zheng et al., 2004; Opitz
et al., 2014, 2016). Simulation of moderate, naturally
occurring drought conditions is of great agronomic
importance, as such drought conditions are frequent
and reduce yield (Sinclair, 2011; O’Geen, 2012). It was
hypothesized that maize hybrids are better adapted to
environmental stresses such as drought than their pa-
rental inbred lines, possibly as a result of improved
water use efficiency (Araus et al., 2010).

To understand the differences in their transcriptomic
response to drought, we subjected young primary roots
of the maize hybrids B73xMo17 and Mo17xB73 and
their parental inbred lines B73 andMo17 to global gene
expression experiments by RNA sequencing (RNA-
seq). Our experiments revealed robust SPE patterns,
which were significantly less susceptible to water def-
icit treatment than other genotype-specific gene activity
patterns.

RESULTS

The Influence of Genotype and Water Deficit Treatment on
Differential Gene Expression in Primary Root
Transcriptomes of Maize Inbred Lines and Their
Hybrid Progeny

The transcriptomic landscape of maize primary roots
grown under control or water deficit conditions simu-
lated by PEG treatment was determined in the inbred
lines B73 andMo17 and their reciprocal hybrid progeny
B73xMo17 andMo17xB73 by RNA-seq. Each genotype-
by-treatment combination was surveyed in four bio-
logical replicates. After quality control and stacked read
removal (see “Materials and Methods”), on average,
14million reads of the 32 cDNA libraries (67%)mapped
uniquely to the maize reference genome (Supplemental
Table S1). On average, 77% of these sequences mapped
to the 39,656 high-confidence gene models of the maize
filtered gene set (FGSv2; Supplemental Table S1).

The relationship of the 32 sequenced transcriptomes is
summarized in a multidimensional scaling (MDS) plot
indicating the overall relationship of the different RNA-
seq samples (Fig. 1A). Samples representing control and
water deficit conditions for each of the four genotypes
clustered closely together, illustrating their high tran-
scriptomic correlation. The similarity between the recip-
rocal hybrids B73xMo17 and Mo17xB73, which contain
identical nuclear genomes, was much higher than that
between their parental inbred lines B73 and Mo17.

In the four genotypes, between 229 (140 up+ 89 down;
Mo17) and 902 (582 up + 320 down; B73xMo17) genes
were regulated by water deficit stress (Fig. 1B). Between
61% (Mo17) and 67% (Mo17xB73) of these genes were
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up-regulated upon water deficit treatment (top num-
bers below each genotype), while the remaining genes
were down-regulated upon drought stress (bottom
numbers below each genotype). Remarkably, a sub-
stantial number of drought-regulated genes displayed
genotype-specific regulation. In particular, between 46%
(Mo17xB73) and 59% (B73xMo17) of genes regulated in

the reciprocal hybridswere only regulated in hybrids but
not in their parental inbred lines (Fig. 1B, red numbers).

The number of differentially expressed genes be-
tween the four genotypes was determined in six pair-
wise comparisons that were performed for control and
water deficit-treated samples separately (Fig. 1C). The
highest number of differentially expressed genes for

Figure 1. Sample relationship and differential
gene expression. A, MDS plot illustrating the
level of similarity of the transcriptomes of the four
genotypes after control and water deficit treat-
ments. B, Four-way Venn diagram of the number
and distribution of genes differentially expressed
between control water deficit conditions and
overlap of these genes between the different
genotypes. The four genotypes are color coded as
indicated by the color of the genotype labels. To
facilitate interpretation, the eight boxes per
genotype are encircled by the corresponding
genotype color. Hence, the central field, which
represents the intersection of all four genotypes,
comprises genes consistently up- or down-
regulated by drought stress in all four genotypes.
False discovery rate (FDR) # 5%, log2 fold
change . 1; top number, up-regulated under
water deficit; bottom number, down-regulated
under water deficit. C, Number of differentially
expressed genes (DEGs; FDR # 5%, log2 fold
change . 1) between individual genotypes after
control and water deficit conditions (percent-
ages indicate overlapping DEGs). B, B73; BM,
B73xMo17; M, Mo17; MB, Mo17xB73.
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both treatments was observed between the genetically
distinct parental inbred lines B73 and Mo17, and the
lowest number was detected between the reciprocal
hybrids B73xMo17 and Mo17xB73 (Fig. 1C). In all six
comparisons, differential gene expression patterns
were highly conserved up to 86% (B73 versus Mo17)
irrespective of the treatment (Fig. 1C, light colors on the
base of the bars). Nevertheless, hundreds of genes were
differentially expressed only under control conditions
and stable under water deficit stress or vice versa.

Nonadditive Gene Expression Is Often Conserved between
Reciprocal Hybrids

To determine gene expression patterns in hybrids
relative to their parents, nine expression categories were
defined (Table I). These expression classeswere based on
three pairwise Student’s t tests to estimate genes differ-
entially expressed between the hybrid and the lower
(low-parent) and higher (high-parent) expressing inbred
lines. According to this classification scheme, most genes
were assigned to classes 1 to 4, in which hybrid expres-
sion is between the parental inbred lines. Nevertheless,
hundreds of genes displayed extreme expression levels
in hybrids above the high parent (classes 5 and 6) or
below the low parent (classes 7 and 8). The majority of
these genes (4,469) displayed below low-parent expres-
sion, whereas 1,968 genes revealed above high-parent
expression in the reciprocal hybrids under control and
water deficit conditions. The remaining genes, which
were not covered by the criteria defined for classes 1 to 8,
were summarized in class 9. Within the nine expression
classes, a subset of genes exhibited nonadditive gene
expression (i.e. expression levels in a hybrid that were
significantly different from the average of the parental
values [midparent value]). In summary, in the hybrid
B73xMo17, 17% (4,549) of genes under control and 38%
(10,144) of genes under water deficit conditions dis-
played nonadditive expression. Similarly, in the hybrid
Mo17xB73, 27% (7,185) of genes were significantly
different from the midparent value under control
conditions, whereas 35% (9,230) of genes displayed
nonadditive expression under water deficit. The overlap
of 2,192 (48%; expected 317) nonadditively expressed
genes in the hybrid B73xMo17 under both conditions
and 3,344 (47%; expected 490) in Mo17xB73 significantly
exceeded the expected numbers by 7-fold in both geno-
types (P # 0.01; Table I), suggesting a biological rele-
vance of these patterns.

Treatment-Dependent Overlap of Genes Exhibiting Allelic
Expression Ratios in Hybrids Different from Their
Parental Ratio

For genes expressed in all four genotypes (see “Ma-
terials and Methods”), the expression ratio of the two
parental alleles for each gene was determined in control
and water deficit-treated hybrids and compared with
the allelic expression ratio of the two parental alleles in T
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the inbred lines. In total, between 491 (B73xMo17
control) and 563 (B73xMo17 water deficit) genes dis-
played allelic ratios in hybrids significantly different
from the expression ratio of the parental inbred lines
(Fig. 2). Genes of the reciprocal hybrids displaying
allelic expression different from their parental ratio in
a defined treatment significantly overlapped and
exceeded the expected values by 13-fold (water defi-
cit; 437:32) to 15-fold (control; 418:27; Supplemental
Table S2). Similarly, the number of genes with alle-
lic ratios different from their parental values sig-
nificantly exceeded the parental ratios by 6-fold
(Mo17xB73; 188:29) to 7-fold (B73xMo17; 177:27)
when comparing the same hybrids at different treat-
ments. Between 25% (125; B73Mo17 control) and 60%
(324; Mo17xB73 water deficit) of the genes, which
displayed allelic ratios in hybrids different from the
allelic ratios of their parental inbred lines, also
showed nonadditive gene expression (Supplemental
Table S2). Again, the observed overlap of nonadditively
expressed genes between the reciprocal hybrids
under the same condition and the same hybrids
under water deficit versus control conditions signif-
icantly exceeded the expected values by 20- to 23-fold
(163:8 and 93:4) and 11- to 13-fold (89:8 and 52:4),
respectively.
The genes displaying allelic ratios in hybrids devi-

ating from the allelic ratios of the parental inbred lines
were compared between the reciprocal hybrids and
both treatments. The results are summarized in a four-
way Venn diagram (Fig. 2). This comparison indicated
that 23% and 25% of the genes showing allelic ratios
different from their parental lines were conserved in the
two reciprocal hybrids after control and water deficit
treatment, respectively. In contrast, only 0.5% and 0.6%
of such genes overlapped exclusively between the same
hybrids under different conditions, indicating a strong
treatment effect rather than a reciprocal effect.

Determination of the Activity Status of Genes

An extreme instance of differential gene expres-
sion is activity versus inactivity of a gene in different
genotype-by-treatment combinations. The activity
status (active/inactive) of individual genes between
genotypes and treatments was determined by a
generalized linear mixed model (see “Materials and
Methods”). Water deficit treatment (bottom numbers
under the genotypes) resulted in 53 (B73xMo17, 25,620
to 25,567) to 148 (B73, 24,803 to 24,655) more active
genes in all four genotypes compared with control
conditions (Fig. 3A). The vast majority (85%) of active
genes were expressed in all four genotypes (B73, Mo17,
B73xMo17, and Mo17xB73) under control (Fig. 3A, top
numbers) or water deficit (Fig. 3A, bottom numbers)
conditions. Among the genes not active in all geno-
types, the majority displayed SPE (red numbers). SPE is
an extreme instance of complementation in which
genes are only active in one of the two parental inbred
lines but in both reciprocal hybrid progeny. Under
control conditions, 853 SPE_B genes active in B73 and
both reciprocal hybrids but not in Mo17 and 1,144
SPE_M genes transcribed only in Mo17 and both hy-
brids but not in B73 were detected (Fig. 3A, top red
numbers). In primary roots subjected to water deficit
stress, 841 SPE_B and 1,183 SPE_M genes were iden-
tified (Fig. 3A, bottom red numbers). Among the
853 genes displaying SPE_B under control treatment,
643 (75%) genes also displayed SPE under water deficit
conditions (Fig. 3A). Only a small fraction of 2.5% to
15% of 1,051 SPE_B patterns (see Venn diagram in Fig.
3A) are conditioned by genomic PAV (i.e. lack of these
genes in the Mo17 genome; Supplemental Table S4).
Similarly, among the 1,144 genes showing SPE_M un-
der control conditions, 857 (75%) displayed the SPE
pattern under water deficit stress as well. A detailed list
indicating the genotype-specific activity status of each
of the 29,986 genes active in at least one genotype is
provided in Supplemental Data Set S1.

SPE Patterns Are Less Susceptible to Alterations by Water
Deficit Than Other Genotype-Specific Expression Profiles

The stability of genotype-specific activity pat-
terns upon water deficit treatment is reported in
Supplemental Table S3. The diagonal green line high-
lights stable activity patterns unaltered under changing
water availability (Supplemental Table S3), while the
yellow fields indicate patterns that display different
genotype-specific activity patterns upon water deficit.
Subsequently, for each of the genotype-specific activity
patterns, the ratio of stable (green) expression patterns
versus dynamic (yellow) expression patterns was de-
termined (Fig. 3B). As an example, in Supplemental
Table S3, the dynamic expression patterns for the SPE
genes are highlighted by a green frame while the stable
expression patterns are highlighted by a dark green
background. Significantly, among all genotype-specific
expression patterns, only SPE patterns were highly

Figure 2. Distribution of genes exhibiting allelic expression ratios in
hybrids different from their parental ratios under control and water
deficit conditions.
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stable under changing water availability (Fig. 3B).
While, on average, 75% of all SPE patterns were unal-
tered in response to PEG treatment, only 17% of the
remaining genotype-specific expression patterns were
not affected by water deficit. This highlights the supe-
rior robustness of SPE patterns compared with other
genotype-specific expression patterns.

Nonsyntenic Genes Are Highly Overrepresented, While
Classical Maize Genes Are Significantly Underrepresented
among SPE Genes

To survey the evolutionary origin of SPE genes, the
frequency of syntenic and nonsyntenic genes was de-
termined. Syntenic genes are defined by their preserved
colocalization on chromosomes of different species.
In maize, these genes emerged after the last whole-
genome duplication of a maize progenitor and dis-
play synteny to the unduplicated genome of sorghum, a

close but unduplicated relative of maize. In contrast,
genes that evolved after this whole-genome duplication
are nonsyntenic to sorghum genes. Among the 39,656
genes of the FGSv2, 51% (20,291 of 39,656) were de-
clared nonsyntenic (Schnable et al., 2011; Fig. 4A). In
total, 38% (10,382 of 27,274) of all expressed genes, 39%
(10,427 of 26,866) of the genes expressed under control
conditions, and 40% (10,843 of 26,974) of the genes
expressed after water deficit treatment were non-
syntenic. The relative number of expressed nonsyntenic
genes under both conditions (39% and 40%) was sig-
nificantly lower than the relative frequency of all
nonsyntenic genes of FGSv2 (51%), suggesting that
nonsyntenic genes are expressed less frequently in roots
than expected by their abundance in the genome. By
contrast, 74% (1,470 of 1,997) and 75% (1,511 of 2,024) of
the SPE genes identified in control and water deficit-
treated roots were nonsyntenic (Fig. 4A). This suggests
that most of the SPE genes are evolutionarily younger
andwithout synteny to sorghum genes. Moreover, 78%

Figure 3. Distribution of SPE genes under
control and water deficit conditions. A, Four-
way Venn diagram summarizing gene activity
(on/off) patterns in primary roots of the different
genotypes and their overlap, after control (top
numbers) and water deficit (bottom numbers)
treatments. Genotype-specific color coding is
as in Figure 1B. SPE genes are indicated in red.
Overlap of SPE_M (expression in Mo17 and
both hybrids) and SPE_B (expression in B73 and
both hybrids) genes among control and water
deficit-treated samples is shown in additional
two-way Venn diagrams below the four-way
Venn diagram. B, Ratio of stable genes (identi-
cal genotype-specific expression under control
and water deficit treatments) to dynamic genes
(variable genotype-specific expression pattern
in control versus water deficit conditions). The
binary code on the x axis explains the activity
status of the four genotypes in the order B73-
Mo17-B73xMo17-Mo17xB73. 0, Inactive; 1,
active. Lowercase letters a and b illustrate sig-
nificant differences to the ratios of all other
genotype-specific gene expression profiles,
according to an Edwards-Berry test at a family-
wise type I error rate of a = 5% (Piepho, 2012).
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(1,170 of 1,500) of all stable SPE genes and 59% (604 of
1,016) of dynamic SPE genes were nonsyntenic.
In maize, a set of 3,946 hand-curated classical genes

with experimentally determined functions has been de-
fined (Schaeffer et al., 2011; Schnable and Freeling, 2011).
Among the genes of the FGSv2, 10% (3,927 of 39,656) are
classical maize genes. Similar proportions were ob-
served among all genes expressed in control (11%; 3,008
of 26,866) andwater deficit (11%; 3,037 of 26,974; Fig. 4B)
conditions. In contrast, significantly fewer classical
maize genes were identified among SPE genes observed
under control (6%; 126 of 1,997) and drought stress (6%;
120 of 2,024) conditions. A similar number of classical
maize genes was detected among the stable SPE genes
(5%; 76 of 1,500), whereas 9% (93 of 1,016) of the dynamic
SPE genes were assigned to classical genes. These find-
ings underline the predominant classification of stable
SPE genes to the set of nonsyntenic genes, representing
classical genes to a lesser extent than syntenic genes.

DISCUSSION

Maize displays an exceptional degree of intraspecific
genome diversity compared with other higher eukary-
otes (Springer et al., 2009; Swanson-Wagner et al., 2010;
Marroni et al., 2014). High-throughput sequencing
technologies such as RNA-seq allow monitoring how
this genotype-specific genomic diversity is reflected by
the transcriptomic landscape of maize (Hansey et al.,
2012; Hirsch et al., 2014). In this study, RNA-seq was
applied to compare the primary root transcriptomes of
B73, Mo17, and their reciprocal hybrids B73xMo17 and
Mo17xB73 under control and water deficit conditions.
Primary rootswere selected as amodel because they are
the first line of defense against water deficit. Moreover,
they display a simple organization, and heterosis is
manifested in primary roots within 3 to 4 d after ger-
mination (Hoecker et al., 2006). AnMDS plot illustrated
that transcriptomic differences between genotypes
were more pronounced than those between control and
water deficit treatments in maize primary roots (Fig.
1A). Similarly, in a previous study, the transcriptomic
disparity between four different maize root tissues was
larger than the transcriptomic differences of the indi-
vidual tissues under control and water deficit condi-
tions (Opitz et al., 2016).

The sample relationships in the MDS plot (i.e.
smaller distances between treatments than by geno-
types) also were reflected by the smaller number of
water deficit-regulated genes (Fig. 1B) compared with
the large number of differentially expressed genes
between the distantly related parental genotypes B73
and Mo17 (Fig. 1C).

In this study, the majority of genes differentially
expressed in response to water deficit (Fig. 1B) was
up-regulated (61%–67%), suggesting that limited
water availability tends to activate gene expression.
Previous studies displayed similar trends of prefer-
entially up-regulated genes upon water deficit treat-
ment, with 81% in whole B73 primary roots (Opitz
et al., 2014) and between 68% and 88% in four dif-
ferent root tissues (Opitz et al., 2016). A higher
number of drought-induced than drought-repressed
genes also has been reported for the whole maize root
system of the inbred line SRG-200 (Humbert et al.,
2013) and maize seedling roots of the inbred line
Han21 (Zheng et al., 2004).

Six pairwise comparisons of gene expression levels in
the four genotypes revealed a large number of differen-
tially expressed genes between the distantly related
parental inbred lines B73 and Mo17 (Lorenz and
Hoegemeyer, 2013), whichwas highly conserved (86%) in
control and water deficit treatment (Fig. 1C). In contrast,
only a small number of differentially expressed genes
were detected between the genetically identical reciprocal
hybrids (Fig. 1C). Independent of treatment, comparisons
of gene expression in hybrids versus inbred lines, which
share 50% genomic identity, revealed intermediate
numbers of differentially expressed genes (Fig. 1C).
Hence, the degree of genomic difference correlates with

Figure 4. Distribution of nonsyntenic genes (A) and classical maize
genes (B) among all expressed genes and genes displaying SPE. Signif-
icant differences (a # 5%) compared with expressed genes are indi-
cated: **, P # 0.001. C, Control; WD, water deficit stress.
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differential gene expression (Paschold et al., 2012; Baldauf
et al., 2016). Similar genotype-associated trends of differ-
ential expression have been reported previously in these
four maize genotypes on the transcriptome level (Stupar
and Springer, 2006; Paschold et al., 2012; Baldauf et al.,
2016) and the proteome level (Marcon et al., 2013). Like-
wise, in Arabidopsis (Arabidopsis thaliana), the number of
differentially expressed genes between three landraces
significantly exceeded that of the corresponding recipro-
cal hybrids (Vuylsteke et al., 2005).

Nonadditively expressed genes display expression
values in the hybrid that are significantly different from
the average midparent value of the parent (Paschold
et al., 2012). Such genes have been suggested to be as-
sociated with heterosis (Swanson-Wagner et al., 2006;
Hoecker et al., 2008). In this study, thousands of genes
displayed nonadditive expression under control (9,230)
and water deficit (7,185) treatment. Notably, the over-
lap of nonadditively expressed genes between the two
treatments (47%) by far exceeded the expected values
(Table I). This implies that a major proportion of non-
additively expressed genes in hybrids is robust against
water deficit stress and, therefore, might be of relevance
for the early developmental manifestation of heterosis.

Allelic gene expression ratios in the hybrids deviat-
ing from the expression ratio of the corresponding pa-
rental alleles in the inbred lines were determined in this
study (Fig. 2). In total, 614 and 676 genes (Supplemental
Table S2) under control and water deficit condi-
tions were identified for which the expression ratio of
the parental inbred lines was different from that of
the reciprocal hybrids. In whole maize primary roots
(Paschold et al., 2012) and root tissues (Baldauf et al.,
2016), 840 and 739 genes, respectively, were reported
that show allelic expression ratios in hybrids deviating
from the expression ratios of the parental alleles in the
inbred lines. In a pioneering study for a set of 15 maize
genes, allelic expression variation was observed in re-
sponse to drought stress, indicating an unequal func-
tion of the parental alleles in hybrids (Guo et al., 2004).
Such expression patterns could, at least in part, be the
result of epigenetic regulation and be associated with
heterosis. In Arabidopsis hybrids, it was shown that
reduced levels of 24-nucleotide small RNAs in com-
parison with the parental inbred lines change the epi-
genetic landscape of hybrids, leading to the formation
of heterotic phenotypes (Groszmann et al., 2011).

In a qualitative analysis of gene expression, transcrip-
tionally active and inactive genes were determined for
each genotype/treatment combination by a generalized
linear mixed model approach. In this study, 27,274 genes
were declared active in at least one genotype/treatment
combination (Supplemental Data Set S1). Similar num-
bers of 27,438 active geneswere detected in root tissues of
B73 (Opitz et al., 2016) and 27,347 genes inmaize seedling
root tissues of the same genotypes as used in this study
(Paschold et al., 2014). SPE patterns denote gene expres-
sion in only one parental inbred line but in both reciprocal
hybrids (Paschold et al., 2012). For SPE_B patterns (i.e. for
genes active only in B73 but not in Mo17), it has been

determined that only 2.5% to 15% of these patterns are
conditioned by PAV (i.e. the lack of these genes in the
Mo17 genome; Supplemental Table S4). This is in line
with previous observations where 18% of SPE_B genes in
roots were considered PAVs (Paschold et al., 2012). On
the level of gene expression, SPE represents a special in-
stance of complementation, which results in several
hundred more active genes in hybrids (Fig. 3A). In pre-
vious analyses, we also observed hundreds ofmore genes
active in primary roots (Paschold et al., 2012) and in dis-
tinct primary root tissues (Paschold et al., 2014) of hy-
brids. It has been discussed that the activity of additional
genesmight be advantageous for hybrid plants (Paschold
et al., 2012, 2014), because SPE genes encode rather re-
dundant functions that could help to make biological
processes more robust against unfavorable changes of
environmental conditions (Paschold et al., 2014). This
is substantiated by our finding here that, among all
genotype- and treatment-specific expression profiles, SPE
genes were exceptionally robust against changing water
availability (Fig. 3B; Supplemental Table S3; i.e. that these
expression patterns are not susceptible to alterations by
water deficit conditions).

A whole-genome duplication ;5 to 12 million years
ago (Blanc and Wolfe, 2004; Swigonová et al., 2004)
separated maize from its close relative sorghum
(Paterson et al., 2009). In modern maize, genes with
synteny to sorghum resulted from this polyploidization
event, while nonsyntenic genes evolved after this last
whole-genome duplication (Woodhouse et al., 2010;
Schnable et al., 2011), such as by transposition of
existing genes (Freeling et al., 2008), by modular rear-
rangement of protein-encoding domains (Kersting
et al., 2012), or by exon shuffling from transposons
resulting in fusion genes (Barbaglia et al., 2012). In total,
51% of all maize genes are nonsyntenic (Fig. 4A).
Among all genes expressed under control or water
deficit conditions, ;40% were nonsyntenic (Fig. 4A).
Thus, nonsyntenic geneswere less frequently expressed
compared with their genomic proportion. Similar ob-
servations were made in primary root tissues, in which
only 36% of all expressed genes were of nonsyntenic
descent (Paschold et al., 2014). However, nonsyntenic
genes were significantly overrepresented among SPE
genes (Fig. 4A) and made up 74% and 75% under
control and water deficit conditions, respectively. A
similar overrepresentation of SPE patterns also has
been observed in a transcriptome study of root tissues
(Paschold et al., 2014). An even higher proportion of
genes with stable SPE expression patterns under con-
trol and water deficit conditions were nonsyntenic
(78%) compared with SPE genes displaying treatment-
dependent expression changes (59%). The overrepre-
sentation and stability of nonsyntenic SPE genes might
be an adaptation to cope with selective fluctuating en-
vironments such as water deficit.

As expected, classical maize genes, among which syn-
tenic genes are enriched (Schnable and Freeling, 2011;
Paschold et al., 2014), were significantly underrepre-
sented among SPE genes in this study (Fig. 4B).
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CONCLUSION

In summary, hundreds of nonadditive, allelic, and
SPE patterns were observed under control and water
deficit conditions in maize primary roots of the inbred
lines B73 and Mo17 and their hybrid progeny. The
majority of SPE genes were nonsyntenic and stable
throughout changing water availability, suggesting a
role of these SPE patterns in the developmental mani-
festation of heterosis in maize under fluctuating envi-
ronmental conditions.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Seeds of the inbredmaize (Zea mays) lines B73 andMo17 and the two reciprocal
hybrids B73xMo17 and Mo17xB73 were germinated in paper rolls in distilled
water as described previously (Hoecker et al., 2006). Four to 5 d after germination
in a 16-h-light (28°C) and 8-h-dark (21°C) regime, seedlings with a primary root
length of 2 to 4 cm were transferred to new paper rolls and incubated in a PEG
solution (PEG8000;Mr of 7,300–9,000; Roth)with awater potential of20.8MPaor in
distilled water as a control. The water potential of the PEG8000 solution was de-
termined as described previously (Opitz et al., 2014). The seedlings were incubated
in aerated PEG solution or distilled water for 6 h. Subsequently, per biological
replicate, 10 primary roots were harvested, immediately frozen in liquid nitrogen,
and stored at280°C until RNA isolation. Four biological replicates per control and
PEG treatment were analyzed for each of the 32 samples.

RNA Isolation and Sequencing Library Construction

RNAwas isolated from pools of primary roots pulverized in liquid nitrogen
according to an established protocol (Winz and Baldwin, 2001). RNA quality
was determined by agarose gel electrophoresis and by a Bioanalyzer using an
Agilent RNA 6000Nano Chip (Agilent Technologies). All RNA samples were of
excellent quality with RNA integrity number (Schroeder et al., 2006) values of
9.1 or greater. cDNA libraries for Illumina sequencing were constructed
according to the protocol of the manufacturer (TruSeq RNA Sample Prepara-
tion; Illumina). For sequencing, four libraries were pooled in one lane of a flow
cell. One of the adapters AR001, AR008, AR010, or AR011 (Supplemental Table
S1) indexed each library per lane. The indexed libraries were loaded onto a flow
cell according to a split-plot design (https://www.vsni.co.uk/software/
cycdesign/) assigning conditions (water deficit stress versus control) to lanes
(main plots), with two adjacent lanes forming a complete block and assign-
ments of genotypes to lanes regarded as subplots. Cluster preparation and
single-read sequencing (100 bp) were performed according to the manufac-
turer’s instructions (HiSeq 2000; Illumina).

Analysis of Sequencing Data and Read Mapping

Raw sequencing reads generated by the Illumina HiSeq 2000 system were
processed and quality trimmed with SHORE (http://1001genomes.org/
software/shore.html). Reads with more than two or five bases having quality
scores of 3 or less in the first 12 or 25 bases, respectively, were rejected. Bases
with quality scores of 5 or less at the 39 end were trimmed until two succeeding
bases had higher quality scores. Reads with two ormoremismatches in adapter
sequences were excluded. Only reads of 40 bp or greater were retained for
subsequent analyses. Finally, adapter sequences were removed. Resulting
reads had a length of 40 to 100 bp (60% or greater of all reads were 100 bp long)
and quality scores of 26 or higher at all base positions.

Read mapping was performed with CLC Genomics Workbench (version
7.0; http://www.clcbio.com/products/clc-genomics-workbench/). All
high-quality reads were mapped to the maize B73 reference genome se-
quence version 2 (RefGen_v2; http://ftp.maizesequence.org/current/;
Schnable et al., 2009), allowing gaps of up to 50 kb to span introns. At least
75% of each read had to fit with 90% identity to the reference sequence to be
included in the mapping. Stacked reads (i.e. redundant reads sharing the
same start and end coordinates), sequencing direction, and sequence were
merged into one. The remaining reads were projected to the filtered gene set

(FGSv2; http://ftp.maizesequence.org/current/; release 5b.60) of the B73
reference genome, allowing a maximum of two mismatches for reads of
56 bp or less. Longer reads had to fit at least with 80% of their length and an
identity of 90% or greater. Only those reads uniquely mapping to the ref-
erence data set were subsequently used for analyses.

An MDS plot was produced by the Bioconductor package limma (Smyth,
2005) in R (version 3.1.1 2014-07-10) using normalized expression values on the
log2 scale, resulting from the function voom. The MDS plot illustrates and
compares sample relationships.

Statistical Procedure to Determine Gene Activity
or Inactivity

After excluding geneswith an average of less than one read per replicate of each
genotype-by-treatment combination, 29,986 genes remained for analysis
(Supplemental Data Set S1). As described by Opitz et al. (2016), a generalized linear
mixedmodel with a negative binomial response was used tomodel gene-wise read
counts. The negative binomial dispersion parameter was assumed to be constant
within each gene. Using a log link function, the linear predictor was taken to be the
sum of a normalization factor, a linear function of random effects that account for
experimental design, and a linear function of fixed effects specific to each combi-
nation of genotype and condition. Each normalization factor was calculated by
adding the log of the trimmed mean of M values normalization factor (Robinson
and Oshlack, 2010) for each sample to a term accounting for gene length. The data
were considered as coming from a split-plot design. The whole-plot part is orga-
nized as a randomized complete block designwith four blocks,with the sequencing
lane acting as the whole-plot experimental unit and condition as the whole-plot
factor. Finally, the genotype is the split-plot factor and the unique Illumina adapter
used for multiplexing is an additional blocking factor. The principles of a Latin
square were used to match each adapter with a genotype within each block. Cor-
respondingly, the vector of random effects for each gene consists of a random effect
for each lane, a random effect for each block, and a random effect for each adapter.
The log of the negative binomial dispersion parameter and vectors of fixed and
random effects combine to form a vector that was assumed to have a multivariate
Gaussian distribution. Each fixed effect and the log of the negative binomial dis-
persion were assumed to be independent of other parameters and assigned a nor-
mal distribution with unknown mean and variance. The precisions of the random
effects were assigned g-distributions, and the parameters for the effects corre-
sponding to block and adapter were specified to create vague distributions. The
unknown hyperparameters in the distributions of the fixed effects, negative bino-
mial dispersion, and precision of the lane effects were estimated using an empirical
Bayes procedure via the R package ShrinkBayes (Van De Wiel et al., 2013). Inte-
grated nested Laplace approximation (Rue et al., 2009)was used to approximate Pijk
(T), the posterior probability that the linear combination of fixed effects for gene i,
genotype j, and condition k was larger than a selected threshold represented by T.
Gene i was called active for genotype j and condition k if Pijk(T). 0.5 and inactive
otherwise. Using posterior distributions to classify genes as active or inactive has the
advantage of accounting for sequencing differences from sample to sample, ac-
counting for gene length differences, and borrowing information across genes via the
empirical Bayes procedure. For these data, the selected thresholdT resulted in calling a
gene active if the expected number of reads per thousand bases of gene length was
three or more for a sample with trimmedmean of M normalization factor equal to 1.

Statistical Procedures for Analyzing Differential Allele-
Specific Expression and Differential and Nonadditive
Gene Expression

Themaize reference genome sequence (RefGen_v2; Schnable et al., 2009)was
indexed using Bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/index.
shtml, version 2.2.2), and raw sequence reads were mapped to the RefGen_v2
with TopHat2 (http://ccb.jhu.edu/software/tophat/manual.shtml, version
2.1.0). Transcript assembly and the quantification of aligned reads were per-
formed with Cufflinks (http://cole-trapnell-lab.github.io/cufflinks/, version
2.2.1), and assembled transcripts uniquely projected onto the FGS_v2 (http://
ftp.maizesequence.org/current/, release 5b.60) were extracted. For calculation
of gene expression levels, the R package cummeRbund (http://compbio.mit.
edu/cummeRbund/index.html, version 2.7.2) was used.

Aligned reads inPileup formatwere generated from the TopHat2 alignments
using samtools (http://samtools.sourceforge.net/, version 0.1.19). To estimate
differences in allele-specific expression, a set of 106,335 SNPs identified between
the B73 andMo17 genotypes were extracted as described (Xin et al., 2013). B73-
Mo17 SNPs were checked against the TopHat2 alignments using a customized
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Perl script (http://cropbio.uni-bonn.de). Only SNPs with a coverage of at least
five in at least one sample of each parent, B73 and Mo17, that further showed
the expected allele in at least 80% of reads in all parental samples with a cov-
erage of at least five, were used for subsequent analysis. SNPs overlapping with
the FGSv2were extracted using bedtools intersect (https://github.com/arq5x/
bedtools2/, version 2.19.1). Allele counts per gene were summed across all
SNPs within exons with a coverage of at least 10 reads using a customized Perl
script (http://cropbio.uni-bonn.de; Supplemental Data Set S2).

To determine the number of genes in hybrids that exhibit allelic ratios de-
viating from their parental ratios, genes represented by a minimum of five
mapped allele-specific reads in all four replicates of at least one genotype/
treatment combination were selected. This filtering step was applied separately
to the control and PEG-treated samples. The rawallele-specific read countswere
RPKM normalized by sequencing depth and log2 transformed to meet the as-
sumptions of linear models. Furthermore, the mean variance relationship
within the count data were estimated, and precision weights for each obser-
vationwere computed using limma in R (version 3.16.7; Law et al., 2014). To test
the hypothesis that the allelic expression ratio of the parental alleles in the
hybrids is equal to the allelic expression ratio in the parents, this test was per-
formed separately for both reciprocal hybrids and each treatment. The resulting
P values were FDR adjusted (Benjamini and Hochberg, 1995).

To identify differential and nonadditive gene expression, genes represented
by a minimum of five mapped reads in all four replicates of at least one genotype/
treatment combination were selected (Supplemental Data Set S3). An em-
pirical Bayes approach was used in which the mean variance trend for log2
counts was estimated and then a weight was assigned to each observation
based on its predicted variance. The weights were then used in the linear
modeling process to adjust for heteroscedasticity (Law, 2013). To borrow
strength across genes in the estimation of the residual error variance, an
empirical Bayes approach (Smyth, 2004) implemented in the Bioconductor
package limma in R were used. Applying a moderated t statistic (Smyth,
2004) makes use of all estimated sample variances, which are shrunk to a
pooled estimate. Especially in cases where rather few replicates are available,
inference is far more stable in comparison with the ordinary t statistic (Smyth,
2004). We fit the linear model

log2
�
yjkbl þ 0:5

�
¼ ajk þ bb þ gbl þ ejkbl

for each feature, where yjkbl is the RPKM normalized read count on the RNA
level of the jth genotype and kth treatment in the blth lane and bth block, ajk is
the fixed effect of the jth genotype for the kth treatment, bb is the fixed effect of
the bth block, gbl is the random effect of the lth lane in the bth block, assumed to
be independently and identically distributed as N(0,s2

l), and ejkbl is the corre-
sponding residual, assumed to be independently and identically distributed as
N(0,s2). Pairwise contrasts were calculated, and resulting P values of each
contrast were corrected for multiplicity using an FDR approach (Benjamini and
Yekutieli, 2001). This correction extends themethod of Benjamini andHochberg
(1995) by controlling the FDR for general dependency structures.

Accession Numbers

Raw sequencing data are stored at the Sequence Read Archive (http://www.
ncbi.nlm.nih.gov/sra) with the accession number SRP058750.

Supplemental Data

The following supplemental materials are available.
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