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Abstract Heterosis is of paramount agronomic impor-
tance and has been successfully exploited in maize hybrid
breeding for decades. Nevertheless, the molecular basis of
heterosis remains elusive. Heterosis is not only observed in
adult traits like yield or plant height, but is already detected
during embryo and seedling development. Hence, the
maize (Zea mays L.) primary root which is the Wrst organ
that emerges after germination is a suitable model to study
heterosis manifestation. Various seedling root traits includ-
ing primary root length and lateral root density display
heterosis. Microarray studies suggest organ speciWc pat-
terns of nonadditive gene expression in maize hybrids.
Moreover, such experiments support the notion that global
expression trends in maize primary roots are conserved
between diVerent hybrids. Furthermore, nonadditive expres-
sion patterns of speciWc genes such as a SUPEROXIDE
DISMUTASE 2 might contribute to the early manifestation
of heterosis. Proteome proWling experiments of maize
hybrid primary roots revealed nonadditive accumulation
patterns that were distinct from the corresponding RNA
proWles underscoring the importance of posttranscriptional
processes such as protein modiWcations that might be
related to heterosis. Finally, analysis of selected metabo-
lites imply that a subtle regulation of particular biochemical

pathways such as the phenylpropanoid pathway in hybrids
might contribute to the manifestation of heterosis in maize
primary roots. In the future, recently developed molecular
tools will facilitate the analysis of the molecular principles
underlying heterosis in maize roots.

Introduction

Heterosis describes the superior performance of highly
heterozygous F1-hybrids compared to the average (midparent)
performance of their genetically distinct homozygous par-
ents. Repeated selWng of F1-individuals over several gener-
ations leads to less vigorous plants by reducing the degree
of heterozygosity of the progeny—a process called inbreed-
ing depression. Heterosis is of outstanding agronomic
importance and its extensive exploitation in maize breeding
is based on the Wndings of East (1908) and Shull (1908).
Collectively, three major genetic concepts are discussed to
explain heterosis although little consensus has emerged
concerning their contribution to the phenomenon. The
“dominance” hypothesis attributes heterosis to the comple-
mentation of deleterious alleles in hybrids by the presence
of superior alleles in one of the two parental inbred lines
(Jones 1917). In contrast, the “overdominance” hypothesis
accounts allelic interactions at one or multiple loci for the
manifestation of heterotic traits (Shull 1908). Alternatively,
interactions of non-allelic loci might explain the phenome-
non of heterosis—a hypothesis called “epistasis” (Powers
1945). Recent studies tend to explain hybrid vigor by the
contribution of each of the three genetic concepts to the
manifestation of heterosis (Lippman and Zamir 2007).
Although, it is generally assumed that heterosis is con-
trolled by a considerable number of genes (Lamkey and
Edwards 1998; Stuber 1999), linking the establishment of
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heterotic traits with causal molecular mechanisms remains
the major challenge in heterosis research. Heterosis can be
categorized with regard to the deviation of phenotypic traits
from the midparent value (MPV) in hybrid plants. The term
MPV refers to the average value of a trait in the two paren-
tal inbred lines. Midparent heterosis (MPH) describes the
deviation of a given trait from the MPV whereas best parent
heterosis (BPH) refers to phenotypic values above the bet-
ter performing parent (Hochholdinger and Hoecker 2007).
Heterotic eVects have been reported for various plant spe-
cies, e.g. rice, wheat, sorghum, cotton, maize, sunXower,
rapeseed, tomato (Duvick 1999), as well as for various
traits, e.g. biomass, size, agronomic yield, pest resistance
and tolerance to abiotic stress (Falconer and Mackay 1996).
The highest degree of heterosis can be observed for adult
traits (Falconer and Mackay 1996), although heterosis can
already be detected during the early stages of embryo
(Meyer et al. 2007) and seedling development (Hoecker
et al. 2006). Today, the vast majority of maize (Zea mays
L.) planted in North America and Europe are hybrids. Since
the introduction of hybrids, maize yield increased from 1 to
8 tons per hectare in the US (Duvick 2001). According to
the Food and Agriculture Organization (FAO) of the United
Nations (http://www.fao.org) maize is one of the most
important cereal crops and serves as staple food in many
regions of the world with 785 million tons produced in
2007. Its agronomic importance and the intensive applica-
tion of hybrid breeding in maize production, the availability
of elaborate genetic tools (Candela and Hake 2008), and the
recent release of a draft sequence of the maize genome
(http://www.maizesequence.org) make this species an emi-
nent object to study the molecular mechanisms of heterosis.

Maize roots as a model for heterosis studies

Historically, most phenotypic analyses in heterosis research
have focussed on aerial parts of model plants. Although the
phenotypic manifestation of heterosis at the seedling stage
has been recognized already in the early days of heterosis
research (Kempton and McLane 1942; Murdoch 1940;
Sprague 1936; Wang 1947) detailed analyses of early post-
embryonic development in modern hybrid lines are rare
(Hoecker et al. 2006; Wang et al. 2006). Studying the
manifestation of heterosis during the early stages of root
development in maize (Fig. 1) provides numerous beneWts.
The emergence of the primary root as Wrst organ allows
early morphological, histological and physiological
analyses of the seedling (Hochholdinger et al. 2004b). This
temporal pattern in maize seedling development also points
to a key role of the early root system in heterosis manifesta-
tion as the primary and seminal roots are crucial for early
seedling vigor. In addition, the very simple, well-deWned

histological structure of the primary root with distinct lon-
gitudinal developmental zones allows detailed comparative
phenotypic analyses. Moreover, root hairs can be used as
phenotypic markers as their presence distinguishes the
diVerentiation zone from the meristematic and elongation
zones (Hochholdinger et al. 2004c). Finally, fast germination
and growth of maize seedlings in laboratory environments
allows high-throughput experiments under standardized
conditions.

Manifestation of heterosis during early maize root 
system development

Only recently, a systematic survey of morphological and
histological traits of young seedling roots in maize hybrids
and their parental inbred lines has been performed (Hoec-
ker et al. 2006). In this study, root traits of four German
inbred lines of the Xint and dent pools and their correspond-
ing twelve reciprocal hybrids have been quantiWed (Hoec-
ker et al. 2006). It was demonstrated that diVerent root traits
display distinct levels of MPH (Fig. 2). Lateral root density
was determined by counting the lateral root primordia after
Feulgen staining. This technique generates a purple precipi-
tate in dividing cells and thus allows for the analysis of not
yet emerged lateral root primordia. Lateral root density dis-
played on average 51% MPH over all twelve hybrids
whereby individual hybrid lines displayed MPH levels up
to 130%. Hence, lateral root density displayed on average
the highest degree of heterosis of all surveyed traits
(Hoecker et al. 2006). Primary root length (17–25% MPH
between 3 and 7 days after germination) and cortical cell
elongation (24% MPH at 5 days after germination) in the
parenchyma of primary roots which is directly associated
with root length displayed similar levels of average MPH.

Fig. 1 Heterosis can already be observed during early seedling devel-
opment as demonstrated for primary root length by 3.5 days seedlings
of the maize hybrid UH250 £ UH005, and its parental inbred lines
UH250 and UH005
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In contrast, primary root width displayed on average only
1–7% MPH between 3 and 7 days after germination. While
maize always forms a single primary root the number of
seminal and crown roots varies between diVerent genetic
backgrounds. The number of seminal roots displayed on
average 18% MPH in hybrids. In contrast, the number of
shootborne crown roots formed at the Wrst shoot-node dis-
played less variability than the number of seminal roots.
Therefore, on average no MPH was observed for this trait
(Hoecker, unpublished observation). This data illustrates
that heterosis in young seedling roots is manifested as early
as 3 days after germination. An increased primary root
length, lateral root density, and seminal root number might
signiWcantly contribute to early seedling vigor and thus pro-
vide hybrids an advantage over less vigorous homozygous
inbred line seedlings. This study underscores the suitability
of the very young maize seedling root system as a model to
study the early events of heterosis manifestation before sig-
niWcant phenotypic diVerences between inbred lines and
hybrids are developed.

Transcriptome proWling of early heterosis manifestation 
in maize roots

High-throughput proWling techniques such as microarray
hybridization experiments allow for heterosis-related glo-
bal transcriptome surveys in inbred lines and hybrids.
Recently, global gene expression levels were analyzed
during the very early stages of heterosis manifestation in
3.5-day-old maize primary roots (Hoecker et al. 2008a).
Goal of this study was to identify genes that are expressed
in a nonadditive manner between inbred lines and hybrids.

Gene expression levels of four diVerent inbred lines and the
twelve corresponding reciprocal hybrids generated from
these inbred lines were compared. The hybridization
scheme (Keller et al. 2005) of this experiment compared
168 inbred and hybrid cDNA samples on 84 cDNA micro-
array chips that represented 10,649 unique maize tran-
scripts. In order to increase the resolution of this microarray
experiment each microarray chip was scanned at six diVer-
ent scanning intensities after hybridization. Subsequently,
the data was combined using a non-linear latent regression
model (Piepho et al. 2006). In total, 1941 of the 10,649
(18%) distinct microarray features displayed expression
levels that were distinct from additivity in at least one
hybrid (FDR < 5%). Nonadditive gene expression patterns
in only a fraction of the surveyed genes is in line with the
outcome of several other high-throughput gene expression
studies that surveyed heterosis-related gene expression pat-
terns in diVerent organs of maize hybrids and demonstrated
that additivity was the prevailing global expression pattern
in these tissues (Meyer et al. 2007; Stupar and Springer
2006; Swanson-Wagner et al. 2006). However, other stud-
ies in maize also reported predominant nonadditive gene
expression (Uzarowska et al. 2007) or a similar number of
additively and nonadditively expressed genes (Guo et al.
2006). A simple comparison of these maize transcriptome
studies is diYcult because they signiWcantly diVer in the
genotypes that were investigated, in the experimental
design, the applied proWling techniques, and the data analy-
sis tools (Hoecker et al. 2008a). A comparison of the maize
primary root and maize shoot apical meristem transcripto-
mes that were surveyed in the same genotypes with the help
of the same microarray platforms, experimental designs,
and data analysis tools revealed less overlap in

Fig. 2 DiVerent traits of the 
maize seedling root system 
display diVerent degrees 
of midparent heterosis
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nonadditively expressed genes than expected by chance
(Hoecker et al. 2008a). This implies at least for the primary
root and the shoot apical meristem organ speciWcity of non-
additive gene expression. This notion is also supported by
the fact that in maize diVerent organs and developmental
stages display diVerent degrees of heterosis (Springer and
Stupar 2007b). Further investigation of the 1941 genes that
were nonadditively expressed in young maize primary roots
revealed that the expression levels of 89% of these genes
fell between the parental expression levels whereas only
11% of the genes were above best or below the low parent
values. Subsequent qRT-PCR analyses of a subset of 64
genes conWrmed these results and demonstrated that global
expression trends are conserved in diVerent hybrids (Hoecker
et al. 2008a). Reciprocal expression diVerences were only
found for a small fraction (6%) of the nonadditively
expressed genes. Among the 64 nonadditively expressed
genes that were analyzed via qRT-PCR a SUPEROXIDE
DISMUTASE 2 (SOD2) showed expression levels consis-
tently above the MPV in all twelve analyzed hybrids. The
enzyme SOD2 is involved in the detoxiWcation of reactive
oxygen species and plays a protective role which could be
relevant for the better performance of hybrids compared to
their parental inbred lines. In summary, this microarray
study provides evidence for organ speciWc patterns of non-
additive gene expression in hybrids. Moreover, the notion
that global expression trends in particular organs at a given
developmental stage are conserved between diVerent
hybrids is supported. Finally, it appears that nonadditive
expression patterns of key genes contribute to the early
manifestation of heterosis.

Proteome analysis of heterosis manifestation in maize 
primary roots

Proteomics technology combines the resolution of two-
dimensional electrophoresis with the sensitivity of mass
spectrometric protein identiWcation (Rose et al. 2004). This
technology has been successfully applied to analyze diVerent
aspects of maize root development (Chang et al. 2000;
Dembinsky et al. 2007; Hochholdinger et al. 2004a;
Hochholdinger et al. 2005; Liu et al. 2006; Sauer et al. 2006;
Wen et al. 2005). Recently, nonadditive protein accumula-
tion patterns in 3.5-day-old primary roots of a maize hybrid
and its parental inbred lines were studied via a proteomic
approach (Hoecker et al. 2008b). Two-dimensional gel elec-
trophoresis revealed that 49% of all proteins detected in
hybrid primary root protein extracts accumulated nonadd-
itively compared to only 18% nonadditively expressed tran-
scripts in maize primary roots at the same developmental
stage. Moreover, while on the transcriptome level only 11%
of the nonadditively expressed genes displayed above high or

below low parent expression, 51% of the nonadditively accu-
mulated proteins belonged to these categories. ESI MS/MS
identiWcation of these proteins related most of these proteins
to metabolism or defense (Hoecker et al. 2008b). The diVer-
ence in the overall additivity patterns and the extent of non-
additive gene expression and protein accumulation in maize
primary roots might be due to diVerences in protein versus
RNA stability or could be explained by protein modiWcations
that cannot be detected on the RNA level. IdentiWcation of
nonadditively accumulated protein also provides cues on bio-
chemical pathways that display diVerent activities in inbred
lines and hybrids. In hybrid primary roots several isoforms of
three enzymes of the phenylpropanoid pathway were accu-
mulated below the midparent value (Hoecker et al. 2008b). A
subsequent analysis of seven metabolites related to this path-
way revealed that trans-coumaric and trans-cinnamic acid
were also accumulated signiWcantly below the midparent
value in hybrids. Consistently with these results the levels of
other metabolites of this pathway tended to be below the
midparent value. In summary, the down-regulation of tran-
scripts, proteins and metabolites related to the phenylpropa-
noid pathway which is involved in ligniWcation, growth and
defense (Dixon et al. 2002) might imply a role of these pro-
cesses in the manifestation of heterosis.

Future directions: new tools to answer old questions

Understanding the principles of heterosis is a long-standing
challenge in plant breeding and genetics. While early hetero-
sis studies focused on morphological and physiological anal-
yses of inbred lines and hybrids, the advent of molecular
biology introduced novel molecular tools to dissect heterosis.
Among those, allele-speciWc analysis of gene expression in
hybrids is a promising approach to understand cis and trans
inXuences on gene expression in hybrids (Guo et al. 2004;
Guo et al. 2008; Springer and Stupar 2007a). Maize is in par-
ticular suited for such analyses as its genome is highly poly-
morphic (Haberer et al. 2005). This becomes apparent by the
high content of repetitive sequences and tandem duplications
in the maize genome, and the extensive degree of sequence
polymorphisms between diVerent maize inbred lines
(Springer and Stupar 2007b). The analysis of 592 unigenes of
the maize inbred lines B73 and Mo17 revealed that on aver-
age single nucleotide polymorphisms (SNPs) occur every
73 bp (Bi et al. 2006). The presence of SNPs has been suc-
cessfully applied to study allele-speciWc expression in maize
hybrids by WAVE dHPLC (Guo et al. 2003, 2004), or dides-
oxyterminator assays (Springer and Stupar 2007a; Woll et al.
2006). The major drawback of these approaches is their low-
throughput. In contrast, tag-based sequencing techniques
such as massively parallel signature sequencing (MPSS)
allow high-throughput gene expression analyses (Brenner
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et al. 2000; Harbers and Carninci 2005; Vega-Sanchez et al.
2007; Velculescu et al. 1995) and have already been applied
to study genome-wide allele-speciWc gene expression in
maize hybrids (Guo et al. 2008).The recent development of
new high-throughput sequencing methods including pyrose-
quencing (Margulies et al. 2005), ligation- or polymerase-
based sequencing by synthesis (Mardis 2008) will provide
new insights into allele-speciWc gene expression patterns. In
addition, these techniques allow for global analyses of DNA
methylation patterns (Cokus et al. 2008), genome structure,
(Brunner et al. 2005; Fu and Dooner 2002; Morgante et al.
2005; Song and Messing 2003; Wang and Dooner 2006),
epigenetics (Hollick 2008), and only recently appreciated
RNA populations such as non-coding RNAs, small RNAs or
compartmentalized RNAs (Kapranov et al. 2007). Finally,
metabolic Xuxes (Ettenhuber et al. 2005; Spielbauer et al.
2006), and integrated networks (Andorf et al. 2009) will
receive more attention and facilitate new insights into the
molecular principles underlying hybrid vigor.
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